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Introduction 

 

1.1 My name is Elizabeth McGruddy. I have been employed as a Senior 

Policy Adviser with Federated Farmers for six years, working principally 

on national and regional water policy. My national work has included 

participation in two Land and Water Forum working groups. My regional 

work has included  analysis of policy frameworks and supporting evidence 

in Southland, Marlborough, Horizons, Waikato and Wairarapa-Wellington. 

I hold a Bachelor of Arts and Master of Business Administration from 

Victoria University.  My previous employment includes management, 

project management and policy roles in central government and other 

sectors. 

 

1.2 I am speaking as a Federated Farmers in support of the Federated 

Farmers submission.  

 

1.3 My statement presents: 

a. A summary of Federated Farmers recommended approach, in 

particular our recommendations for Sub-Catchment Action Plans 

b. A recap of key factors informing the development of our recommended 

approach, in particular related to the developments in the science 

context 

c. Brief comment on matters raised in Councils evidence and s42A report 

as it relates to key outcomes sought in the Federated Farmers 

submission. 
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Executive Summary 

 

2.1 Federated Farmers recommend that PC10 be amended to provide a more 

integrated nutrient management framework, including both nitrogen and 

phosphorus, with attention to all nutrient reduction pathways, and 

including all catchment sources. 

2.2 We recommend amendments to policies, methods and rules to provide 

for a different balance of regulatory and non-regulatory methods. 

2.3 Our recommendations are informed firstly, by RPS policies providing for 

funding partnerships to meet objectives and targets above and beyond 

benchmarks for individual responsibilities; and secondly, by recent 

developments in science. 

2.4 The PC10 rules as notified are predicated on an earlier understanding that 

achieving the RWLP TLI objective principally required reducing catchment 

nitrogen leaching losses at source, principally from the farming sector. 

2.5 More recently, we have seen significant shifts in our understanding of lake 

dynamics, including the significance of internal bed nutrients, flood-flow 

particulate nutrients, sub-catchment attenuation factors, and a potential 

shift to P-limitation in the lake. 

2.6 PC10 includes a method wherein Council intends to review the up-to-date 

understanding of lake science in 2017, including assessment of alternate 

nitrogen and phosphorus load combinations for achieving the TLI. This re-

assessment may necessitate review of the RPS nitrogen reduction target. 

2.7 Pending that review, this PC10 process is the first formal, public 

opportunity to review critical decisions made in the development of PC10, 

and to test them against the new context. 

2.8 We believe the evidence now to hand is that PC10 as notified is a flawed 

and risky approach to achieving the RWLP TLI objective which would 

come at un-necessary and irreversible cost to the Rotorua farming 

economy. 

2.9 Importantly - against earlier reliance on averaging, aggregating and 

allocating total catchment nutrient loads - the science that is now available 
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highlights strong sub-catchment patterns in nutrient loads, sources, 

pathways and attenuation factors.  

2.10 These sub-catchment differences are material to our recommendation 

that nutrient reduction targets be developed for both nitrogen and 

phosphorus, firstly by sub-catchment; secondly, by flow source or 

pathway; and thirdly by contributing sectors, including the urban sector. 

2.11 We recommend the development of properly resourced and coordinated 

Sub-Catchment Action Plans as a primary vehicle for driving 

improvements to meet nutrient reduction targets, informed by sub-

catchment specific information on spatial-temporal patterns of loads and 

attenuation factors.  

2.12 We believe that our recommendations provide for an expanded portfolio 

of interventions, and a framework for more targetted investments -  both 

public and private – to assure the most effective and efficient progress 

towards improving the health of Lake Rotorua. 
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Federated Farmers Recommended Approach 

 

3.1 Federated Farmers recommend that PC10 be amended to provide a more 

integrated framework for achieving the RWLP TLI objective, including 

attention to all nutrient reduction pathways, and including all catchment 

sources. 

 

3.2 We recommend amendments to policies, methods and rules to provide a 

different balance of regulatory and non-regulatory methods. Our 

recommendations are informed partly by the statutory context, in 

particular respecting RPS policies which provide that farms are 

responsible for minimising nutrient losses as far as is reasonable, 

practicable and affordable in accordance with industry best practice; and 

that, over and above that benchmark, the cost of achieving further 

reductions in nutrient losses will have a mix of public and private benefits 

and should be funded accordingly. Further discussion of the statutory 

context informing our approach is presented in Ms Edwards legal 

evidence. (Attached to this statement of evidence and marked “A” is copy 

of BOPRC RPS policies) 

 

3.3 Our recommendations for an alternate Integrated Nutrient Management 

Framework are also informed by developments in the scientific context. A 

brief recap of key factors informing our approach is presented in section 

4. 

 

3.4 Key elements of our recommended framework are: 

a. firstly, that it is an integrated framework 

b. secondly, that it is staged to maintain a trajectory of progress 

towards RWLP and RPS objectives and targets, while recognising 

that science reviews and plan review processes within the next five 

years may reset the trajectory 

c. thirdly, that it provides for tiers of responsibility building forward from 

current industry and council programmes. 
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3.5 The integrated nutrient management framework we propose includes: 

a. Nitrogen and phosphorous 

b. Rural and urban 

c. Source and transport and sink 

d. Regulatory and non-regulatory methods. 

 

3.6 We see our proposal as part of a staged approach, comprising three broad 

phases. Phase One  from 2005-2015 was marked by foundation work: 

a. Capping nutrient losses from farms (Rule 11) 

b. Setting the nitrogen reduction target and catchment intermediate 

target in the RPS 

c. Very strong programme of underpinning science, including the 

development of more fine-grained understanding of nutrient flows 

at sub-catchment scale 

d. Trialling innovations and interventions, eg, alum treatments in 

selected streams. 

 

3.7 Phase Two is broadly the period from 2016-2022, building forward from 

the foundation steps. It is our submission that this period is properly the 

focus for PC10: 

a. Extend the “benchmark and cap” rules to properties outside Rule 11 

b. Farmers implement measures to minimise nutrient losses in accord 

with industry best practice, and with the support of industry; 

alongside urban sources employing best practicable options to 

manage and minimise effects of discharges 

c. Enable development alongside provision for the use of offsets 
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d. Develop Sub-Catchment Action Plans to prioritise interventions to 

reduce legacy nutrients along the source-treatment-sink pathway 

(ideally aligned to an expanded focus for the Incentives Fund) 

e. Achieve the 2022 catchment intermediate nitrogen reduction target 

f. Undertake Science Review in 2017; and again in 2022 

g. Review the RPS nitrogen target, informed by the results of the 

science reviews. 

 

3.8 Phase Three is broadly the period from 2022-2032 or beyond: 

a. The Rotorua Lakes WMA is scheduled from 2020-2023 to give 

effect to the NPS-FW (Attached to this statement of evidence and 

marked “B” is copy of National Policy Statement for Fresh Water 

2014 and attached to this statement of evidence and marked “N” is 

copy MfE Implementation Guide 2015 of National Policy Statement 

for Fresh Water 2014). 

b. That process will properly be informed by the results of the science 

reviews (Attached to this statement of evidence and marked “C” is 

copy of Memorandum of Understanding on Lake Rotorua Science 

and Policy Reviews). 

c. That process should be expected to assess progress, review values 

and objectives, re-assess the portfolio of methods and rules, and 

reset the trajectory as required. 

 

3.9 For this current period through to 2022 or thereabouts, we propose  a 

framework which provides for three tiers of responsibility: the first is 

individual enterprises, the second is sub-catchments, and the third relates 

to management of the Lake.  

 

3.10 The first and third acknowledge and build forward from existing 

programmes. The new element is the development of well-resourced and 

coordinated Sub-Catchment Action Plans, building forward from the 
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successful Project Rerewhakaaitu (a three-way funding partnership 

between MPI, BoPRC and catchment landowners, supported by an 

independent coordinator, to develop and drive a catchment action plan for 

their lake). 

 

3.11 An important supporting element would be the development of nutrient 

reduction targets at a range of scales, structured firstly by sub-catchment, 

secondly by source of flow, and thirdly by sector, to help focus efforts and 

assist in tracking progress. 

 

3.12  The first tier of responsibility is individual enterprises, with the focus on 

mitigating the effects of current landuse at source: 

a. Rural responsibility for reasonable, practicable and affordable 

industry best practices; alongside urban responsibility for “best 

practicable option” 

b. Industry in the lead on best practice development and extension  

c. Farmers maintain compliance with industry commitments, eg, 

Sustainable Dairy Accord; and with BoPRC and RDC rules for farm 

activities, eg, effluent,earthworks 

d. Overseer used as a farm decision support tool, and to assist in 

tracking progress 

e. Farm plans used by farmers and their consultants to 

identify/prioritise farm hotspots 

f. Farmers meet the costs of implementing industry best practice 

guidelines specific to the farm context to minimise nutrient losses 

g. Industry track and report progress against sectoral targets. 

 

3.13  The second tier is the development of Sub-Catchment Action Plans, with 

a particular      focus on intercepting and/or attenuating legacy loads along 

the transport pathways: 

a. Prioritise sub-catchments in a staged sequence for the  

development of Sub-Catchment Action Plans 

9 of 1008



10 
 

b. Identify/prioritise nutrient hotspots significant at sub-catchment 

scale, eg, the RLTS in Puarenga sub-catchment, gorse hotspots in 

Waiohewa and Waingaehe 

c. Identify/prioritise sub-catchments with significant flood flow 

particulate nutrients, eg, Ngongotaha, Utuhina; prioritise options for 

mitigating, eg, detainment bunds 

d. In sub-catchments dominated by nutrient rich legacy 

groundwater,eg, Hamurama, Awahou,  prioritise options for 

attenuation, eg, springs/wetlands/riparian 

e. Use models to help prioritise; then groundtruth with science tools, 

eg, LIDAR; and with landowners, ie, the lay of the land and the 

opportunities 

f. Invest in active coordination, guided by sub-catchment committee 

including landowners, lifestylers and urban representatives; and 

supported by industry, science and Council land management team 

g. Public-private partnership funding targetted to deliver best-bang-for-

buck enduring solutions, either permanent landuse change, or 

“green” infrastructure, or to enable farm reconfigurations within or 

across farm boundaries 

h. Council track and monitor progress through existing and expanded 

stream and groundwater monitoring. 

 

3.14 The third tier is management of the Lake, with a particular focus on 

mitigating the effects of the legacy internal nutrient load, building forward 

from the strong programmes already underway under the Rotorua Te 

Arawa Lakes Strategy. We have recommended broader consideration of 

the lake ecology and health, including: 

a. Research to improve understanding of values, including competing 

values, eg,  indigenous species vis-à-vis introduced species 

b. Improved understanding of nutrients/invasive plants/cyanobacteria 

dynamics 
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c. Development of more integrated and sophisticated modelling tools 

to test scenarios and alternate nitrogen/phosphorus reduction 

targets for managing both catchment and internal nutrient loads. 

 

3.15 In our submission, we presented tables illustrating our proposed 

approach. The tables present indicative nutrient loads dis-aggregated by 

sub-catchment and by source of flow and illuminate strong patterns 

across sub-catchments. The details will be subject to amendment and 

updating (eg, to incorporate the latest understanding of attenuation) but 

the principles are drawn from recent science and this next section recaps 

key developments which informed our approach. 
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Key Factors Informing FFNZ Recommended Approach 

4.1 It is Federated Farmers submission that a primary purpose of PC10 is to 

maintain the trajectory of reductions in nutrient losses to Lake Rotorua to 

support achievement of the Regional Land and Water Plan TLI objective, 

while enabling continued sustainable development of the Rotorua farming 

economy.  

4.2 We believe that all parties share a commitment to the health of the lake; 

and importantly, that we are making progress. The farming sector, the 

urban community and Council have all invested heavily in programmes to 

reduce nutrient and sediment loads over recent decades and we are 

beginning to see the results in the lake. Our submission referenced a 2012 

report which found: “The similarity in direction, magnitude and statistical 

significance of longterm trends of TLI parameters at both monitoring sites 

underscores the likelihood of basin-wide improvements in water quality 

within Lake Rotorua since c. 2001”. (Attached to this statement of 

evidence and marked “D” is a copy Analysis of Lake Rotorua Water 

Quality Trends: 2001-2012). 

4.3 In order to achieve the TLI, the Regional Policy Statement sets out a 

nitrogen reduction target; and a catchment intermediate target for 70% of 

the target reduction by 2022. The Regional Policy Statement does not 

include specific targets for phosphorus reductions. 

4.4 Council began scoping the PC10 rules in 2010, prior to the RPS nitrogen 

target being made operative in 2012. The RPS target and the PC10 rules 

as notified are both predicated on an earlier understanding that achieving 

the TLI objective principally required reducing catchment nitrogen 

leaching losses at source, principally from the farming sector. (Attached 

to this statement of evidence and marked “E” is a copy of Terms of 

Reference Lake Rotorua STAG Catchment Stakeholder Advisory Group). 

4.5 More recently, we have seen significant shifts in our understanding of lake 

dynamics, including the significance of internal bed nutrients, flood-flow 

particulate nutrients, sub-catchment attenuation factors, and a potential 

shift to P-limitation in the lake. 
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4.6 PC10 includes a method wherein Council intends to review the up-to-date 

understanding of lake science in 2017, including assessment of alternate 

nitrogen and phosphorus load combinations for achieving the lake TLI 

objective. 

4.7 This re-assessment may necessitate review of the RPS nitrogen reduction 

target. 

4.8 Pending that review, this PC10 process is the first formal, public 

opportunity to review critical decisions made in the development of PC10, 

and to test them against the new context. 

4.9 We believe the evidence now to hand is that PC10 as notified is a flawed 

and risky approach to achieving the RWLP TLI objective which would 

come at un-necessary and irreversible cost to the Rotorua farming 

economy (Attached to this statement of evidence and marked “F” is copy 

of RDD minutes December 2015). 

4.10 Against earlier assumptions of zero internal nutrient load, it is now evident 

that nutrient releases from internal bed sediments are a significant driver 

of lake algal dynamics. (Attached to this statement of evidence and 

marked “G” is a copy of Rutherford 1989 – Management of phosphorus 

and nitrogen inputs to Lake Rotorua, New Zealand).  

4.11 Against earlier assumptions of the primary significance of nitrogen in lake 

algal growth, it is now evident that phosphorus should be managed 

alongside nitrogen. (Attached to this statement of evidence and marked 

“H” is a copy of ERI 2015 – Anthropogenic phosphorus loads to Lake 

Rotorua). 

4.12 Against earlier assumptions discounting the importance of flood flows, it 

is now evident that flood flows may deliver significant particulate nutrient 

loads to the lake. (Attached to this statement of evidence and marked “I” 

is copy of NIWA 2009 - Storm nutrient loads in Rotorua streams and 

marked “J” is a copy of Abell 2012 - Spatial and temporal variations in 

nutrient loading to lake ecosystems). 

4.13 For clarity: the PC10 rule framework and allocation formula were 

developed prior to understanding the significance of internal nutrient loads 
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alongside catchment loads; prior to understanding the significance of 

phosphorus alongside nitrogen; and prior to understanding the 

significance of flood flow particulate nutrients alongside groundwater base 

flows. 

4.14 The PC10 rule framework as notified is focussed on nitrogen, and based 

on allocating target reductions in catchment nitrogen loads, firstly to the 

pastoral sector; secondly to the dairy and drystock sectors; and thirdly to 

individual farms.  

4.15 The nitrogen allocations are based on OVERSEER estimates of nitrogen 

leaching losses past the root zone into groundwater, assuming that this is 

the primary pathway for nitrogen loads to the lake.  

4.16 OVERSEER does not take account of flood flows. 

4.17 The rule framework and allocation formula were developed in the context 

where attenuation was assumed at zero, ie, if one kilogram of nitrogen 

leached past the root zone from anywhere in the catchment, one kilogram 

would reach the lake. 

4.18 Against these earlier assumptions of zero attenuation, the evidence now 

presented by Council is that average attenuation in the catchment is 

42%1. 

4.19 This evidence is strong reinforcement of our recommendation that 

recognition of attenuation processes and pathways expands the portfolio 

of options for intercepting and mitigating nitrogen loads to the lake. 

4.20 OVERSEER does not take account of attenuation.  

4.21 For clarity: sector or farm allocations based just on OVERSEER estimates 

assume a catchment with no flood flows and no attenuation. To the extent, 

these pathways are targetted for intervention, any improvements will not 

be recognised in OVERSEER. 

                                                           
1 Statement of Evidence, Dr Rutherford, Predicting nitrogen inputs to Lake Rotorua using 
ROTAN-Annual”: Paragraph 3.11 
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4.22 Council have also presented evidence of strong patterns in sub-

catchment attenuation factors2, with estimates ranging from 14% in 

Hamurama to 85% in Ngongotaha, ie, one kilogram of nitrogen leached in 

Hamurama is not the same as one kilogram leached in Ngongotaha. 

4.23 This evidence reinforces information summarised in our submission 

(referencing reports included here as attachments) showing strong sub-

catchment patterns, firstly, in nutrient loads; and secondly, in the 

proportion which is carried in particulate or dissolved forms. 

4.24 For total nitrogen loads, the range is from 11t in Waingaehe to 79t in 

Puarenga. For total phosphorus loads, the range is from less than 1t in 

Waiowhiro to nearly 7t in Puarenga, plus in excess of 13t assigned to 

minor and ungauged streams.  

4.25 A key contributor to N and P loads in Puarenga is the Rotorua land 

treatment system. (Attached to this statement of evidence and marked “K” 

is a copy ERI 2015, Lake Rotorua Treated Wastewater Discharge: 

Environmental Effects Study) 

4.26 Estimates for the proportion which is carried as particulate nutrients show 

similar variation across sub-catchments. For nitrogen, the proportion 

ranges from 6% in Waitete to 35% in Ngongotaha. For phosphorus, the 

proportion ranges from 12% in Hamurama to 66% in Ngongotaha and 

68% in Puarenga. 

4.27 For clarity: against earlier reliance on averaging, aggregating and 

allocating total catchment nutrient loads, the science that is now available 

highlights strong sub-catchment patterns in nutrient loads, sources, 

pathways and attenuation factors.  

4.28 These sub-catchment differences were material to our recommendation 

that nutrient reduction targets be developed for both nitrogen and 

phosphorus, firstly by sub-catchment; secondly, by flow source or 

pathway; and thirdly by contributing sectors, including the urban sector. 

                                                           
2 2 Statement of Evidence, Dr Rutherford, ”Predicting nitrogen inputs to Lake Rotorua using 
ROTAN-Annual”: Table 3-3 
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4.29 These sub-catchment complexities were also material to our 

recommendations for a different balance between the rules and the 

methods, ie, the complexities compel a more sophisticated and efficient 

approach to prioritising interventions and investments, both public and 

private, than rules can easily provide. 

4.30 Rules are well-suited to proscribing “bad” activities but are ill-suited to 

prescribing “good’ or “best” management practices, particularly in the 

context that management practices are inevitably farm specific, industry 

benchmarks continue to advance in the light of new knowledge, and 

OVERSEER is always one step behind leading edge practice.  

4.31 The PC10 rules as notified represent a “prescriptive, input-based 

approach” with associated high transaction costs and limited flexibility for 

supporting farm-scale or catchment-scale innovation. 

4.32 Our recommendation for the development of Sub-Catchment Action Plans 

is based on a more sophisticated understanding of nutrient patterns and 

pathways, and opens the opportunity to look across the sub-catchment to 

prioritise critical source areas and to consider a broader portfolio of 

interception/mitigation opportunities. 

4.33 Importantly, these opportunities may not neatly coincide with farm 

boundaries, but may more appropriately be considered as part of a 

collective commitment to identifying the most cost-effective interventions 

to minimise both individual and collective costs.  

4.34 Equally important: principles of flexibility, innovation and adaptive 

management can be readily supported within non-regulatory catchment 

partnerships. The reality is that science will continue to advance and that 

OVERSEER numbers will continue to be subject to regular change. 

Accommodating these changes is inevitably problematic in a regulatory 

context. 

4.35 A key factor driving the differences across sub-catchments is the extent 

to which streams are primarily base flow (carrying legacy dissolved 

nutrients from groundwater), eg, Hamurama, Awahou; or with a significant 

proportion which is flood flow (carrying particulate P in particular, but also 

particulate N), eg, Ngongotaha, Waitete, Utuhina.  
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4.36 These differences influence the extent to which management can 

intercept and mitigate nutrient loads; and are material to the timing of 

improvements in the lake. 

4.37 Short-term improvements in lake water quality may firstly depend on 

managing bed sediments. Reducing direct discharges or near-lake losses 

(eg, septic tanks) will result in immediate reductions in lake loads; and 

intercepting flood flows, eg, detainment bunds, could result in early 

improvements in lake loads. 

4.38  Reducing nitrogen leaching at source will result in improvements over 

longer timescales depending on groundwater travel times. Council have 

presented evidence updating estimates of “Mean Residence Time” for 

groundwater3. The estimates are generally for “older’ water than has 

previously been assumed, eg, Ngongotaha increased from 15 years to 30 

years; and the estimates again highlight strong sub-catchment patterns 

from 30 years in Ngongotaha, 75 years in Awahou, to 125 years in 

Hamurama. 

4.39 For clarity: PC10 relies on catchment-wide rules to control nitrogen 

leaching at source based on simple, linear assumptions which do not now 

stand up to scrutiny. These proposed rules are not the most efficient or 

effective way to deliver improvements in the lake, including and especially 

in the short to medium-term. 

4.40 As above, the 2017 Science Review can be expected to consider all the 

information that is now to hand, including the most recent information on 

attenuation factors, preliminary to re-assessing the RPS nitrogen 

reduction target; and preliminary to the Rotorua Lakes Water 

Management Area process scheduled from 2020. 

4.41 We expect that the Science Review may also identify and prioritise areas 

where we still have gaps or uncertainties in critical areas. Council 

evidence from Dr Rutherford highlights that it is “impossible to decide, 

                                                           
3 Statement of Evidence, Dr Rutherford, “Predicting nitrogen inputs to Lake Rotorua using 
ROTAN-Annual”: Table 2-1 
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based solely on the modelling, what the best approach should be to 

intercepting nitrogen”.4 

4.42  We made the point plainly in our submission and we make it again here:  

in catchments where there is a lot at stake, we need to reduce the 

uncertainties in critical areas to give the necessary confidence in 

decisions.  

4.43 Pending the 2017 Science Review and any further research which may 

inform the Rotorua Lakes WMA in 2020-2023, the evidence which is 

already to hand is strong reinforcement that our recommended approach 

– using rules to guard against going backwards and investing in sub-

catchment partnerships to drive improvements -  is a more efficient and 

effective option for delivering progress than the PC10 rules as notified. 

 

 

  

                                                           
4 Statement of Evidence, Dr Rutherford, “Predicting nitrogen inputs to Lake Rotorua using 
ROTAN-Annual”: Page 46 
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Matters Raised in Council Evidence 

5.1 In this section I briefly note and comment on points made in Council 

Evidence or reports as they are relevant to the approach recommended 

by Federated Farmers. 

5.2 Mr Bruere’s evidence states that: “The water quality of a lake may be 

manipulated by altering concentrations of nitrogen and/or phosphorus”.5  

Similarly, in our submission, we referenced a MfE report which 

recommended more work to “clarify the relationships between catchment 

nutrient loads and lake nutrient dynamics to set a range of targets, 

including an annual total catchment load for P and N that builds in capacity 

for future development around the lake, internal lake P and N load targets, 

and stream P and N concentration targets for each of the nine sub-

catchments’. (Attached to this statement of evidence and marked “L” is a 

copy of MfE 2003 – A review of short term management options for Lakes 

Rotorua and Rotoiti) 

5.3 Dr Rutherford’s evidence updates modelled predictions of future nitrogen 

loads while noting that: “Of more interest is the possibility that the steady 

state lake load will be greater or less than the target by an amount that 

will have a detectable effect on lake quality. I do not know what the 

implications are of exceeding or not attaining the target lake load” 6 We 

concur that the critical question is not nitrogen loads per se, but the extent 

to which catchment nitrogen loads interact with catchment phosphorus 

loads and bed sediment nutrient loads to influence TLI as an indicator of 

overall lake health. 

5.4 Dr Hamilton’s evidence includes that “wider consideration of nutrient pools 

and transport processes, eg, internal loading and overland flow, leads to 

the conclusion that dual control of N and P is more efficient than focussing 

solely on controlling nitrate loading to address eutrophication”.7  This is in 

accord with our submission where we recommend that PC10 provide a 

framework for managed reduction pathways for both N and P. 

                                                           
5 Statement of Evidence, Mr Bruere “Overview of science and restoration initiatives”: 
Paragraph 22 
6 Statement of Evidence, Dr Rutherford “Catchment Loads – ROTAN”: Paragraph 18 (m) 
7 Statement of Evidence, Dr Hamilton “Lake Rotorua Water Quality”: Paragraph 21 (c) 
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5.5 Dr Hamilton’s evidence summarises the results of 28 model scenarios run 

to simulate different N and P loads to the lake, associated with a variety 

of treatment options, finding  that “The effects of the different options, 

representing slightly different N and P loads to the lake, were negligible to 

minor as expressed by the TLI value”.8  This statement references a 

supporting report which shows further detail: against the baseline TLI3 

value of 4.48, the results of the 28 scenarios ranged from TLI3 4.49 to 

TLI3 5.05, ie, a change of up to 0.57 9. We defer to Dr Hamilton’s 

conclusion that this change may be assessed as minor. 

5.6  Dr Hamilton’s evidence refers to conclusions in an earlier report (Abell, 

2015) that: “No catchment-wide phosphorus model is currently available. 

The model inputs may therefore have under-estimated total phosphorus 

and DRP loads from stormflow events as these nutrients tend to respond 

positively to increases in discharge”.10  This evidence supports points 

made in our submission about the relatively recent focus on phosphorus 

and storm flow nutrient loads. 

5.7 Dr Hamilton’s evidence references the same report (Abell, 2015) which 

estimated that 33% of anthropogenic particulate P loads come from minor 

and ungauged catchments, including “drains, small streams, overland 

flow, groundwater discharge to the bed of the lake, and discharges below 

gauged stream sites”; together with a footnote suggesting that: 

“management strategies to address this source of phosphorus could 

target urban areas and minor and ungauged catchments”.11 

5.8  Dr Hamilton’s evidence (paragraph 15 (f)) indicates that “alum has 

directly or indirectly altered the composition of the bottom sediments, in a 

way that has resulted in lower rates of oxygen consumption and reduced 

rates of nitrogen and phosphorus release from the sediments”. Dr 

Hamilton presents further evidence (paragraph 15 (k)) that “only model 

scenarios with alum dosing consistently met or bettered the TLI target”.  

Ms Barnes evidence proposes that “In any year should dosing fail to 

                                                           
8 Statement of Evidence, Dr Hamilton “Lake Rotorua Water Quality”: Paragraph 12 (b) 
9 Abell et al, 2015 “Lake Rotorua Treated Wastewater Discharge: Environmental Effects”, 
table 30 
10 Statement of Evidence, Dr Hamilton “Lake Rotorua Water Quality”: Paragraph 16 (d) 
11 Statement of Evidence, Dr Hamilton “Lake Rotorua Water Quality”: Paragraph 16 (c) 
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manage sediment nutrients, algal blooms may develop”. 12 This evidence 

is in accord with our submission that the primary significance of alum 

treatment is in highlighting the significance of nutrient releases from bed 

sediments in driving algal dynamics. 

5.9 The evidence from Dr Hamilton (paragraph 21 (f)) includes that: “Based 

on an approach that wholly focusses on nitrogen reduction, the most 

recent ROTAN-Annual modelling predicts it will take nearly 25 years to 

reduce lake loads to within 25% of the target and steady state may not be 

reached until after 2100”.   

5.10 Dr Rutherford’s evidence clarifies that “ROTAN-Annual predicts a slower 

rate of recovery in lake load than ROTAN-2011’; and that the reason 

ROTAN-Annual predicts a slower recovery is that it modelled aquifers with 

a wider range of ages, eg, “the Awahou catchment was modelled in 

ROTAN-2011 assuming two aquifers with MRTs of 30 years; whereas in 

ROTAN-Annual, the catchment was modelled using 34 sub-aquifers with 

MRTs that ranged from 9-112 years”. 13 

5.11 Dr Rutherford went on to report that: “loss reductions in land close to the 

Awahou Springs reduced stream concentrations quickly. However, loss 

reductions in land far distant from the springs took longer to affect stream 

concentrations than had been predicted by ROTAN-2011”.14 These 

findings are in accord with our recommendations for a more sophisticated 

understanding of sub-catchment complexities to inform targetted 

investments.  

5.12 Related to this point, we highlighted earlier recommendations from Dr 

Rutherford in our submission emphasising: “It is important for 

management to know which parts of the catchment are connected to 

which streams or springs, the time it takes water and nitrate to travel along 

these pathways, the amount of attenuation that occurs along each 

pathway, and the contribution from stormflow particulates.  If this 

information were available, it would be possible to determine where 

                                                           
12 Statement of Evidence, Ms Barnes “Economic and social impacts”: Paragraph 22 
13 Statement of Evidence, Dr Rutherford, Predicting nitrogen inputs to Lake Rotorua using 
ROTAN-Annual”: Page  47 
14 Statement of Evidence, Dr Rutherford, Predicting nitrogen inputs to Lake Rotorua using 
ROTAN-Annual”: Page  47 
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mitigation measures could be located in the catchment; and areas where 

mitigation measures would not be effective.15 (Attached to this statement 

of evidence and marked “M” is a copy of Rutherford 2003 – Lake Rotorua 

nutrient load targets) 

5.13 Dr Rutherford’s evidence (para 12) is that OVERSEER version 6.2.0 

estimates N losses which are on average 88% higher than losses 

estimated in ROTAN-2011 using OVERSEER version 5.4.2; and that 

ROTAN-Annual now predicts (para 18 (f)) that “on average 42% of total N 

losses were attenuated, ie, did not reach the lake”..  

5.14 In the Reasons for Decisions16 , Council notes that “the revised ROTAN 

predictions are expected to be available prior to the PC10 hearing and 

any consequences will need to be addressed at that time”. This is that 

time.  

5.15 The primary implications of these revised prediction are as set out in our 

submission, ie, that recognition of attenuation processes and pathways 

expands our portfolio to include mitigation opportunities along the 

transport pathways, in addition to mitigating loads at source.  

5.16 As noted earlier, Dr Rutherford found significant variation in attenuation 

estimates across sub-catchments, ranging from 14% in Hamurama to 

85% in Ngongotaha. 

5.17 A brief illustration of the implications: Ngongotaha is one of the biggest 

sub-catchments with 20 sheep and beef farms and 3 dairy farms. Up until 

October 2016, it has been assumed that attenuation is zero and 

groundwater travel times are just 15 years. ROTAN-Annual now estimates 

groundwater travel times at 30 years, and estimates attenuation at 85%. 

It is our very strong submission that this new understanding is material to 

appropriately prioritising intervention efforts, and (appreciating this is 

outside the scope of the hearing), material to informing efficient and 

effective expenditure of the Incentives Fund.  

5.18 A second brief illustration of sub-catchment subtleties: Dr Rutherford 

notes that – in the Waiohewa sub-catchment, observed DIN makes up 

                                                           
15 Rutherford, 2003 “Lake Rotorua Nutrient Load Targets”; Page 52 
16 Section: Schedule LR Five – Use of OVERSEER, page 363 
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only 25-30% of Total Nitrogen, the difference being “organic and 

particulate nitrogen associated with the growth of nitrifying organisms in 

the stream bed”.17  

5.19 In our submission we commended Council for the quality of sub-

catchment information they have been bringing to the table. This latest 

information on sub-catchment patterns in attenuation supports and 

reinforces our recommendations for Sub-Catchment Action Plans 

targetted to deliver best-bang-for-buck interventions in the specific sub-

catchment context.  

5.20 We still have uncertainties in our understanding of loads and attenuation. 

We note Dr Rutherford’s caution (page 47) that “the current study found 

the uncertainty in calibrated attenuation co-efficients and steady state 

loads was moderately high”.  In the Waingaehe sub-catchment (Page 30), 

“the model predicts little change over the period 1975-2015, whereas 

observed DIN increased significantly -  the reasons for this difference are 

unclear”. We support Dr Rutherford’s suggestion (page 46) that “were 

either the slow flow or stream flow attenuation co-efficient to be 

determined independently, then it would be possible to reduce the 

uncertainty in the other attenuation co-efficients, and hence reduce the 

uncertainty in predicted lake loads”.   

5.21 Dr Rutherford was unable to reliably partition attenuation co-efficients 

between quick flow, slow flow and stream flow, not least because (page 

20), “there are very limited data on groundwater concentrations from 

which to make a priori estimates of slowflow attenuation”; and “a literature 

search failed to locate information about quickflow attenuation in Rotorua 

soils and therefore a wide range was assumed”. It is apparent that we 

have significant gaps in our understanding of fundamental processes in 

the Rotorua catchment 

5.22 We commend Council’s science experts for clear acknowledgement of 

uncertainties; and reiterate the point made in our submission: that, where 

a lot is at stake, it may be necessary to reduce the uncertainties to provide 

                                                           
17 Statement of Evidence, Dr Rutherford, “Predicting nitrogen inputs to Lake Rotorua using 
ROTAN-Annual”: Page 30 
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the necessary confidence in the outcomes of decisions18. (Attached to this 

statement of evidence and marked “P” is a copy of MfE 2015 A Guide to 

freshwater accounting under the NPS-FW) 

5.23 I make brief final comment on evidence related to managing sewage 

effluent nutrient loads. Dr Hamilton’s evidence references a report 

showing that Rotorua City sewage nutrient loads are “comparable with 

those of a major stream inflow”. 19  That report shows the significance of 

sewage nutrient loads in the whole-catchment context, and also highlights 

the very significant contribution made by Rotorua City to loads in the 

Puarenga sub-catchment. Both points provide important context for our 

recommendations for an integrated approach across urban and rural 

sources. 

5.24 In Dr Rutherford’s revised ROTAN-Annual model, Table 3-9 summarises 

the “N loss reductions specified by BoPRC and their implementation 

dates”, including that it was assumed that spray disposal of wastewater in 

Whakarewarewa Forest ceased in 2020; and that the WWTP was 

assumed to discharge 30t/pa to the lake from 2020.   

5.25 We strongly recommend that ROTAN-Annual be re-run without this 

assumption. 

5.26 In the s42A Report (5.3.12), Council propose a new policy “to provide for 

the shift of losses between sectors to reflect urban growth. Reducing 

losses from pastoral activities and increasing losses from urban activities 

would only change the allocation for each sector and would not result in 

the over-arching target of 435tN being breached’.  

5.27 We oppose Council’s proposed new policy. 

 

 

 

                                                           
18 MfE 2015, “A Guide to Freshwater Accounting under the NPS-FW 2014”: Page 28 
19 Abell et al, 2015 “Lake Rotorua Treated Wastewater Discharge: Environmental Effects”, 
figure 22, figure 23 
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Annexures 

Attached to this statement and relied upon by Federated Farmers in evidence are the following 

documents: 

 

A. RPS policies – pages 56 to 59 of Federated Farmers of New Zealand Submission  

B. National Policy Statement for Fresh Water 2014 

C. Memorandum of Understanding on Lake Rotorua Science and Policy Reviews 

D. Analysis of Lake Rotorua Water Quality Trends: 2001-2012 

E. Terms of Reference Lake Rotorua STAG Catchment Stakeholder Advisory Group  

F. RDD Minutes Lake Structure Collective meeting December 2015 

G. Rutherford 1989 – Management of phosphorus and nitrogen inputs to Lake Rotorua, 

New Zealand 

H. ERI 2015 – Anthropogenic phosphorus loads to Lake Rotorua 

I. NIWA 2009 - Storm nutrient loads in Rotorua streams 

J. Abell 2012 - Spatial and temporal variations in nutrient loading to lake ecosystems 

K. ERI 2015, Lake Rotorua Treated Wastewater Discharge: Environmental Effects Study 

L. MfE 2003 – A review of short term management options for Lakes Rotorua and Rotoiti 

M. Rutherford 2003 – Lake Rotorua nutrient load targets 

N. MfE Implementation Guide 2015 of National Policy Statement for Fresh Water 2014 

O. National Policy Statement for Fresh Water Implementation – Progress Report 2016 

P. MfE 2015 A Guide to freshwater accounting under the NPS-FW 

Q. Terms of reference for Rangitaiki and Pongakawa WMAs 

R. MfE Clean Water Consultation Document 2017 
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Relevant Objectives and Policies 

Bay of Plenty Regional Policy Statement 

Objective 26 
 
The productive potential of the region’s rural land resource is sustained and the growth and 
efficient operation of rural production activities are provided for. 
 
Objective 27 
 
The quality and mauri of water in the region is maintained or, where necessary to meet the 
identified values associated with its required use and protection, enhanced. 
 

Objective 28 

Enhance the water quality in the lakes of the Rotorua district and other catchments at risk. 

Policy IR 3B: Adopting an integrated approach 
 
Adopt an integrated approach to resource management that: 
 
(a) Recognises the interconnected nature of natural and physical resources, including as 
they adjust to changes; 
 
(b) Recognises the multiple values of natural and physical resources; 
 
(c) Responds to the nature and values of the resource and the diversity of effects (including  
cumulative and reverse sensitivity effects) that can occur; 
 
(d) Seeks to maximise benefits by considering opportunities to align interventions (including 
regulatory and non-regulatory) and/or to achieve multiple objectives; 
 
(e) Encourages developments, activities or land-use changes to: 

1 Provide for the relationship between land use and water quality and quantity 
2 Recognise the advantages and constraints of land use capability; 
3 Provide for infrastructure and; 
4 Benefit the economic wellbeing of communities. 

 
(f) Takes a long term strategic approach which recognises the changing environment and 
changing resource use pressures and trends; 
 
(g) Applies consistent and best practice standards and processes to decision making; and 
 
(h) Recognises different community values and social needs; and regards these as positive 
effects. 
 
Explanation  
 
Integrated resource management requires a holistic view that looks beyond organisational, 
spatial or administrative boundaries. For integrated management to be effective and efficient 
it requires a coherent and consistent approach and that agencies or organisations involved 
in resource management work together in a collaborative manner. This is because there is 
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overlap in the functions of local authorities and also resources and issues that cross 
jurisdictional boundaries.  
 
Sustainable land management requires integrating the development and use of the land with 
the attributes of its wider environment: the availability of water and its capacity to receive 
contaminants without adverse effects, the ability of the land to retain its physical qualities 
while supporting the use, and recognition of and provision for the wider environment within 
which the activity occurs. 
 
Policy UG 18B: Managing rural development and protecting versatile land 
The productive rural land resource shall be protected for rural production activities by 
ensuring that to the extent practicable subdivision, use and development in rural areas does 
not result in versatile land being used for non-productive purposes outside existing and 
planned urban-zoned areas, or outside the urban limits for the western Bay of Plenty shown 
in Appendix E, unless it is for regionally significant infrastructure which has a functional, 
technical or locational need to be located there. 
 
Particular regard shall be given to whether the proposal will result in a loss of productivity of 
the rural area, including loss of versatile land, and cumulative impacts that would reduce the 
potential for food or other primary production. 
 
In the catchments of the Rotorua Te Arawa Lakes, land-use change to achieve reduced 
nutrient losses may justify over-riding this policy. Any such changes in land use must 
however be integrated and co-ordinated with the provision of appropriate infrastructure. 
 
Explanation  
 
It is important to protect the natural productivity of the region’s land. Soil and its life-
supporting capacity are a finite resource, which need to be managed and sustained for 
future generations. Rural production is one of the region’s economic drivers and this 
production is reliant on retaining and protecting rural land and soils.  
 
In areas where rural production activities occur, the protection of finite versatile land primarily 
for pastoral farming and horticulture is a priority for sustainable management. However, with 
respect to planned urban development as well as to the legitimate establishment of rural 
servicing activities in rural areas, it is inevitable that some versatile land will be lost to 
productive use. The issue then becomes one of ensuring that the extent of such loss is 
minimised through the efficient use and development of the finite land resource.  
 
In the Rotorua Te Arawa Lakes area, protecting water quality from increased nutrient losses 
may also be given priority over protection of versatile land. Water quality in Rotorua Te 
Arawa Lakes’ catchments has been degraded mainly by human activities and nutrient losses 
from pastoral farming and sewage leachate from residential areas. Reducing nutrient losses 
into these lakes is a priority. Rotorua District Council, regional councils, central government 
and Te Arawa Lakes Trust are working together on a range of initiatives designed to mitigate 
the effects of nutrients into these lakes.  
 
The need to avoid nutrient losses into the receiving waters of some regional catchments at 
risk may result in rural lifestyle subdivision being a preferred option. However, forward 
planning and care is needed to prevent the loss of rural character and inefficient land, 
infrastructure and energy use. 
 
 
RPS Policy UG 23B: Providing for the operation and growth of rural production 
activities 
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In providing for the operation and growth of rural production activities, regard should be had 
to: 
 
(a) Appropriate plan provisions, including zoning of land; 
 
(b) Access to and use of resources; 
 
(c) Transportation and infrastructure requirements; and 
 
(d) Protection from reverse sensitivity effects. 
 
Explanation 
 
The operation and growth of rural production activities in the Bay of Plenty is important to the 
region’s economy. The use of and access to natural resources (such as land, minerals, soil 
and water), or physical resources (such as transportation infrastructure) are important 
factors in providing for the operation and growth of these activities. 
 
Rural production activities often have particular locational and functional requirements in 
terms of access to resources, relationship to support facilities and the management of 
environmental effects. It is therefore important that resource use is managed in a manner 
which recognises and provides for those locational and functional requirements. 
 
Policy WL 1B: Enabling land use change 
 
Regard as a positive effect any significant reduction in contaminant discharge (including 
nitrogen and phosphorous) likely to result from land use change proposals. 
 
Explanation  
 
In some locations, certain land uses are giving rise to undesirable environmental effects not 
anticipated when the land use began. For example, more nutrients are entering the Rotorua 
Te Arawa Lakes than can 
 
Policy WL 2B: Defining catchments at risk 
 
Control contaminant discharges in the following catchments at risk: 
 
(a) The catchments of Lakes Rotoiti, Rotorua, Rotoehu, Ōkaro, Ōkāreka, Rotomā, Ōkataina, 
Tarawera, Tikitapu, Rotokākahi, Rerewhakaaitu and Rotomāhana; and 
 
(b) The catchments of other water bodies when they are defined and included in the 
Regional Water and Land Plan or Regional Coastal Environment Plan. Consideration of 
whether a catchment is at risk will have regard to whether it has significant values (e.g. 
cultural, ecological, economic, recreational) that may be adversely affected by land use or 
land use change or have limited capacity to assimilate discharges of contaminants without 
affecting those values.  
 
Explanation  
 
Monitoring has shown that at-risk catchments are trending away from achieving or bettering 
established water quality targets. The Rotorua Te Arawa Lakes comprise the at-risk 
catchments defined in this policy. The policy allows for other qualifying catchments to be 
defined in the Regional Water and Land Plan. These catchments are to be identified through 
the formal plan change process, including notification and public submissions. Method 21 
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requires the water quality of surface water bodies to be regularly monitored to determine 
whether they require identification as a catchment at risk. In addition, Method 62 requires the 
identification of coastal waters that are having a significant adverse effect on ecosystems, 
natural habitats or water based recreational activities or are restricting uses such as 
aquaculture, shellfish gathering and cultural activities. The catchments of waterbodies 
identified by this method will be incorporated into the Regional Water and Land Plan or 
Regional Coastal Environment Plan.  
 
Catchments at risk are the subject of several subsequent policies directing regional plan 
provisions to require:  
 
1 The establishment of contaminant discharge limits;  
 
2 That resource consent be obtained where land use change increases contaminant 
discharges;  
 
3 Allocation of allowable nutrient discharges among land use activities; and  
 
4 Managed reduction of contaminants in excess of any limits. 
 

Policy WL 3B: Establishing limits for contaminants entering catchments at risk 

Establish limits for the total amount of specified contaminants that enter the receiving waters 
within a catchment at risk including:  

(a) Contaminants to be managed to avoid compromising public health and each 
catchment’s ecology, mauri, fishability, swimmability and aesthetics;  
 

(b) For the Rotorua Te Arawa Lakes the amount of nitrogen and phosphorus that can 
enter each lake in order to achieve its target trophic level index; and  
 

(c) For Lake Rotorua the total amount of nitrogen that enters the lake shall not exceed 
435 tonnes per annum. 

 
Explanation 
 
Within the region, both surface water and groundwater are used for a wide range of 
purposes. Each use requires water of a corresponding quality. Some uses potentially conflict 
with others; the assimilation of contaminants may compromise consumptive uses. Water 
management policy, while enabling people and communities to provide for their social, 
economic and cultural well-being, must ensure that statutory water quality requirements are 
met. 
 
Nutrient limits are necessary to meet the regional community’s water quality targets for all at-
risk catchments within the Rotorua Te Arawa lakes area. 
 
The operative Bay of Plenty Regional Water and Land Plan sets trophic level indices (TLIs) 
for lakes of the Rotorua District as a means of measuring long-term trends in water quality to 
see whether each lake is improving or declining. Target TLIs for each lake have been 
determined through a public process, and are contained in the Regional Water and Land 
Plan. The TLI system is used as a means of measuring water quality based on the amount 
of total nitrogen, total phosphorus and chlorophyll A (algae) present in a lake, and the clarity 
of the water. 
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The 435 tonne annual sustainable nitrogen load for Lake Rotorua includes stream and 
groundwater flows, rainfall, and treated sewage effluent and excludes internal loads from the 
lake bed. The 435 tonnes is required to achieve the 4.2 trophic level index target currently 
set in the Regional Water and Land Plan. 
 
When the target TLIs are reached, they may need to be reviewed to ensure that statutory 
(sections 70 and 107 of the Act) water quality requirements are met. 
 

Policy WL 4B: Requiring consent for increased discharges in catchments at risk 
 
Require that, in catchments at risk, a change in land use likely to result in the discharge of 
increased amounts of nominated contaminants1 be allowed only if resource consent is 
obtained. 
 
Explanation 
 
Land use change, subdivision and development activities likely to result in increased 
discharges of contaminants should be subject to a rule requiring a consent to be obtained; 
this would allow close scrutiny of a proposal and the setting of conditions to keep any 
contaminant discharge within established limits or for consent to be refused. However, it is 
accepted that some farming practices, such as crop rotations, result in year to year 
fluctuations in nutrient leaching and this needs to be provided for.  
 
The effect on water quality from discharges is in relation to the whole of the water body as 
the receiving environment for that discharge, including downstream effects. 
 

Policy WL 5B: Allocating the capacity to assimilate contaminants 

Allocate among land use activities the capacity of Rotorua Te Arawa lakes and other water 
bodies in catchments at risk to assimilate contaminants within the limits established in 
accordance with Policy WL 3B having regard to the following principles and considerations:  

(a) Equity/fairness, including intergenerational equity;  
 

(b) Extent of the immediate impact;  
 

(c) Public and private benefits and costs;  
 

(d) Iwi land ownership and its status including any Crown obligation;  
 

(e) Cultural values;  
 

(f) Resource use efficiency;  
 

(g) Existing land use;  
 

(h) Existing on farm capital investment; and  
 

(i) Ease of transfer of the allocation. 

 
Explanation 

                                                            
1 For example, nitrogen and phosphorous. 

32 of 1008



Each water body is able to assimilate a certain amount of nutrients or other contaminants 
before the values of the water body are unacceptably compromised. 
 
Essentially, what is being allocated is the capacity of Lake Rotorua and other at-risk 
catchments to assimilate a discharge of a contaminant. A 2005 amendment to the Act 
introduced as a new function of regional councils the establishment of regional rules to allow 
the allocation of this resource on other than a first-come/first-served basis. Thus, allocation 
mechanisms are implemented through rules in regional plans. This policy seeks to direct this 
by requiring, and providing principles and considerations for, allocation. 
 
The management of activities and land uses within the context of the catchment of a 
receiving water body allows the particular characteristics of each water body to be taken into 
account. In the context of Lake Rotorua, for example, the amount of nitrogen that the lake 
can assimilate without adverse effect comes from the whole of the catchment. How that 
amount is to be distributed within the catchment presents management issues requiring 
policy guidance. Consequently, allocation decisions will be undertaken in consultation with 
the affected community, particularly landowners directly affected by the allocation. 

 

Policy WL 6B: Managing the reduction of nutrient losses 

Require, including by way of rules, the managed reduction of any nutrient losses that are in 
excess of the limits established under Policy WL 3B by ensuring that:  

(a) Rural production land use activities minimise their loss of nutrients as far as is 
reasonably practicable by implementing on-farm best management practices;  
 

(b) Any land use change that is required within the Rotorua Te Arawa lakes catchments to 
achieve the limits takes into account an equitable balancing of public and private costs 
and benefits; and  
 

(c) No discharges shall be authorised beyond 2032 that results in the limit for Lake 
Rotorua being exceeded. A Managed Reduction Target for the managed reduction of 
nitrogen loss is to be set to achieve 70% of the required reduction from 746 t/yr to 435 
t/yr by 2022. 

 
Explanation 
 
Managed reduction in the amount of nutrients derived from land use activities is necessary 
to halt the decline in water quality in at-risk catchments. 
 
On-farm best management practices should be implemented to ensure that all rural 
production land use activities minimise their nutrient losses as far as is reasonable, 
practicable and affordable. The aim is to ensure that all rural production land users are 
operating in accordance with industry best practice. 
 
For Lake Rotorua, current on-farm best practice alone will not achieve the nitrogen load 
reduction required to reach the sustainable nitrogen load of 435 tN/yr and land use change 
will be necessary.  Beyond 2032 only discharges which enable the 435 tN/yr to be met will 
be authorised. The development of further resource management policy will have regard to 
the Oturoa Agreement. 
 
The cost of achieving any further reduction in nutrient losses over and above on-farm best 
practice in a particular catchment will have a mix of public and private benefits and should be 
funded accordingly.  Consequently, the implementation of Policy WL 6B will require the 
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development of further policy under the Regional Council’s Resource Management Act 1991 
and Local Government Act 2002 responsibilities. 
 
Nutrient reduction targets have been established to enable lakes such as Rotorua, Rotoiti, 
Ōkaro, Rotomā, Rotoehu and Ōkāreka to meet their target trophic level indices (TLIs). 
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Preamble 
Fresh water is essential to New Zealand’s economic, environmental, cultural and social well-
being.  Fresh water gives our primary production, tourism, and energy generation sectors their 
competitive advantage in the global economy. Fresh water is highly valued for its recreational 
aspects and it underpins important parts of New Zealand’s biodiversity and natural heritage. Fresh 
water has deep cultural meaning to all New Zealanders. Many of New Zealand’s lakes, rivers and 
wetlands are iconic and well known globally for their natural beauty and intrinsic values. 

The Treaty of Waitangi (Te Tiriti o Waitangi) is the underlying foundation of the Crown–iwi/
hapū relationship with regard to freshwater resources. Addressing tāngata whenua values and 
interests across all of the well-beings, and including the involvement of iwi and hapū in the overall 
management of fresh water, are key to meeting obligations under the Treaty of Waitangi. 

All New Zealanders have a common interest in ensuring the country’s freshwater lakes, rivers, 
aquifers and wetlands are managed wisely. 

New Zealand faces challenges in managing our fresh water to provide for all of the values that are 
important to New Zealanders. The quality, health, availability and economic value of our fresh 
waters are under threat. These challenges are likely to increase over time due to the impacts of 
climate change. 

To respond effectively to these challenges and issues we need to have a good understanding of our 
freshwater resources, the threats to them and provide a management framework that enables water 
to contribute both to New Zealand’s economic growth and environmental integrity and provides 
for the values that are important to New Zealanders. 

Given the vital importance of freshwater resources to New Zealand and New Zealanders, and 
in order to achieve the purpose of the Resource Management Act 1991 (the Act), the Crown 
recognises there is a particular need for clear central government policy to set a national direction, 
though the management of the resource needs to reflect the catchment-level variation between 
freshwater bodies and different demands on the resource across regions. This includes managing 
land use and development activities that affect fresh water so that growth is achieved with a lower 
environmental footprint.

This national policy statement sets out objectives and policies that direct local government to 
manage water in an integrated and sustainable way, while providing for economic growth within 
set water quantity and quality limits. The national policy statement is a first step to improve 
freshwater management at a national level.

As demand for fresh water increases, it is vital to account for all freshwater takes and sources of 
relevant contaminants.  The freshwater accounting requirements of this national policy statement 
will provide information for councils to use in establishing freshwater objectives and limits and in 
targeting their management of fresh water.  

This national policy statement provides a National Objectives Framework to assist regional 
councils and communities to more consistently and transparently plan for freshwater objectives.   
The national policy statement is intended to underpin community discussions about the desired 
state of fresh water relative to the current state.  New Zealanders generally aspire to high standards 
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for our waterways and outcomes that are better than those achieved under the status quo.  
Freshwater planning will require an iterative approach that tests a range of possible objectives 
and methods for their achievement, including different timeframes for achieving objectives. 
This is intended to ensure that the implications of proposed objectives are clear for councils and 
communities.

The national policy statement sets national bottom lines for two compulsory values – ecosystem 
health and human health for recreation – and minimum acceptable states for other national 
values.   The national policy statement acknowledges iwi and community values by recognising 
the range of iwi and community interests in fresh water, including environmental, social, 
economic and cultural values.     

Freshwater objectives for a range of tāngata whenua values are intended to recognise Te Mana 
o te Wai.  Iwi and hapū have a kinship relationship with the natural environment, including 
fresh water, through shared whakapapa.  Iwi and hapū recognise the importance of fresh water 
in supporting a healthy ecosystem, including human health, and have a reciprocal obligation as 
kaitiaki to protect freshwater quality.  

Overall freshwater quality within a region must be maintained or improved.  This national policy 
statement allows some variability in terms of freshwater quality, including between freshwater 
management units, as long as the overall freshwater quality is maintained within a region.  

National bottom lines in the national policy statement are not standards that must be achieved 
immediately.  Where freshwater management units are below national bottom lines, they will 
need to be improved to at least the national bottom lines over time.  It is up to communities and 
iwi to determine the pathway and timeframe for ensuring freshwater management units meet 
the national bottom lines.  Where changes in community behaviours are required, adjustment 
timeframes should be decided based on the economic effects that result from the speed of change.  
Improvements in freshwater quality may take generations depending on the characteristics of each 
freshwater management unit.

Monitoring plans are intended to be practical and affordable.  It is not possible for regional 
councils to monitor every drop of fresh water.  Monitoring against freshwater objectives need 
only be undertaken at representative sites within a region as identified by regional councils.  
Monitoring plans are also intended to recognise the importance of long term trends in data.

Setting enforceable quality and quantity limits is a key purpose of this national policy statement. 
This is a fundamental step to achieving environmental outcomes and creating the necessary 
incentives to use fresh water efficiently, while providing certainty for investment. Water quality 
and quantity limits must reflect local and national values. The process for setting limits should be 
informed by the best available information and scientific and socio-economic knowledge. 

Once limits are set, freshwater resources need to be allocated to users, while providing the ability 
to transfer entitlements between users so that we maximise the value we get from water. Where 
water resources are over-allocated (in terms of quality and quantity) to the point that national 
and local values are not met, we also need to ensure that over-allocation is reduced over agreed 
timeframes. 

The New Zealand Coastal Policy Statement 2010 addresses issues with water quality in the coastal 
environment. The management of coastal water and fresh water requires an integrated and 
consistent approach.
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Review 

The Minister for the Environment intends to seek an independent review of the implementation 
and effectiveness of this national policy statement in achieving all its objectives and policies and 
in achieving the purpose of the Act, no later than 1 July 2016. The Minister shall then consider the 
need to review, change or revoke this national policy statement. Collection of monitoring data to 
inform this review will begin at least two years prior to the review.

This preamble may assist the interpretation of the national policy statement. 
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National significance of fresh water and Te 
Mana o te Wai
This national policy statement is about recognising the national significance of fresh water for all 
New Zealanders and Te Mana o te Wai.

A range of community and tāngata whenua values, including those identified as appropriate from 
Appendix 1, may collectively recognise the national significance of fresh water and Te Mana o te 
Wai as a whole.  The aggregation of community and tāngata whenua values and the ability of fresh 
water to provide for them over time recognises the national significance of fresh water and Te 
Mana o te Wai.
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Title
This national policy statement is the National Policy Statement for Freshwater Management 2014.

Commencement
This national policy statement will take effect 28 days after the date of its issue by notice in the New 
Zealand Gazette.  

Interpretation
In this national policy statement:

“Attribute” is a measurable characteristic of fresh water, including physical, chemical and 
biological properties, which supports particular values.

“Attribute state” is the level to which an attribute is to be managed for those attributes specified in 
Appendix 2.

“Compulsory values” mean the national values relating to ecosystem health and to human health 
for recreation included in Appendix 1 and for which a non-exhaustive list of attributes is provided 
in Appendix 2.

“Efficient allocation” includes economic, technical and dynamic efficiency.

“Environmental flows and/or levels” are a type of limit which describes the amount of water 
in a freshwater management unit (except ponds and naturally ephemeral water bodies) which 
is required to meet freshwater objectives. Environmental flows for rivers and streams must 
include an allocation limit and a minimum flow (or other flow/s). Environmental levels for other 
freshwater management units must include an allocation limit and a minimum water level (or 
other level/s).

“Existing freshwater quality” means the quality of the fresh water at the time the regional council 
commences the process of setting or reviewing freshwater objectives and limits in accordance with 
Policy A1, Policy B1, and Policies CA1-CA4.

“Freshwater management unit” is the water body, multiple water bodies or any part of a water 
body determined by the regional council as the appropriate spatial scale for setting freshwater 
objectives and limits and for freshwater accounting and management purposes.  

“Freshwater objective” describes an intended environmental outcome in a freshwater 
management unit. 

“Freshwater quality accounting system” means a system that, for each freshwater management 
unit, records, aggregates and keeps regularly updated, information on the measured, modelled or 
estimated:

a) loads and/or concentrations of relevant contaminants;

b) sources of relevant contaminants; 

c) amount of each contaminant attributable to each source; and

d) where limits have been set, proportion of the limit that is being used.
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“Freshwater quantity accounting system” means a system that, for each freshwater management 
unit, records, aggregates and keeps regularly updated, information on the measured, modelled or 
estimated:

a) total freshwater take;

b) proportion of freshwater taken by each major category of use; and

c) where limits have been set, proportion of the limit that has been taken.

 “Freshwater take” is a take of ground or surface fresh water whether authorised or not.

 “Limit” is the maximum amount of resource use available, which allows a freshwater objective to 
be met. 

“Minimum acceptable state” is the minimum level, specified in Appendix 2, at which a freshwater 
objective may be set in a regional plan in order to provide for the associated national value.  

“National bottom line” means the minimum acceptable state for the compulsory values as 
specified in Appendix 2.

“National value” means any value described in Appendix 1.

“Naturally occurring processes” means processes that could have occurred in New Zealand prior 
to the arrival of humans. 

“Outstanding freshwater bodies” are those water bodies identified in a regional policy statement 
or regional plan as having outstanding values, including ecological, landscape, recreational and 
spiritual values.

“Over-allocation” is the situation where the resource:

a) has been allocated to users beyond a limit; or 

b) is being used to a point where a freshwater objective is no longer being met.

This applies to both water quantity and quality.

“Secondary contact” means people’s contact with fresh water that involves only occasional 
immersion and includes wading or boating (except boating where there is high likelihood of 
immersion). 

“Target” is a limit which must be met at a defined time in the future. This meaning only applies in 
the context of over-allocation. 

“Value” means:

a) any national value; and

b) includes any value in relation to fresh water, that is not a national value, which a regional 
council identifies as appropriate for regional or local circumstances (including any use 
value).

Terms given meaning in the Act have the meanings so given.
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 A.  Water quality
Objective A1
To safeguard: 

a) the life-supporting capacity, ecosystem processes and indigenous species including their 
associated ecosystems, of fresh water; and 

b) the health of people and communities, at least as affected by secondary contact with fresh 
water;

in sustainably managing the use and development of land, and of discharges of contaminants.

Objective A2
The overall quality of fresh water within a region is maintained or improved while:

a) protecting the significant values of outstanding freshwater bodies;

b) protecting the significant values of wetlands; and 

c) improving the quality of fresh water in water bodies that have been degraded by human 
activities to the point of being over-allocated.

Policy A1
By every regional council making or changing regional plans to the extent needed to ensure the 
plans:

a) establish freshwater objectives in accordance with Policies CA1-CA4 and set freshwater 
quality limits for all freshwater management units in their regions to give effect to the 
objectives in this national policy statement, having regard to at least the following:

i. the reasonably foreseeable impacts of climate change;

ii. the connection between water bodies; and

iii. the connections between freshwater bodies and coastal water; and

b) establish methods (including rules) to avoid over-allocation.

Policy A2 

Where freshwater management units do not meet the freshwater objectives made pursuant to 
Policy A1, every regional council is to specify targets and implement methods (either or both 
regulatory and non-regulatory), in a way that considers the sources of relevant contaminants 
recorded under Policy CC1, to assist the improvement of water quality in the freshwater 
management units, to meet those targets, and within a defined timeframe.
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Policy A3

By regional councils:

a) imposing conditions on discharge permits to ensure the limits and targets specified 
pursuant to Policy A1 and Policy A2 can be met; and 

b) where permissible, making rules requiring the adoption of the best practicable option 
to prevent or minimise any actual or likely adverse effect on the environment of any 
discharge of a contaminant into fresh water, or onto or into land in circumstances that 
may result in that contaminant (or, as a result of any natural process from the discharge of 
that contaminant, any other contaminant) entering fresh water.

Policy A4 and direction (under section 55) to regional councils 

By every regional council amending regional plans (without using the process in Schedule 1) to 
the extent needed to ensure the plans include the following policy to apply until any changes under 
Schedule 1 to give effect to Policy A1 and Policy A2 (freshwater quality limits and targets) have 
become operative:

“1. When considering any application for a discharge the consent authority must have regard to the 
following matters:

a. the extent to which the discharge would avoid contamination that will have an adverse 
effect on the life-supporting capacity of fresh water including on any ecosystem 
associated with fresh water and

b. the extent to which it is feasible and dependable that any more than minor adverse 
effect on fresh water, and on any ecosystem associated with fresh water, resulting from 
the discharge would be avoided.

2. When considering any application for a discharge the consent authority must have regard to the 
following matters:

a. the extent to which the discharge would avoid contamination that will have an adverse effect 
on the health of people and communities as affected by their secondary contact with fresh 
water; and

b. the extent to which it is feasible and dependable that any more than minor adverse effect on 
the health of people and communities as affected by their secondary contact with fresh water 
resulting from the discharge would be avoided.

3. This policy applies to the following discharges (including a diffuse discharge by any person or 
animal):

a. a new discharge or

b. a change or increase in any discharge – 

of any contaminant into fresh water, or onto or into land in circumstances that may result in that 
contaminant (or, as a result of any natural process from the discharge of that contaminant, any 
other contaminant) entering fresh water.

4. Paragraph 1 of this policy does not apply to any application for consent first lodged before the 
National Policy Statement for Freshwater Management 2011 took effect on 1 July 2011.

5. Paragraph 2 of this policy does not apply to any application for consent first lodged before the 
National Policy Statement for Freshwater Management 2014 takes effect.”
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B. Water quantity
Objective B1 
To safeguard the life-supporting capacity, ecosystem processes and indigenous species including 
their associated ecosystems of fresh water, in sustainably managing the taking, using, damming, or 
diverting of fresh water.

Objective B2 
To avoid any further over-allocation of fresh water and phase out existing over-allocation.

Objective B3
To improve and maximise the efficient allocation and efficient use of water.

Objective B4
To protect significant values of wetlands and of outstanding freshwater bodies.

Policy B1

By every regional council making or changing regional plans to the extent needed to ensure the 
plans establish freshwater objectives in accordance with Policies CA1-CA4 and set environmental 
flows and/or levels for all freshwater management units in its region (except ponds and naturally 
ephemeral water bodies) to give effect to the objectives in this national policy statement, having 
regard to at least the following:

a) the reasonably foreseeable impacts of climate change;

b) the connection between water bodies; and

c) the connections between freshwater bodies and coastal water.

Policy B2
By every regional council making or changing regional plans to the extent needed to provide for 
the efficient allocation of fresh water to activities, within the limits set to give effect to Policy B1.

Policy B3
By every regional council making or changing regional plans to the extent needed to ensure the 
plans state criteria by which applications for approval of transfers of water take permits are to be 
decided, including to improve and maximise the efficient allocation of water.

Policy B4

By every regional council identifying methods in regional plans to encourage the efficient use of 
water.
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Policy B5 
By every regional council ensuring that no decision will likely result in future over-allocation – 
including managing fresh water so that the aggregate of all amounts of fresh water in a freshwater 
management unit that are authorised to be taken, used, dammed or diverted does not over-
allocate the water in the freshwater management unit.

Policy B6 
By every regional council setting a defined timeframe and methods in regional plans by which 
over-allocation must be phased out, including by reviewing water permits and consents to help 
ensure the total amount of water allocated in the freshwater management unit is reduced to the 
level set to give effect to Policy B1.

Policy B7 and direction (under section 55) to regional councils 
By every regional council amending regional plans (without using the process in Schedule 1) 
to the extent needed to ensure the plans include the following policy to apply until any changes 
under Schedule 1 to give effect to Policy B1 (allocation limits), Policy B2 (allocation), and Policy 
B6 (over-allocation) have become operative: 

“1. When considering any application the consent authority must have regard to the following 
matters:

a. the extent to which the change would adversely affect safeguarding the life-supporting 
capacity of fresh water and of any associated ecosystem and 

b. the extent to which it is feasible and dependable that any adverse effect on the life-
supporting capacity of fresh water and of any associated ecosystem resulting from the 
change would be avoided.

2.  This policy applies to:

a. any new activity and

b. any change in the character, intensity or scale of any established activity –

that involves any taking, using, damming or diverting of fresh water or draining of any 
wetland which is likely to result in any more than minor adverse change in the natural 
variability of flows or level of any fresh water, compared to that which immediately preceded 
the commencement of the new activity or the change in the established activity (or in 
the case of a change in an intermittent or seasonal activity, compared to that on the last 
occasion on which the activity was carried out).

3. This policy does not apply to any application for consent first lodged before the National 
Policy Statement for Freshwater Management 2011 took effect on 1 July 2011.”
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C. Integrated management
Objective C1
To improve integrated management of fresh water and the use and development of land in whole 
catchments, including the interactions between fresh water, land, associated ecosystems and the 
coastal environment.

Policy C1
By every regional council managing fresh water and land use and development in catchments in 
an integrated and sustainable way, so as to avoid, remedy or mitigate adverse effects, including 
cumulative effects. 

Policy C2
By every regional council making or changing regional policy statements to the extent needed to 
provide for the integrated management of the effects of the use and development of:

a) land on fresh water, including encouraging the co-ordination and sequencing of 
regional and/or urban growth, land use and development and the provision of 
infrastructure; and

b) land and fresh water on coastal water.
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CA. National Objectives Framework
Objective CA1
To provide an approach to establish freshwater objectives for national values, and any other values, 
that: 

a) is nationally consistent; and

b) recognises regional and local circumstances.

Policy CA1

By every regional council identifying freshwater management units that include all freshwater 
bodies within its region.

Policy CA2

By every regional council applying the following processes in developing freshwater objectives for 
all freshwater management units:

a) considering all national values and how they apply to local and regional circumstances;

b) identifying the values for each freshwater management unit, which

i. must include the compulsory values; and

ii. may include any other national values or other values that the regional council 
considers appropriate (in either case having regard to local and regional 
circumstances);

c) identifying:

i. for the compulsory values or any other national value for which relevant 
attributes are provided in Appendix 2: 

A.  the attributes listed in Appendix 2 that are applicable to each value    
 identified under Policy CA2(b) for the freshwater body type; and

B.  any other attributes that the regional council considers appropriate for each    
 value identified under Policy CA2(b) for the freshwater body type; and

ii. for any national value for which relevant attributes are not provided in 
Appendix 2 or any other value, the attributes that the regional council considers 
appropriate for each value identified under Policy CA2(b) for the freshwater 
body type;

d) for those attributes specified in Appendix 2, assigning an attribute state at or above the 
minimum acceptable state for that attribute;

e) formulating freshwater objectives:

i. in those cases where an applicable numeric attribute state is specified in 
Appendix 2, in numeric terms by reference to that specified numeric attribute 
state; or

ii. in those cases where the attribute is not listed in Appendix 2, in numeric terms 
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where practicable, otherwise in narrative terms; and

iii. on the basis that, where an attribute applies to more than one value, the most 
stringent freshwater objective for that attribute is adopted; and

f) considering the following matters at all relevant points in the process described in Policy 
CA2(a)-(e):

i. the current state of the freshwater management unit, and its anticipated future 
state on the basis of past and current resource use;

ii. the spatial scale at which freshwater management units are defined;

iii. the limits that would be required to achieve the freshwater objectives;

iv. any choices between the values that the formulation of freshwater objectives and 
associated limits would require;

v. any implications for resource users, people and communities arising from 
the freshwater objectives and associated limits including implications for 
actions, investments, ongoing management changes and any social, cultural or 
economic implications; 

vi. the timeframes required for achieving the freshwater objectives, including the 
ability of regional councils to set long timeframes for achieving targets; and

vii. such other matters relevant and reasonably necessary to give effect to the 
objectives and policies in this national policy statement, in particular Objective 
A2.

Policy CA3

By every regional council ensuring that freshwater objectives for the compulsory values are set 
at or above the national bottom lines for all freshwater management units, unless the existing 
freshwater quality of the freshwater management unit is already below the national bottom line 
and the regional council considers it appropriate to set the freshwater objective below the national 
bottom line because: 

a) the existing freshwater quality is caused by naturally occurring processes; or

b) any of the existing infrastructure listed in Appendix 3 contributes to the existing   
freshwater quality.

Policy CA4

A regional council may set a freshwater objective below a national bottom line on a transitional 
basis for the freshwater management units and for the periods of time specified in Appendix 4.
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CB. Monitoring plans
Objective CB1
To provide for an approach to the monitoring of progress towards, and the achievement of, 
freshwater objectives.

Policy CB1

By every regional council developing a monitoring plan that:

a) establishes methods for monitoring progress towards, and the achievement of, freshwater 
objectives established under Policies CA1-CA4;

b) identifies a site or sites at which monitoring will be undertaken that are representative 
for each freshwater management unit; and

c) recognises the importance of long-term trends in monitoring results.
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CC. Accounting for freshwater takes and   
 contaminants
Objective CC1
To improve information on freshwater takes and sources of freshwater contaminants, in order to:

a) ensure the necessary information is available for freshwater objective and limit setting 
and freshwater management under this national policy statement; and

b) ensure information on resource availability is available for current and potential resource 
users.

Policy CC1

By every regional council: 

a) establishing and operating a freshwater quality accounting system and a freshwater 
quantity accounting system for those freshwater management units where they are 
setting or reviewing freshwater objectives and limits in accordance with Policy A1, Policy 
B1, and Policies CA1-CA4; and

b) maintaining a freshwater quality accounting system and a freshwater quantity accounting 
system at levels of detail that are commensurate with the significance of the freshwater 
quality and freshwater quantity issues, respectively, in each freshwater management unit.

Policy CC2

By every regional council taking reasonable steps to ensure that information gathered in 
accordance with Policy CC1 is available to the public, regularly and in a suitable form, for the 
freshwater management units where they are setting or reviewing, and where they have set or 
reviewed, freshwater objectives and limits in accordance with Policy A1, Policy B1, and Policies 
CA1-CA4.

Objective CC1 and Policies CC1 and CC2 will take effect 24 months from the date of entry 
into effect of the National Policy Statement for Freshwater Management 2014.  
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D. Tāngata whenua roles and interests
Objective D1
To provide for the involvement of iwi and hapū, and to ensure that tāngata whenua values and 
interests are identified and reflected in the management of fresh water including associated 
ecosystems, and decision-making regarding freshwater planning, including on how all other 
objectives of this national policy statement are given effect to.

Policy D1
Local authorities shall take reasonable steps to:

a) involve iwi and hapū in the management of fresh water and freshwater ecosystems in the 
region; 

b) work with iwi and hapū to identify tāngata whenua values and interests in fresh water 
and freshwater ecosystems in the region; and

c) reflect tāngata whenua values and interests in the management of, and decision-making 
regarding, fresh water and freshwater ecosystems in the region. 
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E. Progressive implementation programme
Policy E1 

a) This policy applies to the implementation by a regional council of a policy of this national 
policy statement. 

b) Every regional council is to implement the policy as promptly as is reasonable in the 
circumstances, and so it is fully completed by no later than 31 December 2025. 

ba) A regional council may extend the date in Policy E1(b) to 31 December 2030 if it  
        considers that: 

i. meeting that date would result in lower quality planning; or 

ii. it would be impracticable for it to complete implementation of a policy by that date.

c) Where a regional council is satisfied that it is impracticable for it to complete implementation 
of a policy fully by 31 December 2015, the council may implement it by a programme of 
defined time-limited stages by which it is to be fully implemented by 31 December 2025 or 31 
December 2030 if Policy E1(ba) applies. 

d) Any programme of time-limited stages is to be formally adopted by the council by 31 
December 2015 and publicly notified. 

e) Where a regional council has adopted a programme of staged implementation, it is to publicly 
report, in every year, on the extent to which the programme has been implemented. 

f) Any programme adopted under Policy E1 c) of the National Policy Statement for Freshwater 
Management 2011 by a regional council is to be reviewed, revised if necessary, and formally 
adopted by the regional council by 31 December 2015, and publically notified.
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APPENDIX 1: National values and uses for      
fresh water

COMPULSORY NATIONAL VALUES

Te Hauora o te Wai / the health and mauri of water

Ecosystem health – The freshwater management unit supports a healthy ecosystem appropriate 
to that freshwater body type (river, lake, wetland, or aquifer). 

In a healthy freshwater ecosystem ecological processes are maintained, there is a range and 
diversity of indigenous flora and fauna, and there is resilience to change.

Matters to take into account for a healthy freshwater ecosystem include the management of 
adverse effects on flora and fauna of contaminants, changes in freshwater chemistry, excessive 
nutrients, algal blooms, high sediment levels, high temperatures, low oxygen, invasive species, 
and changes in flow regime. Other matters to take into account include the essential habitat 
needs of flora and fauna and the connections between water bodies. The health of flora and 
fauna may be indicated by measures of macroinvertebrates.

Te Hauora o te Tangata / the health and mauri of the people

Human health for recreation – As a minimum, the freshwater management unit will present 
no more than a moderate risk of infection to people when they are wading or boating or 
involved in similar activities that involve only occasional immersion in the water. Other 
contaminants or toxins, such as toxic algae, would not be present in such quantities that they 
would harm people’s health.

In freshwater management units where a community values more frequent immersion in the 
water such as swimming, white-water rafting, or water skiing, the risk of infection will be no 
more than moderate. In some freshwater management units, the risk of infection to people 
undertaking any activity would be no greater than what would exist there under natural 
conditions.
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APPENDIX 1: National values and uses for      
fresh water

COMPULSORY NATIONAL VALUES

Te Hauora o te Wai / the health and mauri of water

Ecosystem health – The freshwater management unit supports a healthy ecosystem appropriate 
to that freshwater body type (river, lake, wetland, or aquifer). 

In a healthy freshwater ecosystem ecological processes are maintained, there is a range and 
diversity of indigenous flora and fauna, and there is resilience to change.

Matters to take into account for a healthy freshwater ecosystem include the management of 
adverse effects on flora and fauna of contaminants, changes in freshwater chemistry, excessive 
nutrients, algal blooms, high sediment levels, high temperatures, low oxygen, invasive species, 
and changes in flow regime. Other matters to take into account include the essential habitat 
needs of flora and fauna and the connections between water bodies. The health of flora and 
fauna may be indicated by measures of macroinvertebrates.

Te Hauora o te Tangata / the health and mauri of the people

Human health for recreation – As a minimum, the freshwater management unit will present 
no more than a moderate risk of infection to people when they are wading or boating or 
involved in similar activities that involve only occasional immersion in the water. Other 
contaminants or toxins, such as toxic algae, would not be present in such quantities that they 
would harm people’s health.

In freshwater management units where a community values more frequent immersion in the 
water such as swimming, white-water rafting, or water skiing, the risk of infection will be no 
more than moderate. In some freshwater management units, the risk of infection to people 
undertaking any activity would be no greater than what would exist there under natural 
conditions.

ADDITIONAL NATIONAL VALUES
Te Hauora o te Taiao / the health and mauri of the environment

Natural form and character – Where people value particular natural qualities of the freshwater 
management unit.

Matters contributing to the natural form and character of a freshwater management unit are 
its visual and physical characteristics that are valued by the community, including its flow 
regime, colour, clarity, morphology or location. They may be freshwater management units with 
exceptional, natural, and iconic aesthetic features. 

Mahinga kai / food gathering, places of food
Mahinga kai – Kai are safe to harvest and eat.

Mahinga kai generally refers to indigenous freshwater species that have traditionally been used 
as food, tools, or other resources.  Mahinga kai provide food for the people of the rohe and 
these sites give an indication of the overall health of the catchment.

For this value, kai would be safe to harvest and eat and knowledge transfer is present 
(intergenerational harvest). In freshwater management units that are highly valued for 
providing mahinga kai, the desired species are plentiful enough for long-term harvest and the 
range of desired species is present across all life stages.

Mahinga kai – Kei te ora te mauri (the mauri of the place is intact).

For this value, freshwater resources would be available and able to be used for customary use 
at some places (but not everywhere). In freshwater management units that are highly valued 
for providing mahinga kai, resources would be available for use, customary practices able to be 
exercised to the extent desired, and tikanga and preferred methods are able to be practised. 

Fishing – The freshwater management unit supports fisheries of species allowed to be caught 
and eaten. 

For freshwater management units valued for fishing, the numbers of fish would be sufficient and 
suitable for human consumption. In some areas, fish abundance and diversity would provide a 
range in species and size of fish, and algal growth, water clarity and safety would be satisfactory 
for fishers. Attributes will need to be specific to fish species such as salmon, trout, eels, lamprey, 
or whitebait. 

56 of 1008



22

Mahi māra / cultivation
Irrigation and food production – The freshwater management unit meets irrigation needs for 
any purpose.

Water quality and quantity would be suitable for irrigation needs, including supporting the 
cultivation of food crops, the production of food from domesticated animals, non-food crops 
such as fibre and timber, pasture, sports fields and recreational areas. Attributes will need to be 
specific to irrigation and food production requirements.

Animal drinking water – The freshwater management unit meets the needs of stock. 

Water quality and quantity would meet the needs of stock, including whether it is palatable and 
safe.

Wai Tapu / Sacred Waters 

Wai tapu – Wai tapu represent the places where rituals and ceremonies are performed. 

Rituals and ceremonies include, but are not limited to, tohi (baptism), karakia (prayer), waerea 
(protective incantation), whakatapu (placing of raahui), whakanoa (removal of raahui), and 
tuku iho (gifting of knowledge and resources for future generations).  

In providing for this value, the wai tapu would be free from human and animal waste, 
contaminants and excess sediment, with valued features and unique properties of the wai 
protected to some extent.  Other matters that may be important are that identified catchments 
have integrity (there is no artificial mixing of the wai tapu) and identified taonga in the wai are 
protected.

Wai Māori / municipal and domestic water supply

Water supply – The freshwater management unit can meet people’s potable water needs.

Water quality and quantity would enable domestic water supply to be safe for drinking with, or 
in some areas without, treatment. 
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Āu Putea / economic or commercial development

Commercial and industrial use – The freshwater management unit provides economic 
opportunities to people, businesses and industries.

Water quality and quantity can provide for commercial and industrial activities. Attributes will 
need to be specific to commercial or industrial requirements.

Hydro-electric power generation – The freshwater management unit is suitable for hydro 
electric power generation. 

Water quality and quantity and the physical qualities of the freshwater management unit, 
including hydraulic gradient and flow rate, can provide for hydro-electric power generation.

He ara haere / navigation

Transport and tauranga waka – The freshwater management unit is navigable for identified 
means of transport.

Transport and tauranga waka generally refers to places to launch waka and water craft, and 
appropriate places for waka to land (tauranga waka). 

Water quality and quantity in the freshwater management unit would provide for navigation.  
The freshwater management unit may also connect places and people including for traditional 
trails and rites of passage, and allow the use of various craft. 
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APPENDIX 2: Attribute tables 
Value Ecosystem health

Freshwater Body 
Type

Lakes

Attribute Phytoplankton (Trophic state)

Attribute Unit mg/m3 (milligrams chlorophyll-a per cubic metre)

Attribute State Numeric Attribute State Narrative Attribute State

 
Annual 
Median

Annual Maximum  

A ≤2 ≤10 
Lake ecological communities are 
healthy and resilient, similar to 
natural reference conditions.

B >2 and ≤5 >10 and ≤25

Lake ecological communities are 
slightly impacted by additional 
algal and plant growth arising from 
nutrients levels that are elevated 
above natural reference conditions.

C >5 and ≤12 >25 and ≤60 Lake ecological communities are 
moderately impacted by additional 
algal and plant growth arising from 
nutrients levels that are elevated well 
above natural reference conditions.

National Bottom 
Line

12 60

D >12 >60

Lake ecological communities 
have undergone or are at high risk 
of a regime shift to a persistent, 
degraded state, due to impacts 
of elevated nutrients leading to 
excessive algal and/or plant growth, 
as well as from losing oxygen in 
bottom waters of deep lakes.
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APPENDIX 2: Attribute tables 
Value Ecosystem health

Freshwater Body 
Type

Lakes

Attribute Phytoplankton (Trophic state)

Attribute Unit mg/m3 (milligrams chlorophyll-a per cubic metre)

Attribute State Numeric Attribute State Narrative Attribute State

 
Annual 
Median

Annual Maximum  

A ≤2 ≤10 
Lake ecological communities are 
healthy and resilient, similar to 
natural reference conditions.

B >2 and ≤5 >10 and ≤25

Lake ecological communities are 
slightly impacted by additional 
algal and plant growth arising from 
nutrients levels that are elevated 
above natural reference conditions.

C >5 and ≤12 >25 and ≤60 Lake ecological communities are 
moderately impacted by additional 
algal and plant growth arising from 
nutrients levels that are elevated well 
above natural reference conditions.

National Bottom 
Line

12 60

D >12 >60

Lake ecological communities 
have undergone or are at high risk 
of a regime shift to a persistent, 
degraded state, due to impacts 
of elevated nutrients leading to 
excessive algal and/or plant growth, 
as well as from losing oxygen in 
bottom waters of deep lakes.

Value Ecosystem health

Freshwater Body 
Type

Lakes

Attribute Total Nitrogen (Trophic state)

Attribute Unit mg/m3 (milligrams per cubic metre)

Attribute State Numeric Attribute State Narrative Attribute State

  Annual Median Annual Median  

 
Seasonally 
Stratified and 
Brackish*

Polymictic

A ≤160 ≤300 

Lake ecological communities 
are healthy and resilient, 
similar to natural reference 
conditions.

B >160 and ≤350 >300 and ≤500

Lake ecological communities 
are slightly impacted by 
additional algal and plant 
growth arising from nutrients 
levels that are elevated above 
natural reference conditions.

C >350 and ≤750 >500 and ≤800

Lake ecological communities 
are moderately impacted by 
additional algal and plant 
growth arising from nutrients 
levels that are elevated well 
above natural reference 
conditions

National Bottom 
Line

750 800

D >750 >800

Lake ecological communities 
have undergone or are at 
high risk of a regime shift to 
a persistent, degraded state, 
due to impacts of elevated 
nutrients leading to excessive 
algal and/or plant growth, as 
well as from losing oxygen in 
bottom waters of deep lakes.

* Intermittently closing and opening lagoons (ICOLs) are not included in brackish lakes.
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Value Ecosystem health

Freshwater Body 
Type

Lakes

Attribute Total Phosphorus (Trophic state)

Attribute Unit mg/m3 (milligrams per cubic metre)

Attribute State
Numeric Attribute 
State 

Narrative Attribute State

  Annual Median  

A ≤10 
Lake ecological communities are healthy and 
resilient, similar to natural reference conditions.

B >10 and ≤20

Lake ecological communities are slightly impacted 
by additional algal and plant growth arising from 
nutrients levels that are elevated above natural 
reference conditions.

C >20 and ≤50 Lake ecological communities are moderately 
impacted by additional algal and plant growth arising 
from nutrients levels that are elevated well above 
natural reference conditions.National Bottom 

Line
50

D >50

Lake ecological communities have undergone or are 
at high risk of a regime shift to a persistent, degraded 
state, due to impacts of elevated nutrients leading to 
excessive algal and/or plant growth, as well as from 
losing oxygen in bottom waters of deep lakes.
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Value Ecosystem health

Freshwater Body 
Type

Lakes

Attribute Total Phosphorus (Trophic state)

Attribute Unit mg/m3 (milligrams per cubic metre)

Attribute State
Numeric Attribute 
State 

Narrative Attribute State

  Annual Median  

A ≤10 
Lake ecological communities are healthy and 
resilient, similar to natural reference conditions.

B >10 and ≤20

Lake ecological communities are slightly impacted 
by additional algal and plant growth arising from 
nutrients levels that are elevated above natural 
reference conditions.

C >20 and ≤50 Lake ecological communities are moderately 
impacted by additional algal and plant growth arising 
from nutrients levels that are elevated well above 
natural reference conditions.National Bottom 

Line
50

D >50

Lake ecological communities have undergone or are 
at high risk of a regime shift to a persistent, degraded 
state, due to impacts of elevated nutrients leading to 
excessive algal and/or plant growth, as well as from 
losing oxygen in bottom waters of deep lakes.

Value Ecosystem health

Freshwater 
Body Type

Rivers

Attribute Periphyton (Trophic state)

Attribute Unit mg chl-a/m2 (milligrams chlorophyll-a per square metre)

Attribute State
Numeric Attribute 
State (Default 
Class)

Numeric 
Attribute State 
(Productive 
Class1)

Narrative Attribute State

 
Exceeded no more 
than 8% of samples2 

Exceeded no 
more than 17% 
of samples2

 

A ≤50 ≤50 

Rare blooms reflecting negligible 
nutrient enrichment and/or 
alteration of the natural flow 
regime or habitat.

B >50 and ≤120 >50 and ≤120

Occasional blooms reflecting 
low nutrient enrichment and/
or alteration of the natural flow 
regime or habitat.

C >120 and ≤200 >120 and ≤200
Periodic short-duration nuisance 
blooms reflecting moderate 
nutrient enrichment and/or 
alteration of the natural flow 
regime or habitat.

National 
Bottom Line

200 200

D >200 >200

Regular and/or extended-duration 
nuisance blooms reflecting high 
nutrient enrichment and/or 
significant alteration of the natural 
flow regime or habitat.

1. Classes are streams and rivers defined according to types in the River Environment 
Classification (REC). The Productive periphyton class is defined by the combination of REC 
“Dry” Climate categories (i.e. Warm-Dry (WD) and Cool-Dry (CD)) and REC Geology 
categories that have naturally high levels of nutrient enrichment due to their catchment geology 
(i.e. Soft-Sedimentary (SS), Volcanic Acidic (VA) and Volcanic Basic (VB)). Therefore the 
productive category is defined by the following REC defined types: WD/SS, WD/VB, WD/VA, 
CD/SS, CD/VB, CD/VA. The Default class includes all REC types not in the Productive class.

2. Based on a monthly monitoring regime. The minimum record length for grading a site based 
on periphyton (chl-a) is 3 years. 
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Value Ecosystem health

Freshwater Body 
Type

Rivers

Attribute Nitrate (Toxicity)

Attribute Unit mg NO3-N/L  (milligrams nitrate-nitrogen per litre)

Attribute State Numeric Attribute State Narrative Attribute State

 
Annual 
Median

Annual 95th 
Percentile

 

A ≤1.0 ≤1.5
High conservation value system. 
Unlikely to be effects even on sensitive 
species

B >1.0 and ≤2.4 >1.5 and ≤3.5
Some growth effect on up to 5% of 
species.

C >2.4 and ≤6.9 >3.5 and ≤9.8 Growth effects on up to 20% of species 
(mainly sensitive species such as fish). 
No acute effects.National Bottom 

Line
6.9 9.8

D >6.9 >9.8

Impacts on growth of multiple species, 
and starts approaching acute impact 
level (ie  risk of death) for sensitive 
species at higher concentrations (>20 
mg/L)
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Value Ecosystem health

Freshwater 
Body Type

Lakes and rivers

Attribute Ammonia (Toxicity)

Attribute Unit mg NH4-N/L  (milligrams ammoniacal-nitrogen per litre)

Attribute State Numeric Attribute State Narrative Attribute State

 
Annual 
Median*

Annual 
Maximum*

 

A ≤0.03 ≤0.05
99% species protection level: No 
observed effect on any species tested

B >0.03 and ≤0.24 >0.05 and ≤0.40
95% species protection level: Starts 
impacting occasionally on the 5% most 
sensitive species

C >0.24 and ≤1.30 >0.40 and ≤2.20 80% species protection level: Starts 
impacting regularly on the 20% most 
sensitive species (reduced survival of 
most sensitive species)National 

Bottom Line
1.30 2.20

D >1.30 >2.20
Starts approaching acute impact level 
(ie  risk of death) for sensitive species

* Based on pH 8 and temperature of 20⁰C. 

   Compliance with the numeric attribute states should be undertaken after pH adjustment.
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B ≥7.0 and <8.0 ≥5.0 and <7.5

Occasional minor stress on 
sensitive organisms caused 
by short periods (a few hours 
each day) of lower dissolved 
oxygen. Risk of reduced 
abundance of sensitive fish and 
macroinvertebrate species.

C ≥5.0 and <7.0 ≥4.0 and <5.0

Moderate stress on a number 
of aquatic organisms caused 
by dissolved oxygen levels 
exceeding preference levels for 
periods of several hours each 
day. Risk of sensitive fish and 
macroinvertebrate species being 
lost.

National 
Bottom Line

5.0 4.0

D <5.0 <4.0

Significant, persistent stress on 
a range of aquatic organisms 
caused by dissolved oxygen 
exceeding tolerance levels. 
Likelihood of local extinctions 
of keystone species and loss of 
ecological integrity.

1. The mean value of 7 consecutive daily minimum values.

2. The lowest daily minimum across the whole summer period.

Value Ecosystem health

Freshwater 
Body Type

Rivers (below point sources) 

Attribute Dissolved Oxygen

Attribute Unit mg/L  (milligrams per litre)

Attribute State Numeric Attribute State Narrative Attribute State

 

7-day mean 
minimum1 (Summer 
Period: 1 November 
to 30th April)

1-day  minimum2 
(Summer Period: 
1 November to 
30th April)

 

A ≥8.0 ≥7.5 

No stress caused by low dissolved 
oxygen on any aquatic organisms 
that are present at matched 
reference (near-pristine) sites.
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Value Human health for recreation
Freshwater 
Body Type

Lakes and rivers

Attribute E. coli* 
Attribute Unit E. coli/100 mL (number of E. coli per hundred millilitres)

Attribute State
Numeric 
Attribute State 

Sampling 
Statistic

Narrative Attribute State

A ≤260

Annual 
median

People are exposed to a very low risk 
of infection (less than 0.1% risk) from 
contact with water during activities 
with occasional immersion and some 
ingestion of water (such as wading and 
boating)

95th  percentile

People are exposed to a low risk 
of infection (up to 1% risk) when 
undertaking activities likely to involve 
full immersion.

B >260 and ≤540

Annual 
median

People are exposed to a low risk of 
infection (less than 1% risk) from 
contact with water during activities 
with occasional immersion and some 
ingestion of water (such as wading and 
boating).

95th  percentile

People are exposed to a moderate 
risk of infection (less than 5% risk) 
when undertaking activities likely to 
involve full immersion. 540 / 100ml 
is the minimum acceptable state 
for activities likely to involve full 
immersion.

C >540 and ≤1000
Annual 
median

People are exposed to a moderate risk 
of infection (less than 5% risk) from 
contact with water during activities 
with occasional immersion and some 
ingestion of water (such as wading 
and boating). People are exposed to a 
high risk of infection (greater than 5% 
risk) from contact with water during 
activities likely to involve immersion.

National 
Bottom Line

1000
Annual 
median

D >1000
Annual 
median

People are exposed to a high risk of 
infection (greater than 5% risk) from 
contact with water during activities 
with occasional immersion and some 
ingestion of water (such as wading and 
boating).

*Escherichia coli
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Value Human health for recreation

Freshwater Body 
Type

Lakes and lake fed rivers

Attribute Cyanobacteria - Planktonic

Attribute Unit
Biovolume -  mm3/L (cubic millimetres per litre) OR Cell Count - cells/
mL (cells per millilitre)

Attribute State Numeric Attribute State Narrative Attribute State

  80th percentile*  

A

≤0.5 mm3/L  biovolume equivalent 
for the combined total of all 
cyanobacteria  OR 

≤500 cells/mL of total 
cyanobacteria

Risk exposure from cyanobacteria 
is no different to that in natural 
conditions (from any contact with 
fresh water).

B N/A  

C

>0.5 and ≤1.8 mm3/L biovolume 
equivalent of potentially toxic 
cyanobacteria OR 

>0.5 and ≤10 mm3/L total 
biovolume of all cyanobacteria Low risk of health effects from 

exposure to cyanobacteria (from 
any contact with fresh water).

National Bottom 
Line

1.8 mm3/L Biovolume equivalent 
of potentially toxic cyanobacteria 
OR 

10 mm3/L total biovolume of all 
cyanobacteria

D

Biovolume equivalent of >1.8 
mm3/L of potentially toxic 
cyanobacteria OR >10 mm3/L total 
biovolume of all cyanobacteria

Potential health risks (eg, 
respiratory, irritation and allergy 
symptoms) exist from exposure to 
cyanobacteria (from any contact 
with fresh water).

* The 80th percentile must be calculated using a minimum of 12 samples collected over 3 years. 

30 samples collected over 3 years is recommended.
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APPENDIX 3: Existing infrastructure for the purposes of Policy CA3(b)

[Editor’s note: This appendix is currently empty.]
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APPENDIX 4: Freshwater management units and periods of time for transition under 
Policy CA4

[Editor’s note: This appendix is currently empty.]
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Annexure C

Memorandum of Understanding 
on Lake Rotorua Science and 

Policy Reviews
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Annexure D

Analysis of Lake Rotorua Water 
Quality Trends: 2001-2012
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1. INTRODUCTION 
 

1.1 Aim 

The primary aim of this report is to present the results of analyses undertaken to ascertain the 

presence and, if applicable, characteristics (magnitude and direction) of temporal trends in the 

water quality of Lake Rotorua during the period 2001–2012.  

1.2 Background 

1.2.1 Lake characteristics 

Lake Rotorua (Bay of Plenty) is large (80.8 km2) and relatively shallow (mean depth ≈ 10 m). The lake 

is eutrophic and deterioration of water quality in Lake Rotorua has been a concern since at least the 

1960s (Fish, 1969; Rutherford, 1984; PCE, 2006). The lake is classified as polymictic which means that 

it thermally stratifies and mixes numerous times throughout the year in response to ambient 

weather characteristics (e.g. see Figure 1.1). 

 

Figure 1.1 Vertical temperature profile of Lake Rotorua derived from measurements made at 2 m intervals, 
November 2002 – April 2004. Note the episodic pattern of vertical thermal stratification and mixing 
(coalescence of temperature) that is characteristic of this polymictic lake. Figure reproduced with permission 
from Burger (2006) 

 

1.2.2 Monitoring 

The Trophic Level Index (TLI; Burns et al., 1999) is used by lake managers to provide a measure of the 

trophic state of the lake (Table 1). When recorded through time it indicates the extent of 

eutrophication and is therefore a measure of water quality. The TLI is based on water column 

measurements of Secchi depth (a measure of clarity) and concentrations of total nitrogen, total 

phosphorus and chlorophyll a (a measure of algae abundance). A consistent monthly sampling 

programme conducted by the Bay of Plenty Regional Council at two sites (Figure 1.2) in the lake 

since October 2001 provides a reasonably extensive dataset to examine temporal changes in TLI over 

11 years. 
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Figure 1.2 Location of Lake Rotorua monitoring Sites 2 and 5 

 

Table 1.1 Summary of the Trophic Level Index used to quantify lake trophic status (Burns et al. 1999) 

Trophic state Trophic Level Index Productivity Perceived water quality 

Ultra–microtrophic 0–1 Very low 

 

 

 
Very high 

Excellent 

 

 

 
Very bad 

Microtrophic 1–2 

Oligotrophic 2–3 

Mesotrophic 3–4 

Eutrophic 4–5 

Supertrophic  5–6 

Hypertrophic 6–7 

 

 

1.2.3 Land and water management 

To provide some context, several notable land and water management actions that have occurred in 

the catchment of Lake Rotorua during 2001–2012 are presented in Figure 1.3. Further information 

about recent alum dosing is provided in Appendix A1. 

 

Figure 1.3 Timeline of the more significant land and water management actions that have occurred in the 
catchment of Lake Rotorua during 2001–2012  
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1.3 Context of this report  

The Proposed Bay of Plenty Regional Policy Statement (Proposed RPS; notified November 2010) 

contains Water Quality and Land Use (WL) policies designed to affect how land and water are 

managed in the region (BoPRC, 2012). The Proposed RPS defines the catchment of Lake Rotorua as 

being “at risk” due to the potential for contaminant discharge to cause adverse effects on significant 

values attributed to the catchment (WL 2B). ‘At risk’ catchments are subject to a number of policies 

in the Proposed RPS. The following two policies, specific to Lake Rotorua, are currently under appeal:  

WL 3B (c): “For Lake Rotorua the total amount of nitrogen that enters the lake shall not exceed 435 

tonnes per annum.” 

WL 6B (c): “No discharge of nitrogen onto or into land or water in the Lake Rotorua catchment that 

results in the exceedance of the limit for that lake is authorised by a rule in a plan or a discharge 

permit beyond 2022.” 

An Environment Court facilitated mediation was held on 21 November 2012. It involved discussion of 

management issues related to Lake Rotorua, with specific reference to the Water Quality and Land 

Use provisions of the Proposed RPS. The meeting included discussion of the status of trends in Lake 

Rotorua water quality and presenters highlighted a need for updated analysis of contemporary 

water quality monitoring data. It was agreed that representatives of the University of Waikato1 and 

DairyNZ meet and seek agreement on the scope of a common dataset to be used as the basis of 

trend analysis (see Appendix 2). Consequently, a common dataset was made available to both 

parties comprising data relating to integrated surface water samples (0–6 m) collected during the 

period of October 2001 – October 2012 by the Bay of Plenty Regional Council. Raw data that 

comprise the common dataset are presented and summarised in Chapter 2. These data represent 

the longest available contemporary time–series collected using consistent methodology that can be 

used to examine trophic state. A large number of samples have also been collected at other depths, 

however, analysis of data relating to these samples was considered beyond the scope of this study. 

This decision reflects the variation in the exact depths that were sampled and the consequent 

potential for uncertainty when defining whether a sample was collected when the lake was fully 

mixed, or, collected either from above or below the thermocline2. It is acknowledged, however, that 

such data for other depths provide further useful information about the state of lake water quality 

and undertaking future analysis of temporal trends in these data should not be discounted. Full 

details of the agreed scope of the dataset considered in this report are provided in Appendix 3.  

This report documents the methodologies and outcomes of trend analysis conducted separately by 

the University of Waikato and DairyNZ using the common dataset. The approach of replicating 

analyses using a common dataset was designed to support constructive decision–making by helping 

to achieve consensus amongst stakeholders on recent water quality trends in Lake Rotorua. 

  

                                                           
1
 Acting on behalf of Bay of Plenty Regional Council 

2
 The distinct transition between the surface mixed layer and the denser bottom waters in a thermally 

stratified lake  

80 of 1008



5 
 

1.4 Report production and format   

The format of this report reflects the agreed approach of undertaking duplicate analyses of a 

common dataset, described above. The two analyses are documented separately in Chapters 3 

(University of Waikato) and 4 (DairyNZ). Each of these two chapters is authored solely by scientists 

affiliated with each respective organisation with no editing by the other party. Chapter 5 presents 

conclusions that are consistent with both analyses. Chapter 5 was jointly produced by all authors.  

81 of 1008



6 
 

2. COMMON DATA SET 
Raw data that comprise the common dataset (see Appendix 3) are presented below (Figure 2.1).  

 

 

Figure 2.1 Raw data that comprise the common dataset used for trend analyses 
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Tables 2.1 and 2.2 present annual mean values and sample numbers for both monitoring locations. 

There is close agreement between data for the two sites. 

Table 2.1 Summary of Site 2 data for TLI component variables 

 

 

 

 

 

 

 

 

Table 2.2 Summary of Site 5 data for TLI component variables 

Year Secchi depth (m) TP (mg m-3) TN (mg m-3) chl a (mg m-3) 

Mean n Mean n Mean n Mean n 

2002 2.21 11 49 11 409 9 22.2 11 
2003 2.27 12 40 12 452 12 26.8 12 
2004 1.98 12 38 11 554 10 28.2 11 
2005 2.92 12 31 12 426 12 14.8 12 
2006 2.38 12 41 12 501 12 27.3 11 
2007 2.57 10 28 11 538 11 21.1 11 
2008 2.78 12 25 11 376 12 18.9 12 
2009 2.09 11 34 12 389 12 16.6 12 
2010 2.44 12 28 12 291 12 15.5 12 
2011 3.21 12 18 12 315 12 15.0 12 
2012 3.35 9 12 10 336 10 6.8 10 

 

Year Secchi depth (m) TP (mg m-3) TN (mg m-3) chl a (mg m-3) 

Mean n Mean n Mean n Mean n 

2002 2.26 14 43 14 418 14 21.2 12 
2003 2.24 12 42 12 472 12 25.0 11 
2004 2.02 12 45 12 576 11 25.3 12 
2005 3.03 12 33 12 359 12 16.5 12 
2006 2.44 12 42 12 524 12 26.9 11 
2007 2.48 10 30 11 472 11 22.3 11 
2008 2.76 12 23 12 506 12 15.3 12 
2009 2.03 12 29 12 359 12 16.4 11 
2010 2.35 12 28 12 335 12 16.4 12 
2011 3.18 12 16 12 320 12 14.7 12 
2012 3.25 10 15 10 334 10 7.6 10 

83 of 1008



8 
 

3. LAKE ROTORUA WATER QUALITY TREND ANALYSIS (UNIVERSITY OF 

WAIKATO) 
 

3.1 Overview of statistical approach used  

Time series of ecological data can comprise three components: i) seasonality, ii) trend, and iii) 

irregular fluctuation from i and ii (Jassby & Powell, 1990). It is beneficial to first remove any 

seasonality present in time series before examining whether any trend is present.  

Seasonality is present but relatively weak in the dataset for Lake Rotorua, reflecting the shallow 

polymictic nature of the lake and subsequent potential for isolated weather events to affect 

processes such as sediment resuspension and thermal stratification that can influence water quality. 

Nonetheless, there is tendency for poorer water quality in mid–summer to autumn and better water 

quality in winter and early spring (see chl a data for Site 2 as an example; Figure 3.1). 

 

Figure 3.1 Relationship between chlorophyll a (chl a) concentration and day of the year for Site 2. Seasonal 
trend is delineated by fitting a Lowess curve (smoothing parameter = 0.25) 

Due to the seasonality present, a seasonal Kendall test was chosen to analyse for the presence of 

trend in the four TLI component variables. This is a non–parametric test as the data did not conform 

to normal frequency distributions. The freely–available software ‘Time Trends’ (v. 3.31 2012) was 

used to apply the test. Aside from seasonal effects, no attempt was made to correct for further 

temporal autocorrelation that may be present in the data. This differs from some other approaches 

to time series analysis (e.g. Rutherford, 1984). This decision was justified based on the following: 

 The objective was to determine trend within the period of record and not extrapolate 

beyond it (see McBride, 2005, p. 44). 

 The temporal resolution of the data (c. 1 month) was deemed sufficiently coarse that any 

temporal autocorrelation could be disregarded. 

 The effect of any temporal autocorrelation is to deflate (not inflate) the standard error of 

residuals (Ellis et al., 1989). Thus to not consider temporal autocorrelation is a conservative 

approach which was deemed appropriate given the resolution and extent of the data.  
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Annual TLI values were calculated for each site from 2002–2012 inclusively. Values were calculated 

as the average of each of the four TLI components (TLs, TLc, TLn, TLp) which in turn were calculated 

using annual mean values for each component variable and the equations presented by Burns et al. 

(2009). Values of TLI were not calculated for 2001 as the dataset only included the final three 

months of that year. Note also that the 2012 TLI value does not include data for November and 

December. It is important to note that, due to differences in methodology (e.g. non–inclusion of 

hypolimnetic samples), TLI values calculated in this study differ from those calculated for state of the 

environment reporting by Bay of Plenty Regional Council. Temporal trend in annual TLI was assessed 

for both sites separately using ordinary least squares regression. Trend was also calculated for 

annual TLI calculated as the mean of the TLI for each site. Regression was performed using Statistica 

v. 9 (StatSoft) and data met assumptions of the parametric test. A significance level of p < 0.05 was 

adopted for all inferential tests. 

 

3.2 Anomalous data 

A small number of anomalous values were identified in the common dataset (c. 0.4% of data; Table 

3.1). These values were retained for both sets of analyses and the non–parametric Seasonal Kendall 

tests are insensitive to the presence of outliers. It is recommended that the identified values are 

checked against original laboratory reports to confirm whether errors have been introduced 

following reporting. If not, it is recommended that these values are removed from the permanent 

dataset. 

Table 3.1 Anomalous data identified during analysis 

Site Date  Variable Value (mg m-3) Concern 

2 23/03/2005 TP 0.5 Anomalously low value is < DRP 
concentration. 

2 16/01/2008 TN 1810.5 Anomalously high value is 
inconsistent with 
concentrations of chl a and 
NO3+NH4. 

2 22/04/2008 chl a 0.1 Anomalously low value is 
inconsistent with the measured 
chl a concentration at Site 5 on 
the same day (29.8 mg m-3). 

5 18/02/2010 TN 2.0 Anomalously low value is 
inconsistent with chl a 
concentration and < 
concentration of NO3-N+NH4-N. 
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3.3 Results  

Results of the seasonal Kendall trend tests are presented separately for both sites in Table 3.2. 

Table 3.2 Summary of the results of seasonal Kendall tests for TLI component variable data at Sites 2 and 5, 
October 2001–October 2012  

Site Variable n Median Direction of 
linear trend 

Z p Median 
annual Sen 
slope 

Magnitude 
(% y

-1
) 

2 Secchi (m) 127 2.35  Increasing  3.26 < 0.01 0.06 2.6 
TP (mg m

-3
) 128 31 Decreasing -6.97 < 0.01 -2.73 -9.0 

TN (mg m
-3

) 127 384 Decreasing -4.15 < 0.01 -13.91 -3.6 
chl a (mg m

-3
) 125 17.1 Decreasing -4.80 < 0.01 -1.20 -7.0 

5 Secchi (m) 125 2.38 Increasing 3.86 < 0.01 0.06 2.6 
TP (mg m

-3
) 125 31 Decreasing -7.58 < 0.01 -2.54 -8.2 

TN (mg m
-3

) 123 391 Decreasing -4.15 < 0.01 -13.78 -3.5 
chl a (mg m

-3
) 125 16.9 Decreasing -4.79 < 0.01 -1.13 -6.7 

 

Results for both sites showed good correspondence, reflecting the high degree of similarity between 

the sites (see Chapter 2). Statistically significant (p < 0.01) linear trends were present at both sites 

for all four TLI component variables. Secchi depth exhibited a linear increasing trend during the 

study period and concentrations of TN, TP and chl a exhibited a linear decreasing trend. The slope of 

the trend is approximated by the median annual Sen slope statistic and is relative to the units for 

each respective variable. This statistic can be expressed as a proportion of the median value of each 

variable to derive a measure of the magnitude of each linear trend, i.e. percentage change per year. 

Consequently, the magnitude of change in the four variables conformed to the order: Secchi depth 

(2.6%) < chl a (-7% to -6.7%) < TN (-3.6% to -3.5%) <TP (-9.0% to -8.2%). 

Trophic Level Index at both sites exhibited a decreasing trend during the study period (Figure 3.2).  

 

Figure 3.2 Annual Trophic Level Index values for Lake Rotorua based on integrated surface samples (0–6 m) 
collected at Sites 2 and 5, 2002–2012  
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The decreasing trend in TLI was statistically significant (p = 0.001) based on ordinary least squares 

regression (Table 3.3). Based on the slope of the regression lines, the rate of linear decrease for the 

whole study period was approximately 0.078 TLI units per year (based on TLI calculated using the 

mean of data for both sites). 

Visual inspection indicated that the rate of this decrease was greatest for the period 2009–2012 

inclusive. There was no statistically significant trend in TLI if only the years 2002–2008 inclusive were 

considered (Site 2: p = 0.22; Site 5: p = 0.14).  

 

Table 3.3 Summary of TLI trend analysis, 2002–2012. Results relate to ordinary least squares linear regression. 
Results based on data for Site 2 and 5 are presented separately. In addition, results based on TLI calculated 
using the mean of annual TLI for both sites (‘both’) is presented  

Site 10–year linear 
trend direction  

Magnitude of linear 
trend (TLI units y-1) 

r2 (adjusted) p 

2 Decreasing -0.075 0.67 0.001 
5 Decreasing -0.081 0.68 0.001 
Both Decreasing -0.078 0.68 0.001 
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4. LAKE ROTORUA WATER QUALITY TREND ANALYSIS (DAIRYNZ) 

4.1 Methods 

Detailed descriptions of the methodology are provided in Appendix 4. To summarise, surface water 

(0-6 m depth) site-specific monitoring data on total nitrogen (TN), total phosphorus (TP), chlorophyll 

a (chl a) and Secchi depth (SD) were analysed by non-parametric approaches, involving: 

1. Time-series decomposition into seasonal (average), trend (loess smoother) and 

random/unexplained components of the overall change in TLI parameters (Cleveland et al., 

1990) in the statistical package ‘R’ using the ‘stl’ function of the ‘stats’ package; 

2. Seasonal Kendall trend tests, to determine the direction, significance and relative magnitude 

of trends (Gilbert, 1987) in the statistical package ‘TimeTrends’ v.3.2, produced by NIWA in 

conjunction with Northland and Hawkes Bay Regional Councils for the analysis of 

hydrological time-series data (Jowett, 2011). 

 

In steps 1 and 2, data remain in corresponding units of measurement (TN, TP, chl a = mg m-3; SD = 

m). Both steps 1 and 2 are robust to the effects of outliers or anomalous samples, precluding the 

need to remove outliers from the dataset (Cleveland et al., 1990; Gilbert, 1987). 

Step 1 decomposes a time-series (e.g., monitored information on chl a) into three cumulative data-

series: (1) a replicated seasonal pattern determined from the data using a specified 12-month 

repetitive window; (2) a long-term loess-smoothed trend determined from observations that have 

had seasonal variation removed; and (3) a remainder or residual estimate of variance, unexplained 

by the loess smoother in (2) or the seasonal variation in (1). Output is graphical, to help demonstrate 

the periods of change in TN, TP, chl a and Secchi Depth (SD) within both sites (i.e., changes that do 

not correspond to a repetitive pattern of intra-annual or seasonal changes in nutrient cycling, algal 

biomass or water clarity). To meet a criterion of equi-distance in time, daily observations were 

averaged into monthly estimates of each TLI parameter, by site. 

Step 2 offers precise estimates of the direction, magnitude and statistical significance of changes 

observed in TN, TP, chl a and SD at both Sites 2 and 5. Relative measures (%) of per annum change in 

each of these parameters are provided (i.e., relative seasonal Kendall estimates [RSKE] [Gilbert, 

1987]). Samples were entered as daily observations that yielded monthly medians in ‘TimeTrends’. 

Combined, steps 1 and 2 provide graphical and statistical measures of change to TLI parameters for 

each site, highlighting the periods of greatest likely water quality change during the past 11 years at 

Lake Rotorua. 

4.2 Results 

4.2.1 Time-series decomposition 

Average monthly, surface water (0-6 m) estimates demonstrated similar seasonal profiles shared by 

chl a, TP and TN in both sites 2 and 5 (Figures 4.1, 4.2). Seasonal minima in the latter occurred during 

the austral summer, bracketed by higher concentrations during the austral spring and autumn. 

Seasonal variation in SD is anti-phased with changes to nutrients (i.e., peaks in water clarity occurred 

during periods of reduced nutrient concentration and algal biomass). Removal of seasonal variation, 

demonstrated marked long-term variability in each parameter (Figures 4.1, 4.2). Long-term trends 
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appear highly similar between sites for each parameter, and between changes in nutrient 

concentrations (TN, TP) to algal biomass (chl a). Long-term improvement in water quality is evident 

in declining concentrations of TP, TN and chl a since c.2003 (albeit interrupted by a peak in 

abundance amongst the three parameters c.2006). Prior to c.2003, concentrations of TN, TP and chl 

a were rising. Long-term trends in SD are more complex involving anti-phased minima during peak 

algal biomass and nutrient concentrations (c.2003 and c.2006), followed by improvement to greater 

clarity since c.2009. 

 

 

Figure 4.1 Decomposed time-series components for site 2 amongst TLI parameters for the period 17/10/2001-
17/10/2012 (units: TP, chl a and TN = mg/m

-3
; Secchi depth = m). Daily observations of surface water quality 

(0-6 m depth) are plotted as the uppermost graph of each TLI parameter, followed by the seasonal component 
(12-month period), long-term trend (loess smoothed) and residuals in corresponding units 
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Figure 4.2 Decomposed time-series components for site 5 amongst TLI parameters for the period 17/10/2001-
17/10/2012 (units: TP, chl a and TN = mg/m

-3
; Secchi depth = m). Daily observations of surface water quality 

(0-6 m depth) are plotted as the uppermost graph of each TLI parameter, followed by the seasonal component 
(12-month period), long-term trend (loess smoothed) and residuals in corresponding units 

 

4.2.2 Trend analysis 

Seasonal Kendall trend test results are presented in Tables 4.1, 4.2. These confirm the similarity of 

changes observed in TLI parameters between sites, through the similarity of SKSE and RSKE statistics 

(median and relative Kendall slope estimates respectively). This reinforces the results presented in 

Section 4.2.1., for highly similar seasonal and long-term trends in TN, TP and chl a between sites, 

anti-phased to SD. 

At each site, highly significant (p<0.001), ecologically meaningful (>1% [Jowett, 2001]), changes are 

recorded in all TLI parameters. These confirm that long-term improvements in each parameter have 

occurred in surface water at Lake Rotorua since October 2001 (i.e., direction of changes are to 

greater SD, and lower TP, TN and chl a). When adjusted for temporal autocorrelation (i.e., failure to 

observe short-term data independence), only declining trends in TN are greatly affected at each site, 

albeit remaining significant at p<0.05. However, the magnitude of observed change in TN, limits the 
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likelihood of between-season serial correlation (note: the choice of starting season can also have 

substantial effect on adjusted p-values [Hirsch and Slack, 1984]). Thus, unadjusted p-values are likely 

to be robust measures of statistical significance in each TLI parameter and indicate significant long-

term improvement to water quality across all four parameters, at each site. 

The relative magnitudes of change in TLI parameters, observed at each site, also support the above 

interpretations for long-term improvements in water quality. For instance, a ~9.0% and ~8.2% 

reduction in TP occurred (values refer to per annum changes on median concentrations at sites 2 

and 5 respectively, for the period 17/10/2001 to 17/10/2012). A similar magnitude of reduction in 

chl a also occurred, by ~7.0% and ~6.7% per annum. The concentration of TN also decreased but by 

a lesser magnitude (~3.6% and ~3.5%). Likewise, SD improved during this period by ~2.6% at both 

sites. Importantly, greater reductions in TP relative to TN at both sites, resulted in highly significant 

(p<0.001) trends for rising TN:TP ratios (~6.3% and ~6.1% per annum), with median and average 

ratios in excess of 17 during the past two years.
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Table 4.1 Seasonal Kendall trend test results for site 2 (RSKE = magnitude [per annum % change on annual median for 17/10/2001-17/10/2012]) 

Site 2 Median value Kendall stat (Sk) Variance Z Direction of 
trend 

P P-adj Median annual Sen slope 
(SKSE) 

Magnitude (% yr
-1

) 
(RSKE)  

TP 30.5 -299 1825.67 -6.9744 Decreasing <0.001 0.0032 -2.7344 -8.9653 

chl a 17.1 -200 1716.67 -4.803 Decreasing <0.001 0.006 -1.2016 -7.0269 

TN:TP 13.8846 265 1801.67 6.2197 Increasing <0.001 0.004 0.8798 6.3365 

TN 384 -177 1799.67 -4.1487 Decreasing <0.001 0.0544 -13.9143 -3.6235 

Secchi 2.35 143 1789.00 3.3572 Increasing <0.001 0.0296 0.0614 2.6128 

 

Table 4.2 Seasonal Kendall trend test results for site 5 (RSKE = magnitude [per annum % change on annual median for 17/10/2001-17/10/2012]) 

Site 5 Median value Kendall stat (Sk) Variance Z Direction of 
trend 

P P-adj Median annual Sen slope 
(SKSE) 

Magnitude (% yr
-1

) 
(RSKE)  

TP 31 -315 1715.67 -7.5808 Decreasing <0.001 0.0016 -2.5382 -8.1878 

chl a 16.9 -201 1741.00 -4.7933 Decreasing <0.001 0.0133 -1.1333 -6.7059 

TN:TP 13.25 210 1608.00 5.212 Increasing <0.001 0.0143 0.8099 6.1125 

TN 391 -169 1641.00 -4.1472 Decreasing <0.001 0.0536 -13.7844 -3.5254 

Secchi 2.38 161 1721.67 3.8561 Increasing <0.001 0.0193 0.0626 2.6303 
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5. CONCLUSIONS 
Analysis was undertaken of trends in Lake Rotorua water quality for the period October 2001 – 

October 2012. The analysis focused on the Trophic Level Index (TLI) and the four constituent 

variables: Secchi depth (a measure of clarity) and concentrations of total nitrogen (TN), total 

phosphorus (TP) and chlorophyll a (chl a). Analyses were undertaken separately by scientists 

affiliated with the University of Waikato and DairyNZ using a common dataset provided by Bay 

of Plenty Regional Council. The dataset was based on integrated surface water (0–6 m) samples 

collected at approximate monthly frequency from two monitoring sites. The large number of 

samples and high degree of correspondence between data for the two sites suggests that the 

dataset was appropriate for examining broad–scale temporal variability in water quality of this 

large lake.  

Both parties adopted very similar approaches to the analysis and the methodologies used to 

examine trends in TLI component variables. Consequently, the following conclusions were 

shared by all authors:  

 There has been a relative decrease in the Trophic Level Index of Lake Rotorua during the 

discrete study period. There has been a linear increase in Secchi depth, and linear decreases 

in the concentrations of TN, TP and chl a, all of which are statistically significant (p<0.001). 

 The similarity in direction, magnitude and statistical significance of long-term trends of TLI 

parameters between both monitoring sites underscores the likelihood of basin–wide 

improvements in water quality within Lake Rotorua since c.2001. 

 Total phosphorus concentrations exhibited the greatest relative change at both sites during 

the period (-9.0% and -8.2% per annum changes to median values since c.2001, at sites 2 

and 5 respectively). Reductions in chl a concentration were of similar magnitude (-7.0% and -

6.7%). Relative reductions in TN concentrations (-3.6%, -3.5%) and Secchi depth were more 

moderate (+2.6%, +2.6%). 

 These changes have resulted in statistically significant (p < 0.001) linear reductions in 

annualised TLI over the study period. 

 Since c.2001, greater reductions in TP concentration relative to TN concentration have 

resulted in highly significant (p < 0.001) increases in the mass ratios of TN:TP of surface 

waters (0-6 m depth; +6.3% and +6.1%). 

This study has not considered the underlying causes of the trends that have been identified.  
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APPENDIX 1: BACKGROUND INFORMATION ABOUT ALUM DOSING FOR THE 

STUDY PERIOD 
  

Alum (potassium aluminium sulphate) dosing is used to adsorb dissolved phosphorus from the 

Utuhina and Puarenga Streams and remove it from the water column of Lake Rotorua. Alum dosing 

was initiated in the Puarenga Stream in 2007 and in the Utuhina Stream in 2010. (Figure A1). 

 
 

Figure A1 Mass of aluminium applied to the Utuhina and Puarenga streams, 2007–2011. Data were presented 
at a Rotorua lakes Statutory Group meeting, 4/4/2012 
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APPENDIX 2: RECORD OF MEDIATION, 21 NOVEMBER 2012  
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APPENDIX 3: AGREED PROCEDURE FOR LAKE ROTORUA WATER QUALITY 

ANALYSIS: COMMON DATA SET 
 

A meeting was held between representatives from DairyNZ (Tom Stephens) and the University of 

Waikato (Jonathan Abell, Deniz Özkundakci and Chris McBride) on 22 November 2012. Agreement 

was reached regarding the dataset to be used as the basis for analysis of trends in Lake Rotorua 

water quality. The results of this analysis are due to be presented in a report by 21 December 2012, 

as agreed during the mediation meeting held on 21 November 2012.  

All agreed to the following: 

 Separate analyses will be undertaken for each of two sampling sites: ‘Site 2’ and ‘Site 5’.  

 Analysis will be undertaken of trends in time for the following variables: total phosphorus 
concentrations, total nitrogen concentrations, chlorophyll a concentrations, Secchi depth 
and annual Trophic Level Index (TLI).  

 Data pertaining to the following period will be analysed: October 2001 – October 2012. This 
represents the most recent period for which data are available continuously at 
approximately monthly intervals. 

 Analysis will focus on using data relating to surface integrated samples collected from a 
depth of 0–6 m and only these data will be used for TLI calculations. This decision reflects 
the desire to ensure consistency in sampling protocol for all data and potential uncertainty 
related to classifying whether the polymictic lake is ‘stratified’ or ‘mixed’ during each 
sampling event. It is noted that this approach therefore differs from the approach outlined 
in Burns et al. (1999) and may differ from the approach used in other studies of the lake. 

 Calculation of TLI will use annual means of data. Calculation of TLI on a monthly basis has 
the potential to be misleading. 

 Calculation of TLI will be undertaken using the equation for TLs (the Secchi depth 
component) given in Burns et al. (1999). 

 

Reference 

Burns NM, Rutherford JC, Clayton JS (1999) A monitoring and classification system for New Zealand 
lakes and reservoirs. Journal of Lakes Research & Management 15, 225-271. 
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APPENDIX 4: METHODOLOGIES EMPLOYED BY DAIRYNZ FOR TREND 

ANALYSIS OF AGREED DATASET 
 
Decomposition of trends were performed in R, using the non-parametric stl() regression function 

(Cleveland et al., 1990), specifying the start and finish of the time-series as well as the frequency (12-

monthly). Linear interpolation was employed to generate data for at most 9 of the total 120 months, 

in any parameter [see Table A1]). The function generates a monthly mean for the series (i.e., all 

January values) and repeats this for all months before generating variance about the monthly 

means, which is used to generate the magnitude of changes attached to between-month mean 

observations. This is the seasonal component (St), and is removed from the data series (Xt) before 

the remainder is smoothed with loess regression to find the underlying inter-annual trend (Tt). 

Irregular residuals are the differences from Xt-(St+Tt). The approach is limited by the underlying 

assumption that samples were taken at equispaced points in time. Averaging to monthly resolution 

alleviates this criterion. 

 

Table A1. Number of interpolated samples in each series of 120 observations for chl a, TP, TN and SD from 
17/10/2001-17/10/2012 (simple linear equation) 

Interpolation n TP TN chl a SD 

Site 2 5 6 8 6 

Site 5 8 9 7 6 

4.2 Trend Analysis 

Trend analysis was carried out on daily observations using TimeTrends v.3.20 (Jowett, 2011), a 

software package developed by NIWA for trend analysis of hydrologic data. The Seasonal Kendall 

Slope Estimator (SKSE) test was chosen as it can handle non-parametric distributions, calculating 

season (month) specific Mann-Kendall S-statistics. The Sen slope (SKSE) is the median slope of all 

possible pairs of variable values in each season (expressed in units of the variable, standardised to a 

year [i.e., the Sen slope is the median annual slope per season, or month]).  Division of SKSE values 

by the variable median, yields relative change in a variable per annum that can be compared 

between sites (Gilbert, 1987). Note: when the product of the number of seasons (12) by the number 

of years (11) is greater than 25 (132 – values in brackets correspond to this study), than Kendall’s Sk 

statistic will be zero in the absence of a trend, positive in an increasing trend, and negative in a 

decreasing trend. Furthermore, Hirsch and Slack (1984) demonstrated that the presence of serial 

autocorrelation (dependence of subsequent variable values upon preceding values), violates the 

assumption of data-independence, and adjusted the significance routine accordingly. The P-adj. 

value is therefore a more conservative estimate of whether the Sk statistic is significantly different 

from zero (i.e., whether the Sk statistic implies a trend) but should only be used where sufficient 

temporal autocorrelation is expected (e.g., >10 years). 
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Lake Rotorua Catchment Stakeholder Advisory Group  

Terms of Reference        December 2012  

Context 

The Rotorua Te Arawa Lakes Strategy Group (Strategy Group) was established under the Te 

Arawa Lakes Settlement Act 2006 and is a co-governance entity that brings together 

representatives of the Te Arawa Lakes Trust, Bay of Plenty Regional Council (BoPRC) and 

Rotorua District Council (RDC). The Strategy Group is tasked with the providing the overall 

direction for the Programme and is the key funding decision-making body. The Strategy 

Group’s vision is: 

“promotion of the sustainable management of the Rotorua Lakes and their catchments, and 

for the use and enjoyment of present and future generations, while recognising and 

providing for the traditional relationship of Te Arawa with their ancestral lakes”. 

In March 2008, central government agreed to contribute $72.1 million over ten years to 

implement the Rotorua Lakes Protection and Restoration Programme, amounting to 50 per 

cent of the total cost ($144.2m). In early 2012 the Strategy Group recommended that 

$45.5m be allocated for incentives to reduce nitrogen leaching from rural land in the Lake 

Rotorua catchment by approximately 200 tonnes. Additional reductions are needed to meet 

sustainable loads and BoPRC has approved the development of rules to help meet the 

estimated combined reduction of 270 tonnes needed from rural land.  

A public forum of stakeholders was held in August 2012 with the support of the Strategy 
Group partners. The forum recommended the formation of the Lake Rotorua Catchment 
Stakeholder Advisory Group to advise on the design and implementation of rules and 
incentives to achieve the nutrient target reductions from rural land. 

Group purpose  

The main purpose of the Lake Rotorua Catchment Stakeholder Advisory Group (the 

“Group”) is: 

1. To provide oversight, advice and recommendations on “rules and incentives” options 

that will achieve the nutrient reduction targets needed from rural land in order to meet 

Lake Rotorua’s water quality target.  This shall include advice on implementation options 

and District and Regional statutory plan changes.  

The Group shall also: 

2. Facilitate engagement with all stakeholders, in conjunction with the three partners 

represented within the Rotorua Te Arawa Lakes Strategy Group (RTALSG)  
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3. Advise on progress in developing and implementing rules and incentives, and make 

associated recommendations, to improve both progress of the programme and 

stakeholder relationships. 

Group establishment 

4. The Group has been established by resolution of the RTALSG on 28th September 2012 

and by signatures to this Terms of Reference document of the three RTALSG partners, 

represented by the Mayor of Rotorua, the Te Arawa Lakes Trust Chairman and the Bay 

of Plenty Regional Council Chairman. 

Group advisory, engagement and reporting functions 

5. To achieve the Group’s advisory purpose, it will: 

a. Work with staff from the RTALSG partners and invited experts to investigate 

rules and incentives options and implementation options, assess their merits, 

rank options and make recommendations to the RTALSG and its partners; 

b. Develop guidelines to evaluate rules and incentives options. 

6. Individual members of the group shall engage with their respective agencies and sectors 

to ensure a two way flow of ideas and feedback on draft advice and other relevant 

matters.  

7. The Group may occasionally seek broader stakeholder input by convening a stakeholder 

plenary or by other appropriate means. This engagement shall be done in conjunction 

with the RTALSG partners.  

8. The Group shall report regularly to RTALSG and each of its partner agencies. The 

frequency and form of this reporting shall reflect the subject matter and urgency of the 

advice, particularly any relevant statutory planning timeframes.  

9. To give structure to these functions, the Group shall develop a twelve month work 

programme within three months of being established. 

Group composition, member selection, chairing and quorum  

10. The Group shall comprise a minimum of twelve members, and a maximum of fifteen 

members,  from the following sectors and agencies : Lake Rotorua Primary Producers 

Collective (LRPPC), Lakes Water Quality Society (LWQS), Bay of Plenty Regional Council 

(local elected member), Rotorua District Council (elected member), Te Arawa Lakes 

Trust, Maori Trustee, Forestry sector, Maori landowners, Small block owners, and any 

other bona fide stakeholder group subsequently agreed by Group consensus.  

11. Group members shall be selected by their respective sectors and agencies (as per Clause 

10) on the basis of the knowledge and skills they can bring to the table, particularly an 

ability to operate in a collaborative manner.  
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12. LRPPC members must own or be directly associated with rural land in the Lake Rotorua 

catchment.  

13. Each sector/agency shall nominate alternate members (at least one per sector/agency) 

and replacements as they see fit, subject to maintaining continuity where practicable. 

14. The Group shall elect its own Chairman at its first meeting. 

15. The quorum shall be seven members.  

16. Staff from member organisations may attend and take an active part in Group 

discussions, but will not have voting rights unless they are also the selected Group 

members (as per Clause 10). Additional non-voting participants1 may be invited to 

specific meetings at the Group Chairman’s discretion.   

Limitation of powers  

17. There is no delegation of Council and/or RTALSG decision making authority to the 

Group. 

18. The Group in its own right shall not make formal submissions on Council plans or 

resource consent matters. 

Group operations  

19. The Group shall operate in a collaborative fashion, both within its own setting and in its 

engagement with others, guided by the following: 

a. Respect for all views at the table. 

b. Wherever possible, decisions on advice (the Group’s primary purpose) shall be by 

consensus, with a majority vote taken only if necessary. 

c. Minority view(s) and associated reasons shall be recorded along with the 

majority view.  

d. Observation of Te Arawa tikanga Maori. 

e. Group members shall raise issues relevant to their sector/agency, but they are 

not “representative” in the sense that they are mandated to or expected to 

speak on behalf of their sector/agency. 

f. The timely circulation of meeting agendas and minutes. 

20. Group meetings shall generally be open to the public with any meeting publicity and 

speaking rights at the discretion of the Group Chairman.  However, pending a majority 

group vote, public may be excluded from specified meeting sessions. 

                                                           
1
 This could include Federated Farmers, Fish & Game, Department of Conservation, Ministry for the 

Environment, Ministry of Primary Industries, rural professionals, scientists, economists, landowners, staff and 
elected members from other regions etc. 
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21. The Group shall meet monthly with additional meetings and engagement at the Group’s 

discretion. 

Group support, liaison and remuneration  

22. Logistical support will be provided by BoPRC, including secretarial support, meeting 

rooms, documentation, printing and other practical support that will enable the Group 

to carry out its advisory purpose and reporting functions. 

23. BoPRC shall provide the services of a non-voting Secretariat to: 

a. develop on behalf of the Group, practical concepts in respect of the design of 

policy, rules and incentives, and implementation options; 

b. to formally and  informally engage with BoPRC, RDC, TALT and Group members 

to effect the purpose of the Group. 

24. The group may request reports and expert advice via BoPRC, RDC and TALT channels. 

25. Group members and the Secretariat shall be remunerated by BoPRC at a level to be 

agreed with  the Group.  

Term and review 

26. The Group shall be established for an initial term of two years. The RTALSG may, every 

second year thereafter, resolve at its discretion to reconvene the Group for additional 

term of two years.  

27. Notwithstanding Clause 26 the RTALSG may choose to review the need for and the 

effectiveness of the Group, one year after the Group’s first meeting and at further times 

as the RTALSG resolves.  
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Definitions 

Lake Rotorua’s water quality target is formally represented by a “Trophic Level Index” (TLI) 
value of 4.2. The Proposed Regional Policy Statement states that sustainable annual 
nitrogen load corresponding to this TLI value is 435 tonnes (tN/y).  

Nutrient reduction targets means the reductions needed in nitrogen and phosphorus loads 
from the catchment, in order to achieve Lake Rotorua’s water quality target of TLI = 4.2. To 
achieve the sustainable annual nitrogen load of 435 tN/y, the overall reduction is 320 tN/y, 
with a rural component of 270 tN/y2.  

Rural land means agricultural and forest land, including dairy, drystock (sheep, beef, deer 
etc), cropping, horticulture, exotic plantation, native bush/forest, lifestyle blocks and land 
with gorse and scrub vegetation.  

Consensus decision-making is a group decision making process that seeks the consent - not 
necessarily the agreement - of participants and the resolution of objections. Consensus is 
defined by Merriam-Webster as, first, general agreement, and second, group solidarity of 
belief or sentiment. It is used to describe both the decision and the process of reaching a 
decision.  

Tikanga (noun) correct procedure, custom, habit, lore, method, manner, rule, way, code, 
meaning, plan, practice, convention. 
 

 

                                                           
2 Catchment modelling by NIWA using the ROTAN model estimates a “steady state” N load based on current 
land use = 755 tN/y (including all land, sewage, geothermal, rainfall etc). To achieve a sustainable N load of 435 
tN/y, a reduction of 320 tN/y is needed. The potential reduction from engineering actions (sewage reticulation, 
Tikitere geothermal treatment etc) is 50 tN/y. This means a 270 tN/y reduction is needed from rural land.  
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Lake Structures Collective Meeting 

 

Minutes 

16 December 2015 at 10.30am 

DOC Office, 99 Sala Street, Rotorua 

Attendees Robbie Atkinson, Jason  Ward (RLC), Mary Aislabie, Richard Lyons, Rona, 

Sherryn Owen, Michelle Lee (BOPRC), Leilani Ngawkika, Ron Keyzer, Ange Paget (DOC) 

 

 Lake Okareka Enchroachment Project – DOC – Ange 

79% of Occupiers have been visited to date. 

Five Occupiers yet to be reached by mail – in the New Year the Department will approach 

both RLC and BOPRC for additional contact numbers. 

The next stage of the project is in action, which is getting the contracts signed.  

10 Management Agreements have been sent for signing. 

Two items challenged by Occupiers; the valuation formula and the requirement for public 

liability insurance. 

The Department has assessed the valuation formula proposed and feels it is lower than 

market rental and that the formula is acceptable. 

The Department is waiting on further feedback from the Department’s insurance broker with 

regards to the requirement for public liability insurance. 

 

 21 Calder Road, Lake Okareka – DOC / BOPRC – Ange / Sherryn 

Proposal to create a new structure next to an existing boat shed. This idea was first pitched to 

the Department whilst they were undertaking a site visit. The Occupier felt that the site was 

currently a safety risk due to the steep drop beside the boatshed. The Occupier proposes to 

reduce the steepness of the bank and place a boardwalk beside the boatshed which would 

run between the jetty and steps leading up onto the marginal strip. 

The Occupier has contacted the BOPRC and discussed and has been provided preliminary 

advice. 

There is concern amongst those agencies involved that it may set a precedent in terms of 

structures around the lake. 

It was agreed that any email correspondence with the Occupier would include BOPRC, DOC 

and RLC. 

 

 Maimais – DOC – Ron 

The Department, BOPRC and F&G met recently to discuss maimai debris at Lake 

Rerewhakaitu.  
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The Department is concerned about the liabilities associated with these un-consented 

structures located on pubic conservation land, for instance children from the campground 

venturing across PCL and playing in a maimai which collapses. 

Maimais are well known for being created without building compliance by non-qualified 

builders. 

The Department is as a result going to look at all PCL in the Rotorua District to locate 

maimais in mid January to ascertain the situation. 

Robbie mentioned he knows of some maimais located on a river system in Rotorua and will 

let Ron know where. 

It is clear that the Department and others will need a process to manage the building of 

maimais on public land. 

 

 Lake Structure Renewal Process – BOPRC - Mary 

Draft FAQ presented to the group. Mary will provide electronic version to the group. 

This is intended to be placed in an application pack. A streamlined application form has been 

developed. Cultural concerns are being discussed and considered now, to hopefully be 

completed before the process begins. These forms will be sent to Occupiers and then 

additional information specific to their occupation will be provided. The resource consent and 

AfO’s will be aligned. 

Leilani mentioned that there has been a misunderstanding by some trustees of the current 

stance for existing occupations. Legal advice has been provided and TALT will spend time 

ensuring that it is clear that legislation confirms that zero fees will be charged for those 

structures which existed prior to the settlement act for eternity. 

 

 Floating Jetties – BOPRC - Mary 

The manufacturer has been in touch with BOPRC about which rules are applicable to these 

objects. BOPRC has concluded that the floating jetties require consent – temporary or 

permanent in nature it is no different. Jason suggested perhaps the floating jetty as opposed 

to the permanent could have less impact but without assessments it is difficult to 

determine.RLC have previously assessed a floating jetty and found their stability to be an item 

of concern. 

 

 First consented pontoon – BOPRC Mary / Sherryn 

1 Calder Road has meet with BOPRC to discussing permitting an existing pontoon. Tony will 

apply in the near future and will be approaching other agencies. 

The Departments’ stance is that a new structure would probably not gain approval, however if 

proven to have been an existing structure prior to treaty settlement then it has a legal right to 

be there. It is considered to have minimal effect on ecological values. It should be approved 

as a community structure. 
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BOPRC agrees with the Department in that the structure should have a community focus and 

perhaps that pontoons could be permitted in a 1 per bay format.  

This will be a test case. 

 

 Lake Okareka Slalom Course Update – BOPRC - Mary 

The resource consent application has been received. BOPRC have discussed internally and 

believe the Applicant should apply for a designation. If they don’t then they risk not getting 

priority use. But this means that they have to wait for a bylaw review or they could apply to be 

heard outside of a bylaw review. There has been public interest and BOPRC did want an 

avenue for the public to have their say and it is felt this would best be achieved through the 

Bylaw Review process. 

A 10 year term would be provided. 

 

 Whakaama Course Bouys  -BOPRC Mary / Sherryn 

BOPRC meet with Kelly and Martyn regarding the bouys which do not have consent to be 

there. They have been informed and sent information on the application process. BOPRC will 

be advising and meeting with others who have unpermitted bouys on the lakes around 

Rotorua. 

 

 Te Tai Bay Mooring – BOPRC – Mary / Sherryn 

BOPRC have been approached by the owner of a mooring in Te Tai Bay who wishes to have 

the mooring consented. 

 

 Hole in One Application – BOPRC – Mary / Sherryn 

The Applicant has not proposed to build outside their current footprint. The pontoon will 

require a lease through TALT. The application has researched the proposals impact on 

ecological values.TALT are satisfied that the potential effects on taonga species are negligible 

or effectively mitigated. 

They have applied for a 35 year term which was not well advised in the application and may 

have been missed by those affected parties which provided approval. BOPRC advised the 

affected parties to provide an email advising that they were not aware that the Application 

was for a term of 35 years and are uncomfortable with the term, if this was the case and 

BOPRC will consider this additional information as part of the consideration. 

Volcanic Safaris have taken issue with the proposed operation and are now flying over the 

proposed site when taking off. 

 

RLC will hold the next meeting in February. 
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EXECUTIVE SUMMARY 
Past wastewater disposal practices and ongoing catchment land-use intensification have resulted in 

the eutrophication of Lake Rotorua. These changes have been associated with elevated nutrient loads 

to the lake from point and diffuse sources. Phosphorus and nitrogen are important macronutrients 

limiting phytoplankton growth. Bioassay studies in Lake Rotorua have shown temporal and spatial 

variability of phytoplankton growth limitation by either or both of these nutrients, hence the 

importance of controlling both phosphorus and nitrogen loads to the lake. This report was 

commissioned by the Bay of Plenty Regional Council to quantify sources of anthropogenic (i.e., 

associated with human activity) phosphorus in the catchment, so that these sources can be managed 

with the aim of reducing phytoplankton biomass in Lake Rotorua. This will form part of an integrated 

framework of catchment management which also aims to reduce the nitrogen load to the lake.  

Determination of anthropogenic and natural (baseline) sources of phosphorus is essential for 

managing lake eutrophication. Natural concentrations (indicative of baseline or reference levels) of 

dissolved reactive phosphorus (DRP) and total phosphorus (TP) can be modelled from observed 

concentrations in undisturbed catchments. This model can then be used to estimate anthropogenic 

phosphorus in other catchments as the difference between natural and observed concentrations. 

Mean annual discharge (MAD) was estimated individually for nine major stream sub–catchments of 

Lake Rotorua, and a combined MAD was estimated for other minor and ungauged stream sub–

catchments. Natural stream phosphorus concentrations were derived from published values based on 

the River Environment Classification (REC) land classes within the lake catchment. Natural 

groundwater phosphorus concentrations were derived from published relationships between 

groundwater age and phosphorus concentrations in the Rotorua sub–catchments. Total phosphorus 

and DRP loads were calculated for each inflow for the period 2007–2014 (‘contemporary loads’) using 

the daily discharge estimates and time series of estimated daily mean concentrations of each nutrient 

species (TP, DRP) for each inflow. Daily loads were then summed to calculate annual loads. Natural 

loads for each inflow were subtracted from contemporary loads to estimate anthropogenic loads. 

Anthropogenic phosphorus loads to Lake Rotorua were estimated to be 22% (expressed as a 

catchment areal rate of 0.12 kg DRP ha-1 y-1) of the total DRP load and 48% (0.47 kg P ha-1 y-1) of the 

TP load. Relative to other New Zealand catchments, anthropogenic phosphorus was a relatively low 

proportion of the total load, given that the Rotorua catchment is highly developed. This can be 

attributed to the large volume of groundwater discharge to the lake, which is DRP-enriched due to 

gradual dissolution of phosphorus in the rhyolitic pumice bedrock. In sub-catchments where 

groundwater discharge to the lake was volumetrically dominant, e.g., Hamurana (89.3%) and Awahou 

(79.6%), the natural contribution to DRP loads was high, despite extensive agricultural land-use. By 

contrast, sub-catchments dominated by surface water discharges, e.g., Ngongotaha (34% 

groundwater) and Waiteti (14.5% groundwater), had comparatively high anthropogenic TP loads and 

elevated concentrations of particulate phosphorus. The minor and ungauged catchments, 

representing drains, small streams, overland flow, groundwater discharge to the bed of the lake, 

discharge below gauged stream sites and a residual term, were estimated to contribute the largest 

percentage (33%) of anthropogenic particulate phosphorus loads to Lake Rotorua despite being 

groundwater dominated. 

Previous modelling of scenarios to examine the effects of nutrient reductions on lake water quality 

indicates that a reduction of total nitrogen loads from 641.5 to 435 t y-1 and TP loads from 34.5 to 23.4 
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t y-1 (DRP reduction from 23 to 15.6 t y-1) would be needed to achieve a Trophic Lake Index (TLI) target 

of 4.2 (equivalent to TLI3 of ~4.3; Hamilton et al. 2015). However, these scenarios utilised inflow 

phosphorus concentrations from monthly sampling of inflows and as such may underestimate TP and 

DRP loading from stormflow events. This report includes stormflow TP and DRP loadings from the 

Puarenga, Ngongotaha and Utuhina Streams, resulting in a lake TP load estimate of 48.7 t y-1 (23.4 t y-

1 anthropogenic) and a DRP loading of 27.7 t y-1 (6.1 t y-1 anthropogenic) (Table 1). To achieve a TLI 

target of 4.2 would require an estimated reduction in TP of 10–15 t y-1, i.e., anthropogenic TP loading 

would need to be reduced from c. 23 t y-1 to 8–13 t y-1. More precise estimates cannot be provided 

due to interactions between nutrients (e.g., nitrogen species) and algal species composition. Alum 

dosing of the Utuhina and Puarenga Streams has achieved DRP load reductions of >80% in these 

streams (1.21 t P y-1). However, without contemplating additional alum dosing of streams where 

natural phosphorus is the dominant source, the scope for further alum dosing to be similarly effective 

may be limited because anthropogenic phosphorus is predominantly particulate. Improvements in 

agricultural land management practices and urban storm water management are likely to be the most 

effective measures for reducing particulate phosphorus loading. 

Table 1. Summary of annual phosphorus loading to Lake Rotorua, including estimated percentage range of 
anthropogenic total phosphorus reduction needed to achieve a TLI target of 4.2 (in parentheses). 

  Annual loading t P y-1 

  Total  Anthropogenic Baseline 

Dissolved reactive phosphorus 27.7 6.1 21.6 

Particulate phosphorus 21.0 17.3 3.7 

Total phosphorus 48.7 23.4 (43-64%) 25.3 
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INTRODUCTION 
Land use in the Lake Rotorua catchment has intensified significantly over the past 60 years. Current land 

use by area is forest (39%), low-intensity pasture (27%) and high-intensity dairy (9%) (Burger et al. 2011; 

Rutherford et al., 2009). The population of Rotorua City has increased from less than 10,000 prior to 1950, 

to more than 53,000 in 2013 (Statistics New Zealand 2015). Both land use intensification and population 

increases have contributed to eutrophication of Lake Rotorua by way of increased phosphorus and 

nitrogen inputs (Rutherford 1984; Rutherford et al. 1989). These inputs constitute both point- and diffuse-

sources of anthropogenic origin (i.e., resulting from human activities). Control of nutrient inputs to Lake 

Rotorua is of increasing importance if the ecological health and aesthetic values of this ecosystem are to 

be maintained. Lake restoration measures such as application of alum to two of the Lake Rotorua inflows 

have reduced phosphorus levels in the lake, resulting in improved water quality (Rotorua Te Arawa Lakes 

Programme 2015). However, the amount of alum that can be applied is limited by potential toxicological 

effects (Tempero 2015), thus alum dosing is not considered a sustainable solution to address phosphorus 

loading to Lake Rotorua. A more sustainable approach is to identify anthropogenic sources of phosphorus 

in the catchment and implement mitigation measures to reduce losses from land or attenuate 

phosphorus before it reaches the lake. While this report focuses on phosphorus, it is intended to support 

an integrated framework of catchment management including control of loads for both phosphorus and 

nitrogen. 

Anthropogenic loads to Lake Rotorua have previously been estimated to exceed loads from non–

anthropogenic sources, hereafter termed ‘natural loads’ (BoPRC 2009). Nonetheless, in a national context, 

natural phosphorus concentrations in both surface and groundwater in the Lake Rotorua catchment are 

relatively high. This reflects the naturally high phosphorus concentrations associated with the rhyolitic 

pumice that dominates the geology of the wider Taupo Volcanic Zone which, when coupled with low 

calcium concentrations, this results in high dissolved reactive phosphorus (DRP) concentrations in 

groundwater (Timperley 1983). Dissolution of phosphorus-bearing minerals over time results in 

increasing DRP concentrations with increasing groundwater age, and groundwater in some aquifers 

within the catchment has been estimated to have a mean residence time of up to 150 years (Morgenstern 

et al. 2015). Particulate phosphorus concentrations are generally very low in groundwater systems 

(Morgenstern et al. 2015). In contrast, surface water discharges tend to have higher levels of particulate 

phosphorus and are strongly influenced by anthropogenic activities associated with the use of fertilizers, 

livestock excreta, forest harvesting and soil erosion (McDowell 2010). A smaller phosphorus load 

originates from urban sources, which includes septic tanks, urban storm water and treated municipal 

wastewater discharged to the Land Treatment System within the Puarenga sub-catchment. Urban sources 

have been estimated to account for approximately one-fifth of the load that originates from agricultural 

sources (BoPRC 2009). 

Annual nutrient loads to Lake Rotorua were recently calculated from in-stream observations for individual 

surface sub-catchments for the period 2007–2014 (Abell et al. in preparation). Natural nutrient 

concentrations for a range of stream types across New Zealand have been estimated by McDowell et al. 

(2013), and Morgenstern et al. (2015) recently presented a detailed study of groundwater age and 

hydrochemistry. Drawing on these sources of information provides an opportunity to estimate ‘natural’ 

(baseline) phosphorus loads for individual lake sub-catchments, and to compare these with recent data 

for contemporary phosphorus loads to the lake. 
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In light of the importance of quantifying anthropogenic sources of phosphorus to inform management 

and restoration of water quality in Lake Rotorua, the aim of this report is to: 

 present methods and results of an exercise to estimate natural phosphorus loads to Lake 

Rotorua for individual sub-catchments; and to 

 compare baseline and contemporary loads to estimate anthropogenic phosphorus loads. 
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METHODS 

Lake Rotorua catchment 

Lake Rotorua has a surface area of 80.6 km2 and a mean depth of 10.8 m (Burger et al. 2011), with a total 

water volume of 0.85 km3. The basin was formed around 220-230 ka ago as a result of a rhyolitic eruption 

(Wood 1992). The eruption created an extensive plateau, the Mamaku ignimbrite, which contains a 

substantial portion of the deep aquifer storage within the catchment. Above this layer are large deposits 

of lake sediments derived from various eruptions from the Okataina Volcanic Centres as well as volcanic 

ash and alluvial deposits of pumice gravels (Nairn 2002), these layers are associated with the shallower 

groundwater component. 

Groundwater seepage rates vary considerably in the Lake Rotorua catchment and fractures in the rhyolite 

and ignimbrite play a role in this variability. Morgenstern et al. (2015) indicated that approximately 50% 

of rainfall in the Lake Rotorua catchment infiltrates into the groundwater. Most estimates of the relative 

contribution of groundwater to the total discharge to Lake Rotorua have been derived from northern and 

eastern areas of the lake catchment where faulting in the Mamaku ignimbrite creates large springs that 

can be almost entirely groundwater-sourced (e.g. Hamurana) or at least have a substantial component of 

groundwater (e.g. Ngongotaha). Groundwater constitutes approximately 90% of stream baseflow and 

direct seepage through the lake bed (Hoare 1987; Morgenstern et al. 2015). However, there is a notable 

incongruence between surface and groundwater catchment areas. White et al. (2014) indicated that the 

area most responsible for the incongruence (33.2 km2) occurs in the Hamurana sub-catchment, with the 

additional groundwater area extending to part of the Mamaku ignimbrite plateau to the northwest of the 

surface sub-catchment (Figure 1). The total groundwater catchment area for Lake Rotorua is estimated 

to be 537.1 km2 but the surface water catchment area is only 502 km2 (including lake area), a difference 

of approximately 35 km2 (White et al. 2014).  

There are nine major streams and several minor streams that flow into the lake (Figure 1). Details of sub-

catchment area, discharge, groundwater mean residence time (MRT), groundwater contribution to 

discharge, annual evapotranspiration (AET) and proportion of land use in agriculture associated with 

these stream sub-catchments are presented in Table 2. It should be noted that in some cases there are 

additional discharges to gauged streams that occur between the gauging site and the lake. These are 

accounted for in the ungauged inflow category. 
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Figure 1. Major surface topographical sub-catchments of Lake Rotorua including groundwater only areas outside 
the surface-water catchment (shaded blue). A more detailed representation of the surface and groundwater 
sub-catchments is presented in Appendix 1.  

 

Land use data for each sub-catchment was provided by the Bay of Plenty Regional Council (Figure 2). Sub-

catchments dominated by agriculture include Awahou (81% by area), Hamurana (72%) and Waiteti (71%), 

with Awahou having the largest percentage of dairy farm land use (38% of total area). Sub-catchments 

with relatively large urban land-use include Waiowhiro (40%) and Utuhina (22%), while the Puarenga and 

Ngongotaha sub-catchments have large areas of forest and undeveloped scrub (66% and 44% 

respectively). 

5 km 
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Figure 2. Land use within the Lake Rotorua sub-catchments. The size of the pie charts is scaled to the area of the 
corresponding catchment (see scale circle above the legend). 

 
Table 2. Summary of estimated mean annual discharge (m3 s-1), groundwater mean residence time (MRT), 
groundwater contribution to discharge, annual evapotranspiration (AET) and proportion of land use in 
agriculture is presented for Lake Rotorua sub-catchments for the calendar period 2007–2014. Runoff fraction is 
taken from Rutherford et al. (2011) and rainfall is estimated from Hoare (1980). * MRT value is estimated. 

 

 

Hydrology 

Mean annual discharge (MAD) was estimated individually for the nine major stream sub-catchments, and 

a combined MAD was estimated for minor and ungauged stream sub-catchments representing all 

remaining surface and sub-surface inflows to the lake, i.e., overland run-off and groundwater inflow to 

the lake bed. Details of estimation methods are presented in Table 3. 

Total area
Agriculture 

index

Obs. 

discharge
MRT Rainfall AET Runoff

Surface 

water

Ground-

water

Surface 

water

Ground-

water

Sub-catchment (km2) (ratio) (m3 s-1) (y) (mm y-1) (mm y-1) (fraction) (m3 s-1) (m3 s-1) (%) (%)

Awahou 19.92 0.81 1.69 75 2000 838 0.47 0.34 1.35 20.4 79.6

Hamurana 16.07 0.72 2.57 125 1950 856 0.47 0.26 2.31 10.2 89.8

Ngongotaha 77.41 0.53 1.84 30 1950 895 0.47 1.22 0.62 66.1 33.9

Puarenga 82.32 0.27 1.95 40 1800 946 0.47 1.05 0.90 53.7 46.3

Utuhina 61.04 0.29 1.81 60 1900 942 0.47 0.87 0.94 48.1 51.9

Waingaehe 11.06 0.53 0.27 145 1450 895 0.47 0.09 0.18 33.9 66.1

Waiohewa 11.69 0.60 0.38 40 1750 881 0.47 0.15 0.23 39.8 60.2

Waiowhiro 13.63 0.35 0.31 40 1700 930 0.47 0.16 0.15 50.4 49.6

Waiteti 61.88 0.71 1.23 45 2000 859 0.47 1.05 0.18 85.5 14.5

Minor & ungauged 67.23 0.65 4.11 30* 1600 900 0.47 0.70 3.41 17.1 82.9

Rainfall to lake 80.60 0 3.96 0 1600 0 0.47 3.96 0.00 100.0 0.0

TOTAL 502.9
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Mean annual discharge for major sub-catchments was estimated from hydrological data provided by 

BoPRC and NIWA. Discharge data for four of the nine major sub-catchments were derived from near–

continuous measurements collected at hydrologic gauges sited in the lower reaches of the streams. These 

gauged streams account for 47% of the total estimated mean discharge in streams to Lake Rotorua. 

Estimates of MAD for the remaining major streams were derived from daily time series of discharge that 

were derived for each stream based on regular (typically monthly) spot measurements of discharge 

collected by BoPRC. Time series were developed by either linearly interpolating spot measurements 

(Hamurana Stream only) or using near-continuous discharge records for a comparable stream that were 

adjusted to match mean discharge for the stream of interest, based on spot measurements.  

Estimates of MAD for ungauged inflows were estimated as the residual term in a water balance 

constructed for the lake: 

𝑈𝑛𝑔𝑎𝑢𝑔𝑒𝑑 = 1.18 · (𝑄Ōℎ𝑎𝑢 + 𝐸 + ∆𝑆) − (𝑄𝑖𝑛𝑓𝑙𝑜𝑤 + 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙) 

where Ungauged is daily mean ungauged inflow (m3 s-1), 𝑄Ōℎ𝑎𝑢 is daily mean discharge of the only lake 

surface outflow (m3 s-1), E is daily mean evaporation rate, ∆𝑆 is daily mean rate of change in lake storage 

(m3 s-1) due to water level change (provided by NIWA, measured at the Mission Bay monitoring station), 

𝑄𝑖𝑛𝑓𝑙𝑜𝑤 is daily mean stream discharge (m3 s-1) and rainfall is a 15–day mean value (m3 s-1) based on 

measurements at Rotorua Airport applied across the lake. The constant value (1.18) in the equation above 

was determined iteratively by minimising the error between measured lake water levels and those 

modelled using a one–dimensional water quality model (DYRESM–CAEDYM). 

In order to estimate the contribution of groundwater to natural phosphorus loads, it was necessary to 

estimate groundwater discharge for each sub-catchment. Groundwater flow was therefore calculated as 

the difference between estimated surface water flow and total observed mean annual stream 

discharge.  

Rainfall to each sub-catchment was estimated from isopleths presented in Hoare (1980) (Figure 3, Table 

2). Evapotranspiration (AET) was estimated dependent on the proportion of agriculture in the catchment, 

using assumed values of 1000 mm for forest and 800 mm for pasture.  Surface runoff was estimated as 

47% of rainfall after AET, from Rutherford et al. (2011), and total surface water was calculated for the 

surface topographic area of each sub-catchment multiplied by runoff. Whole catchment surface water 

discharge estimated using this method was equal to 49% of observed whole-catchment mean annual 

discharge, indicating good agreement between rainfall values adopted and observed stream flows. 

Groundwater flow in each sub-catchment was subsequently calculated by subtracting the estimated 

surface water flow from the observed mean annual discharge for each stream. 
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Figure 3. Rainfall isopleths from Hoare (1980) overlaid to surface water sub-catchment boundaries for Lake 
Rotorua. 
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Table 3. Methods to estimate discharge in-stream inflows to Lake Rotorua.  

 

 

Natural phosphorus loads 

Natural total phosphorus (TP) and dissolved reactive phosphorus (DRP) concentrations used for surface 

runoff in this study were taken from McDowell et al. (2013), with raw data provided by Prof. R. McDowell 

(pers. comm. 2013). McDowell et al. (2013) calculated natural stream nutrient concentrations for 

individual stream classifications included in the New Zealand River Environment Classification (REC) 

system (Snelder and Biggs 2002). Baseline concentrations were derived using data collected from >1000 

stream sites across New Zealand. The data were used to develop non–linear regression models for 

different REC classes to quantify relationships between nutrient concentrations and the proportion of 

intensively-farmed pastoral land in a catchment. Based on these relationships, the authors then 

calculated natural (baseline) concentrations that corresponded to concentrations under a scenario with 

no intensively-farmed land (e.g., Ballantine and Davies–Colley 2014). 

Inflow type Inflow Details Source

Awahou Stream The mean discharge was set to the mean of monthly instantaneous gaugings 

during 2005 through 2012 ( n  = 86). Temporal fluctuations were then imposed 

based on fluctuations measured in the Ngongotahā Stream.

BoPRC

Hamurana Stream This is a groundwater spring-dominated stream. Monthly (approximate) 

instantaneous gaugings were interpolated for the period 2007 through 2012 

(n  = 51). Discharge set to the mean of gaugings (2.558 m3 s-1) during 2012 

through 2014.    

BoPRC

Ngongotahā Stream Based on measured data (99.9% of record) at SH 30 gauge. One gap of 89 h 

was filled with mean value of preceding and subsequent days.    

NIWA

Puarenga Stream Based on measured data (97.2% of record) at FRI gauge (2007 to 2010) and 

SH30 gauge (2010 to 2014). Gaps were replaced with modelled data (2.8% of 

record) based on linear relationship (r 2  = 0.75) with measurements for 

Utuhina Stream.    

BoPRC

Utuhina Stream Based on measured data (92.8% of record) at Depot Street gauge. Gaps were 

replaced with modelled data (7.2% of record) based on linear relationship (r 2 

= 0.67) with measurements for Puarenga Stream.    

BoPRC

Waingaehe Stream Based on measured data (99.5% of record) at SH30 gauge. Gaps were 

replaced with mean values of adjoining measurements (0.5% of record).    

BoPRC

Waiohewa Stream As for the Awahou Stream. Mean discharge was estimated based on a sample 

of 70 measurements.  

BoPRC

Waiowhiro Stream As for the Awahou Stream. Mean discharge was estimated based on a sample 

of 78 measurements.  

BoPRC

Waiteti Stream As for the Awahou Stream. Mean discharge was estimated based on a sample 

of 76 measurements.  

BoPRC

Minor and 

ungauged streams

Lynmore Stream The long-term mean discharge was set to the mean of monthly instantaneous 

gaugings during 2005 through 2012 ( n  = 71). Temporal fluctuations were 

then imposed based on fluctuations measured in the Waingaehe Stream.

BoPRC

Motutara (geothermal seep) A representative constant discharge was assigned (0.04 m3 s-1)

Rotokawa 1 (geothermal seep) A representative constant discharge was assigned (0.02 m3 s-1)

Rotokawa 2 (geothermal seep) A representative constant discharge was assigned (0.04 m3 s-1)

Hauraki Stream The long-term mean discharge was set to the mean discharge reported in 

Rutherford et al . (2008). Temporal fluctuations were then imposed based on 

fluctuations measured in the Waingaehe Stream.

Waitawa 1 

Waitawa 2

Waimehia Drain

Waiowhiro 2/ Waikuta

Ungauged Based on the residual quantity in a lake water balance (mean = 3.49 m3 s-1), 

plus 18% to maximise goodness of fit between measured lake water levels 

and those modelled using a one-dimensional model.

Major streams 

The long-term mean discharge in these four streams was calculated from the 

mean discharge reported in Rutherford et al . (2008) for 'minor' catchments 

(0.4 m3 s-1), minus the mean discharge for the other five minor streams. 

Temporal fluctuations were then imposed based on fluctuations measured in 

the Waingaehe Stream.
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McDowell et al. (2013) used four geological classes, grouped at the second level of the REC (climate by 

topography) to estimate baseline stream nutrient concentrations. Streams in the Lake Rotorua catchment 

were assigned to REC classes after McDowell (2015). Natural stream phosphorus concentrations that 

correspond to this category are presented in Table 4. 

 

Table 4. Baseline phosphorus concentrations derived by McDowell et al. (2015) for the River Environment 
Classification classes corresponding to inflows to Lake Rotorua. SE is standard error. 

 

 

Median natural phosphorus concentrations (Table 4) were assumed for surface water in all stream inflows. 

Groundwater natural phosphorus concentrations are known to increase with age in the Rotorua 

catchment due to long-term dissolution from volcanic material (Morgenstern et al. 2015). Therefore, 

groundwater DRP concentrations specific to each sub-catchment were estimated from the non-linear 

relationship between MRT and DRP reported by Morgenstern et al. (2015) and reproduced in Appendix 

2. Total natural phosphorus loads were calculated as the sum of estimated surface and groundwater 

concentrations multiplied by their respective estimated discharges. 

 

Contemporary phosphorus loads 

Daily TP and DRP loads were calculated for each inflow for the period 2007–2014 using the daily discharge 

estimates described in the section above, and time series of estimated mean daily concentrations for each 

inflow. Daily loads were summed to calculate annual loads.  

Total phosphorus and DRP concentrations were assigned to inflows based on measured data. Data were 

primarily collected by the Bay of Plenty Regional Council (BoPRC) during routine monthly baseflow 

sampling. Additional stormflow data from two major stream inflows (2010–2012) (Abell et al. 2013) were 

used to assign stormflow concentrations for three major streams.  

Daily mean DRP and TP concentrations for individual streams were typically assigned by linearly 

interpolating monthly measurements. Exceptions were TP concentrations in the Ngongotaha, Puarenga 

and Utuhina streams during periods when daily mean discharge exceeded 3.0 m3 s-1. In these cases, TP 

concentrations were modelled using empirical relationships with discharge to reflect the relative 

REC class
Median - 

SE
Median

Median + 

SE

Median - 

SE
Median

Median + 

SE

Sub-catchment (g DRP m-3) (g DRP m-3) (g DRP m-3) (g TP m-3) (g TP m-3) (g TP m-3)

Awahou CW/H/VA 0.008 0.009 0.011 0.015 0.017 0.019

Hamurana WW/H/VA 0.005 0.008 0.011 0.009 0.012 0.018

Ngongotaha CW/H/VA 0.008 0.009 0.011 0.015 0.017 0.019

Puarenga CW/L/VA 0.012 0.016 0.020 0.024 0.033 0.045

Utuhina CW/H/VA 0.008 0.009 0.011 0.015 0.017 0.019

Waingaehe CW/L/VA 0.012 0.016 0.020 0.024 0.033 0.045

Waiohewa CW/Lk/VA 0.001 0.002 0.003 0.007 0.009 0.011

Waiowhiro CW/L/VA 0.012 0.016 0.020 0.024 0.033 0.045

Waiteti CW/H/VA 0.008 0.009 0.011 0.015 0.017 0.019

Ungauged CW/H/VA 0.008 0.009 0.011 0.015 0.017 0.019
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increases in particulate phosphorus concentrations that typically occur during storm flow periods. These 

three streams have the greatest proportion of annual phosphorus loads transported in storm flow 

(Rutherford 2008). Such relationships were not used to estimate TP concentrations in other streams 

because there were insufficient data to robustly define relationships between concentration and 

discharge for these streams. Total phosphorus loads during storm flow periods may therefore be 

underestimated in these streams, although it should be noted that the majority of these streams receive 

a large component of sub-surface flow, i.e., they are less flashy. Methods used to assign daily mean 

nutrient concentrations to inflows are summarised in Table 5. Note that load reduction targets for the 

lake (BoPRC 2009) are currently based on calculations that exclude storm flow (Rutherford 2003); 

therefore, TP loads presented here are expected to be higher and not directly comparable with loads that 

are calculated by BoPRC for monitoring progress towards achieving previous targets.   

Aluminium sulphate (alum) is currently dosed to the Utuhina and Puarenga streams, substantially 

reducing DRP. Concentrations for these streams were therefore estimated as though no dosing were 

taking place. Water quality monitoring in the Puarenga Stream occurs upstream of the alum dosing station 

and therefore measured DRP and TP concentrations were not influenced by alum dosing. Conversely, 

water quality monitoring in the Utuhina Stream occurs downstream of the alum dosing station and, 

therefore, measured DRP concentrations were increased in proportion to daily alum dose rates. Further 

details regarding these calculations are presented in Appendix 3.  

Concentrations for minor streams were a combined discharge-weighted value. Concentrations for the 

ungauged inflow were estimated as equivalent to discharge-weighted values for major streams. The 

dissolved (i.e., filterable) organic phosphorus fraction was assumed negligible in all inflows and not 

included in calculations (Abell and Hamilton 2013). Natural loads for each inflow were subtracted from 

contemporary loads to isolate the anthropogenic components. 

  

137 of 1008



 

P a g e | 19  

 

Table 5. Methods used to assign daily mean dissolved reactive phosphorus (DRP), particulate phosphorus (PP) 
and total phosphorus (TP) concentrations in lake inflows. 

 

 

RESULTS 

Loads 

Dissolved reactive phosphorus and TP loads for sub-catchments over the period 2007-2014 are presented 

in Tables 6 and 7, respectively. Anthropogenic annual mean DRP loads, calculated as areal rates for each 

sub-catchment, ranged from 0.01 – 0.38 kg DRP ha-1 y-1 (mean 0.17 kg ha-1 y-1) and the percentage 

anthropogenic DRP loads ranged from c. 5 – 55% (Table 6). The observed Waiohewa Stream DRP 

concentrations were low compared with other inflows, resulting in a negative estimated anthropogenic 

load (i.e., observed concentrations were lower than the estimated natural values). Anthropogenic mean 

annual TP loads ranged 0.27 to 1.21 kg P ha-1 y-1 (mean 0.51 kg ha-1 y-1) and percentage anthropogenic TP 

loads ranged from c. 8 – 66% (Table 7). 

The annual anthropogenic TP load to the lake was estimated to be 23.4 t P y-1. The mean annual observed 

TP load was 48.7 t P y-1 (sub-catchment range 0.83 to 13.44 t P y-1), indicating that the anthropogenic load 

comprised 48% of the annual TP load to the lake.  

 

 

Inflow type Analyte Inflow Estimation method Notes

DRP
All major streams Linear interpolation of monthly measurements collected by BoPRC. Missing/anomalous measurements replaced with the mean of concentrations 

measured in adjoining months. 

Puarenga Q < 3 m3 s-1: Linear interpolation of monthly measurements 

collected by BoPRC.

Q > 3 m3 s-1: Derived from a linear relationship between log10Q and 

log10[PP] for the Puarenga Stream with correction for 

transformation bias (Ferguson 1986).

Relationship was based on data presented in Abell et al . (2013), collected from 

the Puarenga Stream when dischage was 3.0 to 15.6 m3 s-1 (maximum [PP] = 

0.44 mg L-1; n  = 174; r2 = 0.19). Maximum modelled mean daily [PP] was 0.38 

mg L
-1

.

Ngongotaha and 

Utuhina
Q < 3 m3 s-1: Linear interpolation of monthly measurements 

collected by BoPRC.

Q > 3 m3 s-1: Derived from a linear relationship between log10Q and 

log10[PP] for the Ngongotaha Stream with correction for 

transformation bias (Ferguson 1986).

Relationship was based on data presented in Abell et al . (2013), collected 

when dischage was 3 to 22 m3 s-1 (maximum [PP] = 0.44 mg L-1; n  = 44; 

r2=0.77). Maximum modelled mean daily [PP] was 0.53 mg L -1 and 0.44 mg L-1.

Awahou, Waiteti, 

Waingaehe, 

Waiowhiro, Waiohewa, 

Hamurana

Linear interpolation of monthly measurements collected by BoPRC. Measured PP was calculated as TP minus PO4-P.

TP All By calculation. PO4-P + PP

Minor rural surface 

streams (Waitawa 1, 

Waitawa 2, Hauraki, 

Waimehia Drain, 

Waiowhiro) 

Linear interpolation of monthly measurements collected by BoPRC 

from Waingaehe Stream (smallest of the major stream inflows, 

drains a predominantly pastoral catchment).

Lynmore Stream (minor 

urban surface stream ) 

Linear interpolation of monthly measurements collected by BoPRC 

from Lynmore Stream.

Groundwater seeps at 

the lake edge

Set to volumetric mean concentration of samples collected by 

BoPRC from eight lake–edge springs during 1992 and 1993 (0.176 

mg L-1; n = 134).

PP
Minor rural surface 

streams

Linear interpolation of monthly measurements collected by BoPRC 

from Waingaehe Stream.

Lynmore Stream Linear interpolation of monthly measurements collected by BoPRC 

from Lynmore Stream.

Groundwater seeps at 

the lake edge

Set to volumetric mean concentration of samples collected by 

BoPRC from eight lake–edge springs during 1992 and 1993 (0.074 

mg L
-1

; n = 134).

TP All By calculation. PO4-P + PP

Ungauged DRP, TP Ungauged
Set equal to discharge-weighted concentrations of concentrations 

for major streams.

PP

DRP

Missing/anomalous measurements replaced with the mean of concentrations 

measured in adjoining months. 

Major streams 

(loads calculated 

for individual 

stream catchments)

Minor streams 

(single discharge-

weighted load 

calculated for nine 

minor streams)
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Table 6. Anthropogenic annual mean (2007–2014) dissolved reactive phosphorus (DRP) loads from Lake Rotorua 
sub-catchments based on the difference between baseline and observed (Obs.) concentrations from surface 
water (SW) and groundwater (GW). *Natural groundwater concentrations have been modified (Mod.) to 
account for increasing DRP concentrations with increasing mean residence time according to Morgenstern et al. 
(2015). ¥ Baseline surface water DRP concentrations are from McDowell et al. (2013). Negative loading values for 
Waiohewa are due to low DRP concentrations in the observed data. 

 

 

Table 7. Anthropogenic mean annual (2007–2014) total phosphorus (TP) loads from Lake Rotorua sub-
catchments based on the difference between baseline and observed (Obs.) concentrations from surface water 
(SW) and groundwater (GW). 

 

 

Comparative natural and anthropogenic contributions to sub-catchment mean annual DRP and TP loads 

are presented in Figure 4. Minor and ungauged streams contributed the largest proportion of the 

observed TP (28%) and DRP loads (26%). The next most important contributor, Hamurana, contributed 

23% of the observed DRP load to Lake Rotorua, but only 15% of the observed TP load. 

 

Mean obs. 

DRP

Obs. DRP 

load

Mod. GW 

DRP*

Mod. 

baseline SW 

DRP¥

Baseline SW 

load

Baseline GW 

load

Baseline 

conc.
Baseline load

Anthro. DRP 

Load
Anthro. Load Anthro. Load

Sub-catchment (g m-3) (t DRP y-1) (g DRP m-3) (g DRP m-3) (t DRP y-1) (t DRP y-1) (g DRP m-3) (t DRP y-1) (t DRP y-1) (kg DRP ha-1 y-1) (% of total)

Awahou 0.066 3.56 0.064 0.009 0.10 2.71 0.053 2.80 0.76 0.38 21.3

Hamurana 0.079 6.28 0.081 0.008 0.07 5.87 0.073 5.93 0.35 0.21 5.5

Ngongotaha 0.029 1.39 0.042 0.009 0.35 0.82 0.020 1.17 0.22 0.03 15.5

Puarenga 0.035 2.26 0.048 0.016 0.53 1.36 0.031 1.89 0.37 0.04 16.3

Utuhina 0.055 3.13 0.058 0.009 0.25 1.71 0.034 1.95 1.17 0.19 37.5

Waingaehe 0.094 0.77 0.086 0.016 0.05 0.49 0.062 0.53 0.24 0.22 31.3

Waiohewa 0.017 0.21 0.048 0.002 0.01 0.35 0.030 0.35 -0.15 -0.13 -71.7

Waiowhiro 0.035 0.33 0.048 0.016 0.08 0.23 0.032 0.31 0.01 0.01 4.5

Waiteti 0.033 1.30 0.050 0.009 0.30 0.28 0.015 0.58 0.72 0.12 55.1

Ungauged - 7.11 0.042 0.009 0.20 4.51 0.036 4.71 2.41 0.36 33.8

Rainfall to lake 0.011 1.40 0.011 0.011 1.40 - 0.011 1.40 - - -

TOTAL 27.7 21.6 6.1 0.12 22.0

Mean obs. TP Obs. TP load Mod. GW TP

Mod. 

baseline SW 

TP

Baseline SW 

load

Baseline GW 

load

Baseline 

conc.
Baseline load Anthro. Load Anthro. Load Anthro. Load

Sub-catchment (g m-3) (t P y-1) (g P m-3) (g P m-3) (t P y-1) (t P y-1) (g P m-3) (t P y-1) (t P y-1) (kg P ha-1 y-1) (% of total)

Awahou 4.07 0.070 0.017 0.18 2.98 0.059 3.16 0.90 0.45 22.2

Hamurana 7.16 0.089 0.012 0.10 6.46 0.081 6.55 0.61 0.38 8.5

Ngongotaha 4.13 0.046 0.017 0.65 0.91 0.027 1.56 2.57 0.33 62.2

Puarenga 6.98 0.053 0.033 1.09 1.50 0.042 2.59 4.39 0.53 62.9

Utuhina 5.95 0.063 0.017 0.47 1.88 0.041 2.34 3.61 0.59 60.6

Waingaehe 1.01 0.095 0.033 0.10 0.53 0.074 0.63 0.38 0.35 37.9

Waiohewa 1.18 0.053 0.009 0.04 0.38 0.035 0.42 0.76 0.65 64.2

Waiowhiro 0.83 0.053 0.033 0.16 0.25 0.043 0.42 0.41 0.30 49.6

Waiteti 2.55 0.056 0.017 0.56 0.31 0.023 0.88 1.68 0.27 65.7

Ungauged - 13.44 0.046 0.017 0.38 4.96 0.041 5.34 8.11 1.21 60.3

Rainfall to lake 0.011 1.40 0.011 0.011 1.40 - 0.011 1.40 - - -

TOTAL 48.7 25.3 23.4 0.47 48.1
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Figure 4. Sub-catchment total dissolved reactive phosphorus (DRP, top) and total phosphorus (TP, bottom) loads 
to Lake Rotorua with baseline and anthropogenic contributions indicated. Ungauged refers to minor and 
ungauged streams within the Rotorua sub-catchment. 

 

Sub-catchment anthropogenic particulate phosphorus loads are presented in Figure 5. The mean 

estimated anthropogenic particulate phosphorus load, averaged over all sub-catchments, was 0.36 kg P 

ha-1 y-1; in comparison, the average sub-catchment natural particulate phosphorus load was 0.11 kg P ha-

1 y-1. The Waiohewa and minor and ungauged sub-catchments were estimated to produce the largest 

areal particulate phosphorus loads (0.65 and 0.85 kg P ha-1 y-1 respectively). However, the Waiohewa sub-
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catchment is comparatively small (1169 ha) and the discharge is correspondingly small relative to other 

sub-catchments, resulting in the Waiohewa Stream only contributing an estimated 5% of the total 

anthropogenic phosphorus load.  By contrast, minor and ungauged sub-catchments contributed 32% of 

the total anthropogenic phosphorus load. 

 

 

Figure 5. Sub-catchment area-specific anthropogenic and baseline particulate phosphorus loads to Lake Rotorua. 
Ungauged refers to minor and ungauged streams within the Rotorua sub-catchment.  
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DISCUSSION 
Monitoring data were used to estimate annual phosphorus loads from the Lake Rotorua catchment for a 

7–year period, 2007–2014. These estimates were compared with baseline (‘natural’) loads that represent 

background phosphorus loads to the lake. Baseline phosphorus concentrations in lake inflows were 

estimated from ‘reference concentrations’ derived in a national–scale study (McDowell et al. 2013), and 

were amended to reflect natural loads associated with localised inputs of ‘old-age’ groundwater enriched 

in phosphorus from geological sources. These natural groundwater loads were determined using the 

relationship between DRP concentrations and groundwater mean residence time reported by 

Morgenstern et al. (2015). 

Approximately 48% of the TP load and 22% of the DRP load to Lake Rotorua was calculated to be of 

anthropogenic origin. However, there is significant variation between sub-catchments in terms of the 

relative contribution of groundwater versus surface water, and therefore in the proportion of TP 

comprised of DRP. For example, groundwater dominated catchments such as Hamurana and Awahou 

(Table 2) have large DRP loads (5.93 and 2.80 t y-1, respectively) that cannot be attributed to 

anthropogenic sources. Although the Hamurana and Awahou sub-catchments are dominated by 

agricultural land-use (72% and 82%, respectively), discharge from these sub-catchments is dominated by 

groundwater (Hamurana 90% and Awahou 80%). In addition, the mean groundwater residence time (MRT) 

for the Hamurana and Awahou sub-catchments is approximately 125 and 75 years, respectively 

(Morgenstern et al. 2015). Morgenstern et al. (2015) demonstrated that within the Rotorua catchment, 

increasing groundwater MRT results in increasing DRP concentrations. This increase is attributable to 

dissolution of phosphorus rich minerals in the volcanic strata and it results in naturally high DRP loading 

to Lake Rotorua, particularly from the Hamurana and Awahou sub-catchments. The relative contribution 

of particulate phosphorus to the TP load is considerably lower in these sub-catchments compared with 

others in the Lake Rotorua catchment because particulate phosphorus is primarily associated with eroded 

soil in surface flows (McDowell 2010) and direct surface water inputs make only a small contribution to 

the total discharge from Hamurana and Awahou Streams. Therefore both the baseline and anthropogenic 

components of the particulate phosphorus load in these streams are considerably smaller than the DRP 

load. 

Compared with the Hamurana and Awahou sub-catchments, the Ngongotaha, Utuhina and Puarenga sub-

catchments have reduced groundwater contributions (34%, 46% and 52%, respectively) and less 

agricultural land (53%, 29% and 27% by area, respectively). The lower contribution to discharge by old-

age groundwater results in less DRP loading from natural geologic sources in these sub-catchments. 

However, the increased proportion of anthropogenic TP loading is likely due to the higher surface water 

contributions that discharge more particulate phosphorus from developed land (including various 

proportions of agriculture and urban land) (McDowell 2010).  

The Waiohewa sub-catchment has unusually low observed DRP concentrations compared with other sub-

catchments, despite a moderate groundwater MRT of 40 years. As a result there was a negative 

anthropogenic loading value calculated following adjustments of DRP concentrations for groundwater 

residence time. The Waiohewa catchment is strongly geothermally influenced, and the geothermal 

waters in this area are often very high in ammonium but low in phosphorus. The geothermal waters of 

the Waiohewa sub-catchment do not fit well within the MRT model used for this study and further 

monitoring would be required to increase the accuracy of phosphorus load estimations from this 

catchment. 
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Morgenstern et al. (2015) found little evidence for elevated phosphate levels in groundwater despite 

increasing fertiliser applications in the Rotorua catchment, and suggested that phosphorus from 

agricultural fertiliser use has generally not been transported to groundwater or may be masked by the 

naturally high groundwater DRP concentrations. However, groundwater in aquifers <20 years old may be 

enriched with DRP from past anthropogenic activities associated with septic tank discharges or fertiliser 

applications (Hoare 1987). Currently, there are limited data for such cases and there is greater uncertainty 

in accurately determining the age of groundwater <20 years old and defining its contribution to 

phosphorus loads (Morgenstern et al. 2015). In this report, minor and ungauged catchments were 

prescribed to be groundwater dominated (83%), and an estimated MRT of 30 years was utilised in 

determining loads. This resulted in an estimated anthropogenic DRP load of 2.4 t y-1. Given the uncertainty 

of the groundwater MRT and potential anthropogenic influences on aquifers with a MRT <20 years, this 

figure should be treated with caution. 

The presence of elevated DRP in old groundwater indicates that its source is primarily due to phosphate 

leaching from the rhyolite ignimbrite and lava formations, because these waters were recharged before 

land use intensification (Morgenstern et al. 2015). With most groundwater discharging into Lake Rotorua 

being very old (MRT >50 years), the water has naturally high DRP concentrations and high baseline TP 

loads (Morgenstern et al. 2015). Baseline TP loads from the Rotorua sub-catchments ranged from 0.14 to 

4.1 kg P ha-1 y-1 with a mean of 0.87 kg P ha-1 y-1, in contrast the average baseline load for European 

catchments of around 0.1 kg P ha-1 y-1 (Bøgestrand et al. 2005). 

The Lake Rotorua Action Plan has a stated TLI target of 4.2 as a measure of acceptable lake health (BoPRC 

2009). The high natural DRP loads to Lake Rotorua provide a challenge in maintaining nutrient co-

limitation for phytoplankton growth. Lake trophic state modelling involving nutrient reduction scenarios 

has indicated that total nitrogen loads would need to be reduced from 641.5 t y-1 to 435 t N y-1 and TP 

loads from 34.5 t y-1 to 23.4 t P y-1 (DRP 23 t y-1 to 15.6 t y-1) to achieve a TLI3* target of 4.32, equivalent 

to a TLI4 value of 4.2 (Hamilton et al. 2015). However, these scenarios utilised inflow phosphorus 

concentrations from monthly baseflow sampling of inflows and as such are likely underestimate TP and 

DRP loading from stormflow events. This report includes stormflow TP and DRP loadings from the 

Puarenga, Ngongotaha and Utuhina Streams, resulting in a lake TP loading estimate of 48.7 t y-1 (23.4 t y-

1 anthropogenic) and a DRP loading of 27.7 t y-1 (6.1 t y-1 anthropogenic). To achieve a TLI target of 4.2 

would require an estimated reduction in TP of 10–15 t y-1, i.e., anthropogenic TP loading would need to 

be reduced from 24 t y-1 to 8–13 t y-1, based on previous modelling by Hamilton et al. (2015). More precise 

estimates cannot be provided without further modelling due to interactions between nutrient 

concentrations, species and ratios (N:P), as well as algal species composition. 

Alum dosing in the Puarenga and Utuhina streams has achieved a >80% reduction in DRP loading to Lake 

Rotorua from these streams (Hamilton et al. 2015). Assuming that the aluminium bound fraction is no 

longer biologically available, this equates to a 20.1% reduction in total phosphorus loading from these 

streams, or 1.21 t P y-1 (i.e., 57.6% of the action plan target). Hamilton et al. (2015) also suggest that alum 

dosing may also produce beneficial in-lake effects such as flocculation of particulate phosphorus and a 

reduction in lake sediment phosphorus release. However, while alum dosing is effective in reducing 

dissolved phosphorus, aluminium can be highly toxic to aquatic organisms under certain conditions and 

                                                           
* TLI is typically calculated from four components TN, TP, chlorophyll a and Secchi depth. However, the 
Secchi depth component was ignored as the model used does not explicitly simulate Secchi depth, 
reducing the TLI to three components for this analysis.   
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concentrations. Tempero (2015) suggests that increasing alum dosing to Lake Rotorua is not a viable 

medium- to long-term strategy, and current levels of dosing require a precautionary approach. Lake 

Rotorua has a very low buffering capacity and the hydrolysis reaction of alum causes acidification in poorly 

buffered waters, causing aluminium to become toxic to aquatic organisms (Tempero 2015). Direct toxicity 

has not currently been observed, likely due to low to moderate levels of alum dosing to date. 

Management of anthropogenic particulate phosphorus loads should also be a high priority for reduction 

as they will be most amenable to management. Sub-catchment particulate phosphorus loads are most 

appropriately addressed by land-use best practice (McDowell 2010), improved stormwater detention (Nix 

et al. 1988) and erosion control (Stutter et al. 2008). Identifying catchments where these practices will 

provide the greatest benefit should be a priority. Index models to evaluate where and when to direct 

management efforts could also be extremely useful and allow prioritisation of expenditure for catchment 

management in a GIS framework (Drewry et al. 2011). Figure 5 demonstrates that the minor and 

ungauged sub-catchments contribute 33% of the total anthropogenic particulate phosphorus load. 

However, this estimate should be treated with caution as it includes discharge estimates from other sub-

catchments which are ungauged and it does not include corrections for storm flows. Further investigation 

to identify discharges with significant loads and potential critical source areas (that account for the 

majority of phosphorus loss on an areal basis) in these catchments is needed.  Increasing the spatial extent 

of hydrometric gauges would also greatly improve the precision of load estimates from major streams 

(e.g., Awahou, Waiteti, Waiohewa). 

 

Study limitations 

The phosphorus load estimates calculated for this report have been based on the best available data, 

however, a number of assumptions were unavoidable and data limitations need to be specifically 

acknowledged. Notably, phosphorus loading from stormflows were only estimated for three inflows 

(Utuhina, Puarenga and Ngongotaha), as stormflow monitoring data or stream gauging data were 

unavailable for other sub-catchments. Estimates of anthropogenic phosphorus loads were derived from 

the difference between the observed total phosphorus load and the estimated natural load. The 

estimated natural phosphorus load was derived from the median phosphorus concentration multiplied 

by the annual flow, hence the natural load excludes stormflows for the Utuhina, Puarenga and 

Ngongotaha sub-catchments (assuming TP concentrations increase in storm flow from native forest). In 

addition, natural phosphorus concentration data sourced from McDowell et al. (2013) were based on the 

stated median concentrations rather than mean concentrations for each site. The use of median values is 

likely to have resulted in a bias towards lower phosphorus concentrations due to the predominance of 

baseflow samples as opposed to stormflow samples. This limitation may have resulted in an over-

estimation of the anthropogenic load from all catchments, which may be exacerbated by inclusion of 

stormflow corrections for the Utuhina, Puarenga and Ngongotaha sub-catchments. This effect may be 

somewhat moderated under natural conditions (i.e., undisturbed evergreen forest with limited erosion) 

as stormflow TP concentrations would be lower than in developed catchments, however, data to quantify 

this effect on North Island volcanic catchments is not available. 

Another assumption made when estimating the phosphorus loads was related to the groundwater mean 

residence time for minor and ungauged catchments. Collectively, these ‘minor’ catchments make a 

significant contribution to the external phosphorus load to Lake Rotorua. Estimates of groundwater 

contribution and MRT were derived from a limited set of data. A MRT of 30 years was used for estimation 
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of the groundwater phosphorus concentrations in the minor and ungauged catchments. However, if the 

MRT is lower this will result in a reduction in phosphorus concentrations and the associated P load to Lake 

Rotorua. For example, reducing the MRT from 30 to 15 years would reduce the baseline (natural) DRP 

load by 1.2 t y-1 (i.e., a 5.5% reduction in total baseline DRP). 

 

CONCLUSION 
Estimates of DRP and TP loads indicate that approximately 22% of the DRP load and 48% of the TP load 

to Lake Rotorua result from anthropogenic activity. Phosphorus loads from groundwater-dominated 

catchments on the western side of the lake are mostly derived from DRP in old-age groundwater. 

Dissolved reactive phosphorus concentrations in this area are the result of natural rather than 

anthropogenic processes, despite land-use in these sub-catchments being mainly pastoral. The large 

groundwater component of the discharge means that there is also comparatively little anthropogenic TP 

loading during baseflow conditions. In contrast, catchments to the south and east of the lake have less 

agricultural land-use, but are more strongly dominated by surface water contributions. Therefore, there 

is a greater proportion of anthropogenic TP loading, primarily in the form of particulate phosphorus. 

Discharge from minor and ungauged catchments has been identified as contributing the greatest 

proportion of anthropogenic phosphorus, both in terms of total loading and on an areal basis, despite 

being heavily groundwater influenced.  

Alum dosing of the Puarenga and Utuhina streams has been highly effective in reducing DRP loads to Lake 

Rotorua. However, particulate material is not as readily sequestered by aluminium. Particulate material 

is often derived from erosion, cattle excreta, fertilizer run-off and storm water run-off, all of which can 

be mitigated by following best practices in land management or storm water engineering. Given 

significant phosphorus loading is occurring by way of particulate material, it is recommended that 

mitigation efforts focus on improving land management practices to reduce phosphorus loads to Lake 

Rotorua.  Every effort should be made to reduce total phosphorus loads from anthropogenic sources to 

levels that are commensurate with the lake target TLI of 4.2. This would entail targeting the 23.4 t y-1 of 

anthropogenic TP to align with the required 8–13 t y-1 (lake load 10–15 t y-1) reduction necessary to meet 

the TLI of 4.2.  
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APPENDICES 

 

 

Appendix 1. Detailed catchment and sub-catchment boundaries for Lake Rotorua including surface water (top) 
and groundwater (bottom). 
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Appendix 2. Relationship between DRP (PO4-P) and groundwater mean residence time (MRT) reported by 
Morgenstern et al. (2015). This relationship was used to calculate sub-catchment specific groundwater DRP 
concentrations. 

 

In order to simulate hypothetical scenarios with no alum dosing of either inflows, it was necessary to 

approximate dissolved P concentrations with the effects of alum absent. Therefore mean DRP:TP ratios 

were calculated for each month of the year using data between 2001 and 2006 (i.e., ‘pre-alum’). This 

ratio was then applied to each measurement of TP 2006 – 2012, in order to estimate the DRP 

concentration (Appendix 3, triangles). 
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Appendix 3. Time-series of inflow measurements in the Utuhina inflow for TP (red dots), DRP (blue diamonds). 
Green triangles represent estimated DRP if alum dosing had not been undertaken 2006 – 2012. This was 
estimated using an average of DRP:TP for each month of the period  before  alum dosing commenced (Hamilton 
et al. 2015). 
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Annexure I

NIWA 2009 - Storm nutrient loads 
in Rotorua streams
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lake ecosystems
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View eastwards over Lake Rotorua at dawn, January 2012  
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Abstract 

Globally, the accelerated eutrophication of lake ecosystems due to excess inputs 

of nitrogen (N) and phosphorus (P) is a significant problem. The rate of loading of 

N and P to lakes varies both in space and time. Developing good understanding of 

such spatial and temporal variability is critical for developing integrated 

approaches to managing lake water quality. Consequently, this study aimed to 

improve understanding of spatial and temporal variations in N and P loading to 

lakes, and, to examine how this variability affects water quality. The topic was 

considered at global, national and catchment scales. 

 Analysis of an extensive global dataset was undertaken to examine 

relationships between N, P and chlorophyll a (chl a) in lakes along a gradient of 

latitude inclusive of tropical, temperate and polar regions. The ratio of total 

nitrogen (TN) to total phosphorus (TP) was positively correlated with latitude, 

reflecting global–scale variation in nutrient cycling processes and/or nutrient 

sources. Relative to temperate lakes, the statistical capability of concentrations of 

TN and TP to predict chl a concentration (i.e. indicating bottom–up control by 

nutrients) was shown to be poor for both tropical and polar lakes. These 

differences reflected latitudinal variation in lake ecosystem functioning, and 

highlighted the potential unsuitability of applying relationships derived for 

temperate lakes elsewhere. Quantile regression was used to derive theoretical chl 

a near–maxima as a function of either TN or TP concentrations. Consequently, 

chl a:TN and chl a:TP yields (by mass) of 0.046:1 and 0.87:1 were determined to 

approximate the maximum possible yields of chl a under optimal conditions as a 

proxy for phytoplankton biomass potential.  

 Nationally–significant relationships between landscape characteristics and 

in–lake TN and TP concentrations were quantified for a representative sample of 

101 lakes in New Zealand. Geographical Information Systems were used to 

analyse data from a range of sources that related to both lake–specific and wider 

landscape characteristics. Inferential statistical methods were then used to 

quantify relationships between in–lake nutrients and both land use and naturally–

occurring soil P. National–scale variability in mean catchment soil P was found to 

be unrelated to in–lake TP concentrations, reflecting the dominant influence of 

human–related sources of P on TP concentrations in New Zealand lakes. The 
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extent of intensive pastoral agriculture was the best land use predictor of TN and 

TP concentrations, accounting for 38.6% and 41.0% of variation respectively. 

Exotic forestry accounted for a further 18.8% of variation in TP concentrations. A 

sub–sample of lakes for which intensive pastoral agriculture was the dominant 

catchment land use was then considered to test hypotheses regarding potential 

interactive effects of eight landscape characteristics on the positive relationship 

between intensively managed pasture and in–lake nutrient concentrations. Both 

maximum lake depth and the ratio of catchment to lake area had significant 

interactive effects, exerting a negative and a positive influence, respectively. In 

addition, an indicator of hydrological connectivity (lake order) also had a positive 

interactive effect on the relationship between this land use type and in lake TP 

(but not TN) concentrations. 

 To examine these broad relationships at finer spatial resolution, and also to 

quantify temporal variations in nutrient loading, an extensive field programme 

was conducted in the catchment of Lake Rotorua (Bay of Plenty, New Zealand); a 

large (80.5 km
2
), relatively shallow (zmean = 10.8 m) lake that has experienced 

eutrophication. The Ngongotaha and Puarenga streams are two major inflows to 

the lake that were sampled at high frequency throughout a wide range of stream 

discharge coinciding with rainfall events. Both streams had different catchment 

characteristics (e.g. land use and hydrogeomorphology) which enabled spatial 

variations in nutrient loading between sub–catchments located upstream of a 

common lake ecosystem to be examined. Streams were sampled during a total of 

17 hydrological events, including three during which both streams were 

simultaneously sampled to compare differences in pollutant transport between the 

streams during similar hydrological conditions. Relationships between nutrient 

concentrations and stream discharge were broadly similar for the two catchments, 

and quantification of relationships permitted nutrient loading to be estimated 

continuously over annual periods. Key findings included the dominance of event 

loads by dissolved inorganic N and the strong positive correlation between 

discharge and particulate P concentrations. Quantification of hysteresis in 

relationships between nutrient concentrations and discharge provided information 

about the relative importance of near– versus far– channel sources during 

individual events. For example, elevated concentrations of dissolved inorganic N 

during recessing hydrograph limbs for the Puarenga Stream suggested diffuse 

delivery of N from an upstream source. Temporal inequality in estimated loading 
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over a two–year period was high for TP as, for example, 50% of estimated 

cumulative two–year loads of TP were calculated to have been transported during 

10–17% of the two–year time period. 

 The effects of storm flow discharges on water quality in Lake Rotorua 

were studied at fine spatial and temporal resolution for a five–day period with 

high rainfall in summer. An intensive programme of lake and stream sampling 

was paired with application of a three–dimensional hydrodynamic–ecological 

model (ELCOM–CAEDYM) to specifically study how dynamic fluxes in water, 

sediment, N and P transport in the Ngongotaha Stream inflow influenced water 

quality and phytoplankton nutrient limitation in the transition zone present where 

the stream enters the lake. Wind–driven basin–scale horizontal circulations in the 

lake caused deflection of the inflowing stream which strongly influenced water 

quality in the littoral zone for a distance of up to 1 km from the stream mouth, 

thus highlighting the potential importance of basin–scale horizontal transport 

processes in mediating the effects of storm flow discharges on lake water quality. 

The nutrient limitation status of phytoplankton varied both spatially and 

temporally within the lake in relation to nutrient transport processes, emphasising 

the relatively fine spatial and temporal scales at which key processes that affect 

phytoplankton ecology can occur. Dilution of lake water by the stream inflow 

strongly affected the spatial distribution of chl a, although the highly spatially 

resolved sampling identified ‘hot spots’ within the nutrient–rich plume which 

contributed to fine scale (≈10–30 m) patchiness in the transition zone. The results 

of nutrient enrichment experiments indicated that such patchiness was consistent 

with a scenario of relative stimulation in the growth of lentic phytoplankton due to 

high nutrient availability in the spreading plume.  

 To further examine the issue of nutrient bioavailability, chemical 

fractionation techniques and batch culture experiments were conducted to 

investigate spatial (between streams) and temporal (between periods of varying 

stream discharge) variations in the bioavailability of particulate P transported in 

storm flow for the two study streams. Bicarbonate–dithionate extraction indicated 

that 25–100% of particulate P transported in stream water samples collected 

during storm flow was potentially bioavailable if exposed to anoxia, e.g. in the 

lake hypolimnion during calm summer periods. Somewhat paradoxically though, 

bioassays indicated that, under oxic conditions in the laboratory, bioavailable P 

was actually higher in filtered samples (particulate P removed) than in unfiltered 
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samples (higher TP concentrations, particulate P present). This result was 

attributed to net adsorption of dissolved inorganic P by the sediments present in 

the unfiltered treatments, and therefore highlights the importance of considering 

physicochemical characteristics of receiving environments when assessing 

bioavailability of P sorbed to sediments. 

 Hence, by examining a range of spatial scales and integrating 

understanding gained using a range of research methods, this study has provided 

knowledge of underlying drivers of spatial and temporal variability in nutrient 

loading to lake ecosystems at scales ranging from global to a few metres. 

Furthermore, it has provided insight into how such variability can affect lake 

water quality. This knowledge can guide actions that are increasingly required to 

safeguard the services provided by lake ecosystems in a future with increasing 

global and local pressures on freshwaters. 
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1 Introduction 

1.1 General background 

1.1.1 Variability in lake ecosystems 

Ecosystems are in a state of non–equilibrium (Michaelian, 2005). Thus, they are 

characterised by concentration gradients in both space and time which interact 

dynamically as gradients continually establish and dissipate (Müller, 1998; 

Jørgensen and Marques, 2001). Such a conceptual framework is particularly 

pertinent for lake ecosystems due to high heterogeneity (Kratz et al., 2005) and 

sensitivity to fine–scale perturbations as a result of the distorted temporal and 

spatial scales that planktonic organisms inhabit relative to terrestrial ecosystems 

(Reynolds, 1995). Hence, while isolated measurement along spatial and temporal 

gradients can provide insight into the state and structure of lake ecosystems, 

investigation of gradient dynamics is necessary to gain good understanding of 

how lake ecosystems function (Müller, 1998). 

1.1.2 Linking lakes and landscapes 

Historically, there has been tendency for limnologists to consider individual lakes 

as isolated units of study (Johnes, 1999). In recent decades, however, the 

importance of considering the continuity between lakes and their wider 

catchments (including overlying atmosphere) has been widely recognised (e.g. 

Bormann and Likens, 1967; Odum, 1969; Baron et al. 2002). This holistic 

perspective, in conjunction with increased availability and extent of spatially–

resolved data, has promoted study at the landscape–scale that has highlighted the 

close coupling between many fundamental components of lake ecosystems and 

processes that operate at landscape–scales (Johnson and Host, 2010). Recognising 

continuity between lakes and the surrounding landscape is particularly important 

when considering biogeochemical cycling, as lake water chemistry is intrinsically 

related to wider catchment characteristics (e.g. Håkanson, 2005, Martin and 

Soranno, 2006). Consequently, the emerging field of landscape limnology has 

developed in recent years; involving application of statistical techniques with 

increasingly large datasets to allow the spatially–explicit study of lakes and 

interactions with surrounding landscapes (Soranno et al., 2010). Hydrological 

processes have a fundamental role in controlling the transport of materials from 
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terrestrial environments to receiving lake ecosystems. Such processes therefore 

mediate how other landscape characteristics affect lake water quality, and impose 

temporal variations to material fluxes to lakes due to the episodic nature of 

hydrological transport processes such as stream flow (e.g. Yahdjian & Sala, 

2010). Comprehensive understanding of the fundamental interactions between 

biogeochemical and hydrological systems is, however, currently lacking, and 

further investigation of these linkages has been identified as a priority for further 

research (Burt & Pinay, 2005; Lohse et al. 2009; Green & Finlay, 2010). 

1.1.3 Nutrient loading and eutrophication 

Understanding the factors that regulate inputs of nitrogen (N) and phosphorus (P) 

to lakes has long been of particular interest to limnologists. Nitrogen and P are 

required in relatively large quantities to support a range of essential cell 

physiological functions (Maathuis, 2009) and, although micronutrients such as 

iron and zinc can limit phytoplankton growth in some unproductive lakes 

(Goldman, 1960, Downs et al., 2008), N and P have been shown to most 

frequently limit primary production in freshwaters (Vollenweider, 1968, Hecky 

and Kilham, 1988, Elser, 2007). There are a range of fractions of N and P present 

in freshwaters, with the total pool of N and P comprising a particulate and a 

dissolved fraction that is typically operationally defined by filtration (reviewed by 

Worsfold et al., 2008). The extent to which nutrients can be assimilated by living 

organisms (bioavailability) varies between fractions, the most bioavailable being 

the inorganic dissolved component which comprises the fully dissociated 

orthophosphate ions (H2PO4
-
, HPO4

2-
, PO4

3-
) in the case of P (Reynolds and 

Davies, 2001) and nitrite (NO2
-
), nitrate (NO3

-
) and ammonium (NH4

+
) ions in the 

case of N (Rabalais, 2002). In waters of natural lakes that are pristine or little 

disturbed by human activities, tightly–coupled cycling between landscapes and 

freshwaters means that bioavailable N and P are continually scarce, maintaining 

both low overall primary productivity, and, a natural tendency for N and P to be 

equally influential in bottom–up control of phytoplankton (i.e. co–limitation) 

(Moss et al., 2012). In undisturbed ecosystems, and over seasonal timescales, the 

relative abundance of these two nutrients (i.e. stoichiometry) in pelagic surface 

waters of a lake may therefore be expected to approximate the ‘Redfield ratio’ of 

7.2 N:1 P by mass (Redfield et al., 1963). Such a ratio has been shown to 

approximate the average of species–specific biochemical optima (Klausmeier et 
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al., 2004) which reflect homeostasis in the synthesis of ribosomal RNAs and 

proteins (Loladze and Elser, 2011). In many catchments, however, failure to 

adequately treat pollution from human sources such as sewage and agricultural 

emissions has now resulted in freshwaters becoming analogous to a “waste bin” 

(Moss, 2008). Variation in N:P between sources of nutrient pollution has resulted 

in an increased range of N:P in lake water, secondary to a general trend of nutrient 

enrichment (Downing & McCauley 1992, Moss 2012). Consequently, 

anthropogenically–accelerated eutrophication has now become a widespread 

problem for lake ecosystems, resulting in major ecological, social and economic 

impacts that include: de–oxygenation, fish kills, loss of biodiversity, decreased 

water potability and proliferation of potentially toxic algal blooms (Carpenter et 

al., 1998, Schindler and Vallentyne, 2008). 

1.1.4 Controlling eutrophication in New Zealand 

The need to limit loading of N and P to lakes to control eutrophication has been 

widely recognised (e.g. Conley et al., 2009), although some researchers advocate 

that a policy of P–only control should be adopted; an argument supported by 

ecosystem–scale experiments conducted in the Canadian Experimental Lakes 

Area which showed that N controls were offset by increased N2 fixation by 

heterocystous cyanobacteria (Schindler et al., 2008). Despite this, P–only control 

is not, however, generally recommended to control eutrophication in New Zealand 

catchments. In an extension of a study by White (1983), Abell et al. (2010) 

compared multi–annual median ratios of total nitrogen (TN) to total phosphorus 

(TP) concentrations for 121 lakes in New Zealand, with those for 689 lakes in 15 

European Union countries. The study showed that median TN:TP was 

significantly lower for the New Zealand dataset for each of the five categories of 

trophic state that were considered
1
(Figure 1.1a). These systematic differences 

were attributed primarily to relatively lower N concentrations in unproductive 

New Zealand lakes (Figure 1.1b), and to relatively higher P concentrations in 

more eutrophic lakes (Figure 1.1c).  

  

                                                 
1
 Trophic state was defined on the basis of chlorophyll a concentrations defined by the OECD 

(1982) fixed–boundary system.  
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The near–pristine concentrations of N present in ultra–oligotrophic and 

oligotrophic New Zealand lakes, in conjunction with the high relative importance 

of N in limiting phytoplankton biomass (implicit in low observed TN:TP), 

therefore means that failure to control N loads to New Zealand lakes has the 

potential to cause eutrophication. Hence, although conclusions about strategies to 

reverse eutrophication cannot be solely made on the basis of knowledge about 

current nutrient limitation (due to hysteretic effects; Schindler, 2012), the 

potential for further ecological decline if N is not controlled warrants the need to 

control N pollution in New Zealand. The rationale for dual control of N and P is 

further supported by New Zealand’s island status which means that there is 

Figure  1.1 Median mass ratios of total 

nitrogen (TN) to total phosphorus 

(TP) (a), TN (b), and TP (c) 

concentrations for 121 New Zealand 

lakes and 689 lakes in European 

Union countries, by five categories of 

trophic status. Data are log10 

transformed. The whiskers represent 

the non-outlier range, the outer edges 

of the boxes represent the 25
th

 and 75
th

 

percentiles, the lines within the boxes 

represent the median, circles  

represent outliers, and crosses 

represent extreme data points. 

Modified from Abell et al. (2010). 
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frequently high connectivity between freshwater and marine ecosystems, for 

which sensitivity to N–enrichment is well established (cf. Paerl, 2009).  

1.1.5 Quantifying spatial and temporal variations in nutrient loading to Lake 

Rotorua: A research priority 

Lake Rotorua (Bay of Plenty, New Zealand) and its surrounding catchment was 

the study site chosen for the programme of field and laboratory work that forms 

the focus of chapters 4–6. It is a large (80.5 km
2
), relatively shallow (zmean = 10.8 

m) and polymictic lake that was volcanically–formed. The lake is nationally 

iconic and of particular cultural significance to Te Arawa who are the legal 

owners of the lake bed.  

Lake Rotorua has experienced eutrophication and associated water quality 

decline over recent decades. Rutherford (1984) analysed trends in lake water 

quality from 1966–1983 and identified water quality decline during the periods 

1967–1970 and 1978–1983. These periods of deterioration were attributed 

primarily to meteorological conditions that favoured stratification (and hence 

internal nutrient loading) and inputs from sewage effluent respectively. 

Rutherford et al. (1989) later analysed trends in lake water quality and nutrient 

inputs over one decade (1976–1986) and recommended that both N and P inputs 

from sewage be removed from the lake. Sewage inputs were diverted from the 

lake in 1991 and wastewater was instead discharged into the Whakarewarewa 

forest in the Puarenga Stream sub–catchment to the south of the lake (Tomer et 

al., 2000). This action was supported by implementation of the Upper Kaituna 

Catchment Control Scheme which comprised a range of comprehensive diffuse 

pollution control measures such as riparian planting and hillside stabilization that 

were implemented throughout the 1980s (Williamson et al., 1996). Despite these 

actions, and other measures (see Abell et al., 2011, Appendix 1), Lake Rotorua 

remains eutrophic and no long–term improvement in water quality has yet been 

recognised (Burns et al., 2009).  

In response to public dissatisfaction with water quality, Lake Rotorua was 

identified as a priority for restoration (Parliamentary Commissioner for the 

Environment, 2006) and national and regional government funds were designated 

to support this (Her Majesty the Queen et al., 2008). It is recognised that 

continuing research is required to guide the long–term changes to both land use 

and land management that are necessary as part of an integrated catchment 
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management approach to achieve restoration objectives (Parliamentary 

Commissioner for the Environment, 2006). Specifically, improved quantification 

of nutrient loading to the lake during episodic storm flow periods has been 

identified as a research priority by separate studies (Rotorua Lakes Strategy 

Group, 2000; Hamilton, 2003). Recently, the rationale for developing good 

understanding of spatial and temporal variations in nutrient loading to the lake has 

been strengthened following use of dynamic process–based models to inform 

decision–making (e.g. Burger et al., 2008), and the consequent need for accurate 

and suitably resolved input data.  

1.2 Objectives 

The overarching objective of this thesis was to improve understanding of spatial 

and temporal variations in nitrogen and phosphorus loading to lakes, and, to 

examine how these variations affect water quality. Accordingly, research was 

conducted at a range of spatial and temporal scales to develop broad and 

integrated understanding. Research comprised: collation and critical analysis of 

existing datasets from a range of sources; an extensive programme of field work 

conducted in the catchment of Lake Rotorua during different hydrological 

conditions; configuration and application of a coupled ecological–hydrodynamic 

model, and; developing and undertaking laboratory–based experiments. 

1.3 Thesis overview 

This thesis comprises five main research chapters (Chapters 2–6) which have been 

prepared for, or published in, peer–reviewed scientific journals. These chapters 

are presented in order of decreasing spatial scale at which the research was 

conducted. Consequently, Chapter 2 has global focus, Chapter 3 has a national–

scale focus and Chapters 4–6 concern specific research relating to Lake Rotorua 

(see Section 1.1.5). Chapter 7 provides an overview of the main conclusions of the 

research chapters, and also provides ideas for how the research could be further 

advanced.  

Chapter 2 presents analysis of global latitudinal variations in relationships 

between phytoplankton biomass (inferred from chlorophyll a concentration), and 

N and P concentrations, using an extensive sample of lakes. This chapter 

describes previously unreported systematic global–scale variation in the relative 

abundance of TN and TP in lakes, and, quantifies latitudinal variations in 
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relationships between nutrients and phytoplankton biomass that reflect latitudinal 

variations in lake ecosystem functioning.  

Chapter 3 describes a study that used Geographical Information Systems 

to compile and analyse data relating to land use and catchment characteristics for 

101 lakes throughout New Zealand. Inferential statistical techniques were used to 

analyse relationships between land use and multi–annual mean in–lake TN and TP 

concentrations, to provide national–scale understanding of linkages between 

landscape factors and lake water quality. 

Chapter 4 presents the results of an extensive field study involving high–

frequency water sampling of surface stream inflows to Lake Rotorua. The aim of 

the research was to quantify both temporal (with sub–catchment) and spatial 

(between sub–catchment) variations in loads of both N and P transported to the 

lake, with particular emphasis on high–discharge periods that are typically not 

included in routine sampling. A range of different nutrient fractions was 

considered to provide insight into how the relative composition of total nutrient 

loads can vary during different hydrological conditions. Loads of suspended 

sediment were also quantified, reflecting the association between sediments and 

particulate nutrients, in addition to the status of this potential pollutant as an 

important determinant of water quality in its own right. 

Chapter 5 describes an integrated study of fine–scale spatial and temporal 

variations in the water quality of Lake Rotorua throughout a meteorologically 

dynamic period during early summer. Specifically, the study focused on 

biogeochemical processes in the transition zone present at the interface between a 

stream inflow and the littoral zone of the lake. The study involved: sampling lake 

and stream water; analysis of high–frequency data collected using in situ sensors; 

configuration and validation of a three–dimensional coupled ecological–

hydrodynamic computer model, and; laboratory–based nutrient enrichment 

experiments to determine the nutrient limitation status of phytoplankton 

communities. 

Chapter 6 addresses uncertainties raised in Chapters 4 and 5 by examining 

the bioavailability of particulate P transported in stream storm flow. The chapter 

presents results of chemical analyses to quantify potential desorption of dissolved 

inorganic P under anoxic conditions. In addition, results are presented of an 

experiment designed to examine whether phytoplankton isolated from the lake can 
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utilise particulate P. Briefly, the experiment involved measuring the growth rate 

and maximum biomass of initially P–limited phytoplankton cultures added to 

stream waters that had been: filtered (no particulate P) or unfiltered (particulate P 

present), and also, exposed to a reducing agent (particulate P and dissolved redox–

sensitive P present). 

Appendix 1 is an article that critically examines policy and restoration 

approaches for managing water quality in the Te Arawa lakes (which include 

Lake Rotorua) in New Zealand. The article specifically focuses on the control of 

nutrient pollution from agricultural sources and discusses potential ways to 

address the issue at the national–scale. 
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2 Latitudinal variation in nutrient stoichiometry and 

chlorophyll-nutrient relationships in lakes: A global 

study 

2.1 Introduction 

As primary producers, phytoplankton are a fundamental component of lake 

ecosystems, occupying a pivotal role in the global carbon cycle and providing 

resources to support higher trophic levels (Reynolds 2006). Following 

anthropogenic perturbation, however, phytoplankton can become excessively 

abundant, resulting in adverse ecological and economic impacts (Smith 2003). 

Resource limitation theory states that the yield of phytoplankton biomass is 

controlled by the availability of the factor (e.g. an essential macronutrient) most 

deficient in relation to algal growth requirements (von Liebig 1885; Klausmeier et 

al. 2004). This theory forms the basis of bottom–up models that have been used 

for decades to quantitatively predict phytoplankton biomass (usually inferred from 

chlorophyll a (chl a) concentration), based on the abundance of the essential 

nutrients nitrogen (N) and phosphorus (P) (e.g. Sakamoto 1966; Canfield & 

Bachmann, 1981; OECD 1982; Phillips et al. 2008). Researchers typically focus 

on the mean response of dependent variables in such models, although in common 

with many other ecological data, the law of limiting factors (von Liebig 1885) 

imposes a ‘factor ceiling’ to data distributions (Thomson et al. 1996). Examining 

other portions of data distributions can therefore also provide insight to ecological 

relationships (Scharf et al. 1998); however, such an approach has so far been 

applied sparingly to limnological datasets (e.g. Kaiser et al. 1994; Jones et al. 

2011). 

Understanding how variation in nutrient abundance affects phytoplankton 

biomass has relevance to applied ecology and recent debate has focused on the 

relative importance of N and P in limiting phytoplankton biomass and the 

subsequent implications for developing effective policies to control eutrophication 

(Moss et al. 2012). As in this study, applied scientists are typically concerned with 

understanding the factors that regulate phytoplankton standing crop, as opposed to 

the factors that limit the instantaneous growth rate of individual species which 

may vary within a single assemblage (Hecky & Kilham 1988; Reynolds 2006). To 
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date, empirical analyses of chl a–nutrient relationships have predominantly (and 

often exclusively) considered lakes at northern temperate latitudes (e.g. OECD 

1982). These analyses frequently show P to be a better predictor of chl a than N, 

supporting the view that P is the principal nutrient that limits the production of 

phytoplankton biomass in lakes, with N occupying a secondary role (Sterner 

2008). This view is divergent from the results of a large–scale meta–analysis of 

nutrient enrichment experiments which found that phytoplankton in lakes are 

equally responsive to N and P additions (Elser 2007). 

Results of enrichment experiments suggest that there may be a latitudinal 

influence on chl a–nutrient relationships, as bioassays suggest that N limitation 

may be more prevalent in tropical than temperate lakes (Hecky & Kilham 1988; 

Elser et al. 2007). Several hypotheses have been suggested to explain why chl a–

nutrient relationships might vary with latitude, including correlation between 

latitude and: nutrient inputs (Schindler 1978); light limitation (Canfield & 

Bachmann 1981); temperature–dependent metabolic enzyme activity (Markager et 

al. 1999); denitrification rate (Lewis 1996; 2002); rate of phosphorus weathering 

(Lewis 1996); stratification processes (Lewis 1990) and top–down control 

(Flanagan et al. 2003). Despite this, only a small number of studies have explicitly 

compared chl a–nutrient relationships between temperate and non–temperate 

lakes (e.g. Jones et al. 2000; Flanagan et al. 2003; Huszar et al. 2006). Such 

comparisons have yielded discordant results, for example; Jones et al. (2000) 

showed that the chl a–total phosphorus (TP) relationship in 13 reservoirs in 

Thailand (c. 13–16 °N) matches that of temperate systems, a finding that is 

contrary to that of Huszar et al. (2006) who studied 192 tropical lakes and found 

the chl a–TP relationship to be markedly poorer compared to typical temperate 

models. Evidently, understanding of how phytoplankton biomass–nutrient 

relationships vary with latitude is lacking, and as yet, no study has sought to 

determine how latitude influences chl a–nutrient relationships in lakes along a 

global latitudinal gradient. 

 This study investigates relationships between latitude, chl a, total nitrogen 

(TN) and TP using data from a large sample of lakes. To the best of my 

knowledge, the sample is the largest used to date to examine these relationships 

and comprises lakes situated along a latitudinal gradient that includes tropical, 

temperate and polar regions. As is inevitable with such a broad–scale study, 

individual measurements may not necessarily be representative of lakes within a 
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specific latitudinal range. However, by examining relationships between variables 

along a global latitudinal cline, this study seeks to address the following research 

questions: 

1) Does relative nutrient abundance (TN:TP) in lakes vary with latitude?  

2) How do phytoplankton biomass–nutrient relationships differ between 

latitudinal zones? 

3) Is there evidence of latitudinal variation in nutrient limitation of 

phytoplankton biomass in lakes? 

 

2.2 Methods 

2.2.1 Data collection 

The study focused analysis on latitudinal variation in three empirical measures of 

either phytoplankton nutrient limitation or nutrient assimilation (Table  2.1). 

Matched concentrations (mg m
-3

) of chl a, TN and TP were obtained for unfiltered 

water samples taken from 1317 lakes. Data were obtained for lakes in over 30 

countries, situated from 69.5 °S – 83.0 °N. In addition, latitude (to the nearest 0.1 

degree) and data for lake depth (zmax or zmean) were obtained for each of the lakes 

in the sample. Where possible, mean concentrations relating to a number of 

samples collected over several years were obtained for trophic state variables, 

however, in some instances values related to one or more samples taken during a 

single day. This is particularly the case for polar lakes, many of which are difficult 

to access and only ice–free for a short period of the year. Data sources comprised 

published papers as well as national or regional databases of lake monitoring data 

(Table  2.2).  
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Table 2.1 Summary of empirical measures used in this study to quantify nutrient 

limitation of phytoplankton biomass and/or chlorophyll a (chl a)–nutrient 

relationships in lakes 

Empirical measure Variable Rationale 

Mass ratio of total 

nitrogen (TN) to total 

phosphorus (TP) 

TN:TP An indicator of the relative availability 

of each respective nutrient, widely 

used to infer whether the accumulation 

of phytoplankton biomass in a lake is 

likely to be limited by N or P, or, 

whether the stoichiometry of the two 

nutrients is broadly consistent with 

phytoplankton growth requirements 

(Hecky & Kilham 1988). The 

predictive power of this indicator is 

moderate and strongly dependent on 

the refractory portion of the TN pool 

(Ptacnik et al. 2010).   

 

Proportion of variation in 

mean chl a attributed to 

variation in TN or TP 

 

Standardised 

regression 

coefficients 

(β*) 

Linear regression statistics are widely 

used to describe the relationship 

between algal biomass and nutrient 

concentrations (Kaiser et al. 1994). 

Critical interpretation of relationships 

is necessary due to frequent 

covariation between N and P and non–

independence of variables (Lewis & 

Wurtsbaugh 2008). 

 

Yield of chl a per mass 

unit of TN or TP 

chl a:TN, 

chl a:TP 

Chl a yield is used as an indicator of 

nutrient assimilation by phytoplankton, 

reflecting both bottom–up and top–

down processes (Stauffer 1993).   
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Table 2.2 Data sources used in the study 

Geographic region / country n Details Data source 

Antarctica 2 Mean of two samples collected from the centre of the lakes at mid depth in December 2003 (on ice 

cover) and January 2004 (after ice cover had completely disappeared).  

Kudoh et al. (2009) 

Brazil 20 Mean of depth integrated samples from the euphotic zone collected in Nov 1999, Dec 1999 and Jan 

2000.  

Trevisan & Forsberg 

(2007)  

Canada 29 

 

 

Depth integrated sample collected from the euphotic zone in summer 2007. Murphy et al. (2010)  

Canada 54 One sample collected in July 2003 from 0.15 m depth. Keatley et al. (2007)  

Canada  38 One sample collected in July 1998. Michelutti et al. (2002)  

Canada 22 One sample collected in July 2000 from 0.30 m depth. Lim & Douglas (2003)  

 

Central and South America 

(Argentina, Brazil, Columbia, 

Ecuador, Mexico, Venezuela,  

Puerto Rico, USA (n=1)) 

 

22 Mean of samples collected monthly over at least a year in the 1970s and 1980s.  Salas & Martino (1991)  

Europe – Belgium 3 Mean data from 1965 – 2007. Only data that does not violate European Environment Agency 

Quality Assurance checks chosen.   

European Environment 

Agency (2009)  Europe – Croatia 6 

Europe – Denmark 20 

Europe – Estonia 8 

Europe – Finland 188 

Europe – France 4 

Europe – Germany 19 

Europe – Great Britain 1 

Europe – Hungary 8 

Europe – Iceland 1 

Europe – Ireland 3 

Europe – Italy 109 

Europe – Latvia 39 

Europe – Lithuania 27 
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Geographic region / country n Details Data source 

Europe – Netherlands 4 

Europe – Slovenia 

5 

 

Europe – Sweden 154 

Europe – Switzerland 9 

Europe – The former Yugoslav 

Republic of Macedonia 

2 

Japan 3 Mean concentrations of samples taken from 13 – 15 locations in each lake on one occasion at a 

depth of 0.5 m. 

Takamura et al. (2003)  

 

New Zealand 121 Samples collected either from the lake surface, or from integrated depths in the surface mixed layer, 

at monthly or quarterly intervals during the period of 2004 to 2006. 

New Zealand Ministry for 

the Environment and 

Regional Councils (pers. 

comm.) 

 

South America (Brazil, 

Argentina, Uruguay) 

83 Sampled once between November 2004 and March 2006 by the same team who collected 

integrated water samples at 20 random points in each lake. Two L of each integrated sample were 

gathered in a bulk sample totalling 40 L. 

Kosten et al. (2009)  

Sri Lanka  25 One sample collected during January – February 1997. Silva & Schiemer (2000)  

 

Thailand 13 Mean concentrations from samples collected in the monsoon season of 1988 and the pre monsoon 

season of 1991. Samples from < 4 m depth. 

Jones et al. (2000)  

USA (Alaska)  13 Summer means from 1992, 1993 and 1995. Samples taken from 2 m depth. Laperriere et al. (2003a)  

USA (Alaska) 15 Mean of three samples collected over summer (May – September) 1993 – 1994. Samples were 

depth integrated to a depth of twice the Secchi depth or to within 1 m of the bottom in shallow, 

clear lakes. 

Laperriere et al. (2003b)  

USA (Iowa, Kansas, Missouri, 

Nebraska) 

247 Summer median values.  Central Plains Center for 

BioAssessment.  
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2.2.2 Lake classification 

Lakes were assigned to four latitudinal categories: tropical (0 – 23.5° N/S), low–

temperate (22.6 – 44.5° N/S), high–temperate (44.6 – 66.5° N/S) and polar (66.5 – 

90° N/S). Boundaries of ‘tropical’ and ‘polar’ categories reflect the approximate 

axial tilt of the Earth, while the temperate zone was sub–divided to ensure that the 

four categories were approximately equal in °N/S. Lakes were also assigned to 

two categories based on depth: deep and shallow. For 1202 (91%) of the lakes in 

the sample, the criterion of zmean ≤ 3.0 m was used to define shallow lakes (see 

Padisák & Reynolds 2003), or when zmean was unknown, lakes with zmax ≤ 10 m 

were defined as shallow. Data for the remaining 114 lakes (9%) were obtained 

from several studies of ‘ponds’ and ‘lakes’ undertaken in the Arctic. ‘Ponds’ were 

defined as sites which completely froze to the bottom in winter whereas ‘lakes’ 

did not (e.g. see Michelutti et al. 2002). For the purpose of this study, ‘ponds’ 

were defined as shallow and ‘lakes’ as deep. Lakes were assigned to the following 

trophic state categories based on chl a concentration (mg m
-3

) defined in the 

OECD (1982) fixed boundary system: ultra–oligotrophic (chl a ≤ 1.0), 

oligotrophic (1.0 < chl a ≤ 2.5), mesotrophic (2.5 < chl a ≤ 8.0), eutrophic (8.0 < 

chl a ≤ 25.0) and hypertrophic (chl a > 25.0). Only one polar lake was in the 

eutrophic category and no polar lake was classified as hypertrophic. 

2.2.3 Data analysis 

The combined dataset was checked for outliers and one lake with an anomalously 

high TP concentration (> 9000 mg m
-3

) was removed, resulting in a total sample 

size of 1316 lakes. Data for all trophic state parameters were logarithmically (base 

10) transformed to achieve normal distributions prior to analysis using parametric 

tests. To conform with typical analytical detection limits, minimum chl a, TP and 

TN concentrations were set at 0.1, 0.1 and 1.0 mg m
-3

, respectively, and all 

concentrations below these values were therefore adjusted to the respective 

minima prior to transformation. The distribution of in–lake TN:TP displayed high 

kurtosis and was skewed to the right, so consequently, this variable was log10 

transformed to achieve normal distribution. Least squares linear regression was 

then used to analyse the relationship between log10 (TN:TP) and latitude. As 

TN:TP has been shown to negatively correlate with trophic state (Downing & 

McCauley 1992) and can be influenced by lake depth (Hamilton & Mitchell 

1997), residuals in the regression of log10 (TN:TP) on latitude were analysed and 
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also factorial Analysis of Variance (ANOVA) was also used to quantify the 

potentially interactive effects of latitude, lake depth and trophic state on TN:TP. 

Eutrophic and hypertrophic lakes were not included in the ANOVA because both 

deep and shallow polar lakes were not represented in these trophic state 

categories. Least squares linear regression was used to quantify linear variation in 

standardised TN and TP data (z scores) along the latitudinal gradient. The z scores 

were calculated by subtracting the mean and dividing by the standard deviation to 

generate descriptors with a common scale, thereby permitting direct comparison 

of regression slopes. 

The effect of latitude on chl a–nutrient relationships was investigated by 

using linear least squares regression to examine the relationship between log10 chl 

a and both log10 TN and log10 TP in each of the four latitudinal categories. As chl 

a–nutrient relationships can vary between deep and shallow lakes due to variation 

in the water column light climate (Nixdorf & Deneke 1997), separate models were 

derived for deep and shallow lakes, as well as for the combined (deep and 

shallow) sample. For each regression, the standardised regression coefficient was 

calculated which is the regression slope obtained when variables have been 

standardised. Standardised coefficients are numerically equivalent to a Pearson’s 

correlation coefficient (r) and provide a measure of the magnitude of variance in 

the dependent variable (i.e. log10 chl a) that is described by the independent 

variable (i.e. log10 TN or log10 TP).  

The bivariate distributions of chl a and both TN and TP data displayed 

distinct upper boundaries, typical of ‘factor ceiling’ distributions characteristic of 

ecological datasets in which the dependent variable is subject to limitation by the 

independent variable (Thomson et al. 1996). The upper boundaries were 

interpreted to represent conditional chl a maxima at a given TN or TP 

concentration, under conditions whereby phytoplankton biomass accumulation is 

solely limited by N or P abundance, respectively. Consequently, the slopes of the 

upper boundaries are an approximation of the maximum mass of chl a per mass 

unit of TN or TP observed in the global dataset. Conditional maxima in the chl a 

= ƒ(TN) and chl a = ƒ(TP) relationships were estimated using quantile regression 

(Koenker & Basset 1978). Quantile regression is a semi–parametric technique that 

can be used to estimate rates of change in all parts of the distribution of a 

dependent variable, unlike ordinary least squares regression which estimates 

variation only in the mean of a dependent variable (y), conditional on values of an 
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independent variable (x) (Cade & Noon 2003). Accordingly, conditional maxima 

were estimated by using the linear equation for the 95th quantile of observed chl 

a, calculated by minimisation of the following quantity (Scharf et al. 1998): 

 

icijj

i

i hxy     (1) 

with 

    
                  

                      
   

 

where y is chl a concentration (mg m
-3

) in a given lake i, βj is the coefficient of the 

x term (TN or TP), xij is TN or TP concentration (mg m
-3

), c is a constant and τ is 

the quantile value (0.95). Minimisation was performed using the Solver add–in to 

Microsoft
 

Excel 2007. All other statistical analyses were undertaken using 

Statistica (Version 8.0; Statsoft, Tulsa, USA) and a significance level of p ≤ 0.05 

was assumed for all tests. 

2.3 Results 

2.3.1 Latitudinal variation in TN:TP 

The magnitude of trophic state variables varied markedly between the four 

latitudinal categories. Median concentrations of TN, TP and chl a were all lowest 

in the polar category and highest in the low–temperate category (Table 2.3). 

Regression of log10 (TN:TP) on latitude ( N/S) yielded a significant positive 

relationship between the two variables (r
2
 = 0.34, p < 0.001) (Fig. 2.1a). The 

relationship was also significant when only northern hemisphere (n = 1076, r
2
 = 

0.33, p < 0.001) or southern hemisphere lakes (n = 240, r
2
 = 0.05, p < 0.001) were 

analysed, and was also significant when only temperate lakes were included in the 

regression (n = 1054, r
2
 = 0.19, p < 0.001). Regression analyses of log10 

transformed and standardised TN and TP on latitude showed that latitudinal 

variation in log10 (TN:TP) is a function of a proportionally greater decreasing 

trend in TP, relative to that for TN (Fig. 2.1b, 2.1c).  
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Table 2.3 Summary statistics for the lakes included in this study. Median values of variables are presented. See text for definition of depth and latitude 

categories. 

Lake group  n Deep (n) Shallow (n) Chl a  

(mg m
-3

) 

TN 

(mg m
-3

) 

TP 

(mg m
-3

) 

TN:TP 

 (mass) 

Chl a:TN 

(mass) 

Chl a:TP 

(mass) 

Entire dataset 1316 802 514 5.9 

0.6 

5.1 

13.2 

12.8 

620.5 

232.0 

567.5 

1148.0 

462.5 

27.1 

4.8 

18.7 

81.9 

42.3 

24.9 

52.9 

31.6 

15.5 

9.8 

0.010 

0.009 

0.009 

0.014 

0.024 

0.26 

0.32 

0.31 

0.21 

0.28 

Polar 144 78 66 

High–temperate 616 450 166 

Low–temperate 438 207 231 

Tropical 118 67 51 

 

Table 2.4 Summary of factorial ANOVA to examine the higher order interactive effects of lake depth (deep or shallow), trophic state (ultra–

oligotrophic, oligotrophic and mesotrophic) and latitude (tropical, low–temperate, high–temperate and polar) on log10 (TN:TP) in 768 lakes. Significant 

(p ≤ 0.05) p–values are shown in bold. Note that eutrophic and hypertrophic lakes are excluded from the ANOVA because not all categorical variables 

are represented at these trophic states. See text for definition of categorical variables. 

 Sum of squares d.f Mean of squares F p 

Depth 0.0001 1 0.001 0.01 0.93 

Latitude 22.75 3 7.58 64.08 < 0.001 
Trophic state 0. 05 2 0.25 0.21 0.81 

Depth × latitude 6.39 3 2.13 18.01 < 0.001 
Depth × trophic state 0.25 2 0.13 1.07 0.35 

Latitude × trophic state 2.40 6 0.40 3.38 < 0.01 
Depth × latitude × trophic state 1.96 6 0.33 2.76  0.01 
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Figure 2.1 Relationships between latitude and (a) TN:TP (by mass), (b) TN and 

(c) TP for 1316 lakes. Standardised TN and TP observations (z scores) are 

presented to allow comparison of slopes. The linear equation, r
2
 and p statistics 

relate to the average trend in the data shown by the solid line. Open circles denote 

northern hemisphere lakes; shaded circles denote southern hemisphere lakes. 

Dependent variables are log10 transformed. 

 

To test whether the relationship between TN:TP and latitude was a 

spurious result of co–variation between latitude and trophic state (i.e. 

proportionally more oligotrophic lakes at higher latitudes and more eutrophic 

lakes at lower latitudes), the residuals from the regression of log10 (TN:TP) on 

log10 chl a (slope = -0.28, r
2
 = 0.18, p < 0.001) were regressed against latitude 

( N/S). There was a highly significant positive relationship between the two 

variables in the latter regression (r
2
 = 0.19, p < 0.001) indicating that the 

relationship between TN:TP and latitude does not simply reflect underlying 

variation in lake trophic state (Downing & McCauley 1992).  

The results of a multi–factorial ANOVA of the effect of latitude, depth 

and trophic state on TN:TP supported this conclusion (Table 2.4). Differences in 

mean TN:TP were highly significant between latitudinal categories but not 
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between categories based on depth or trophic state, and furthermore, interaction 

effects between latitude and the other categorical variables were significant 

(Table 2.4). Although eutrophic and hypertrophic lakes could not be included in 

the ANOVA due to inadequate representation of polar lakes at these trophic 

states, mean TN:TP followed the same general trend at these trophic states: lowest 

in tropical lakes and highest in high–temperate lakes (Fig. 2.2). 

 

 

 

Figure 2.2 Interactive effects of the categorical variables depth, trophic state and 

latitude on log10 (TN:TP) (by mass) in 1316 lakes. Vertical bars denote standard 

error, except where n = 1 (deep polar eutrophic). Temperate lakes were classified 

as either ‘high–temperate’ (HT) or ‘low–temperate’ (LT). See text for definition 

of categorical variables. 

2.3.2 Latitudinal variation in chl a–nutrient relationships 

Standardised coefficients (β*) of regression models to predict chl a from TN or 

TP varied with latitude (Fig. 2.3). The coefficients were highest for temperate lake 

categories (β* = 0.58 – 0.76), indicating that both N and P concentrations 

explained more variation in chl a concentration at temperate latitudes than at 

tropical or polar latitudes. Temperate lake models subsequently had higher 
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coefficients of determination (r
2
) (Table 2.5), as well as lower standard error 

(Fig. 2.3), than those for either tropical or polar lakes. Regression of log10 chl a on 

log10 TN was not significant for the combined dataset of deep and shallow lakes in 

both tropical and polar regions and, furthermore, regressions of log10 chl a on 

either log10 TN or log10 TP were not significant for both deep tropical lakes and 

shallow polar lakes. Where significant relationships were established, 

standardised coefficients of regression models to predict chl a from TP were 

higher than for those to predict chl a from TN, with the sole exception of shallow 

low–temperate lakes, where the standardised coefficient for the chl a = ƒ(TN) 

regression was higher than for the chl a = ƒ(TP) regression (but within the range 

of standard error). 

 

 

Figure 2.3 Standardised coefficients of linear regression models to predict 

chlorophyll a (chl a) from TN and TP concentrations in tropical (T), low–

temperate (LT), high–temperate (HT) and polar (P) lakes. Separate coefficients 

are calculated for deep (d), shallow (s) and combined deep and shallow (d + s) 

lakes and only coefficients for regressions that are statistically significant (p ≤ 

0.05) are presented. Vertical lines denote standard error. See text for definition of 

categorical variables.  
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Table 2.5 Linear regression equations to predict chlorophyll a (chl a) 

concentration from TN and TP concentrations for selected categories of lakes in 

the sample of 1316 lakes. Regressions which are not statistically significant (p > 

0.05) are denoted by ‘n.s.’. Definitions of lake categories are provided in the text. 

 

Lake category Log10 chl a on log10 TN Log10 chl a on log10 TP 

Latitude Depth Slope Intercept r
2
 Slope Intercept r

2
 

Tropical Deep n.s. n.s. n.s. n.s. n.s. n.s. 

Shallow 0.45 -0.16 0.14 1.01 -0.80 0.26 

All n.s. n.s. n.s. 0.52 0.12 0.13 

Low–

temperate 

Deep 0.71 -1.20 0.39 0.72 -0.34 0.48 

Shallow 0.80 -1.20 0.39 0.79 -0.32 0.35 

All 0.84 -1.45 0.46 0.81 -0.42 0.50 

High–

temperate 

Deep 0.90 -1.81 0.34 0.74 -0.26 0.49 

Shallow 1.25 -2.68 0.50 1.09 -0.72 0.58 

All 1.06 -2.24 0.42 0.86 -0.39 0.54 

Polar Deep 0.60 -1.58 .09 0.48 -0.51 0.17 

Shallow n.s. n.s. n.s. n.s. n.s. n.s. 

All n.s. n.s. n.s. 0.17 -0.34 0.03 

 

 

Approximated conditional maxima (defined as ‘near–maxima’) in the chl 

a–TN (chl a≈max (TN)) and chl a–TP (chl a≈max (TP)) relationships were determined 

using Equations 2 and 3 respectively, derived using quantile regression (τ = 0.95) 

(Fig. 2.4): 

chl a≈max (TN) = 0.046 TN + 4.14 (2) 

chl a≈max (TP) = 0.87 TP - 0.42  (3) 

 

Maximum yields of chl a to TN [(chl a:TN)τ=0.95]  and chl a to TP [(chl 

a:TP)τ=0.95] were therefore approximated as 0.046:1 and 0.87:1 respectively.  

Regression of log10 (chl a:TN) on latitude yielded a significant negative 

relationship (r
2
 = 0.18, p < 0.001; Fig. 2.5a), regression of log10 (chl a:TP) on 

latitude did not yield a significant relationship (Fig. 2.5b). 
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Figure 2.4 Relationships between concentrations of chlorophyll a (chl a) and TN 

(a) and TP (b) for 1316 lakes. The upper boundary of chl a concentration 

conditional on N or P abundance is estimated using quantile regression (τ = 0.95; 

solid line). Resource limitation theory implies that other unquantified factors 

contribute to limiting phytoplankton biomass accumulation in lakes represented 

by data points that lie below these conditional near–maxima. For clarity, one 

extreme data point (chl a > 1000 mg m
-3

) is omitted from the plots but was 

included in the regression analysis. 
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Figure 2.5 Relationships between latitude and the ratio of chlorophyll a (chl a) 

concentration to TN (a) and TP (b) respectively for 1316 lakes. The linear 

equation, r
2
 and p statistic relate to the average trend in the data shown by the 

solid line. The dashed line indicates approximate maximum yields of chl a per 

mass unit of TN [(chl a:TN)τ=0.95] and per mass unit of TP [(chl a:TP)τ=0.95] 

estimated from quantile regression (see Fig. 2.4). Open circles denote northern 

hemisphere lakes; shaded circles denote southern hemisphere lakes. Dependent 

variables are log10 transformed. 

2.4 Discussion 

2.4.1 N and P stoichiometry 

Our analysis shows that in–lake TN:TP increases with increasing distance from 

the equator, providing the most extensive example to date of “big–scale 

stoichiometry” (cf. Sterner & Elser 2002) along a spatial gradient in lentic 

ecosystems. This trend is independent of underlying co–variation between latitude 

and either trophic state or lake depth in the sample. Although the wide distribution 

of observed log10 (TN:TP) around the regression line (Fig. 2.1a) indicates that 

factors other than latitude exert a strong influence on nutrient stoichiometry in 

lakes (i.e. local lake and catchment characteristics) (Downing & McCauley 1992; 

Hessen et al. 2009; Kosten et al. 2009), the latitudinal trend reported here 

mandates consideration of wider–scale drivers of nutrient stoichiometry in lakes. 

 The findings provide evidence for global–scale latitudinal variation in 

nutrient cycling processes and/or nutrient sources; either one or both of these 

factors could account for the latitudinal trend in TN:TP. With respect to nutrient 

cycling, a number of hypotheses can be proposed to explain why various 

processes (e.g. denitrification, N fixation, P resuspension, P weathering) might 

vary with latitude. Of these, latitudinal variation in denitrification is likely the best 
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developed, and modelling of hypothetical lakes has shown that there is a steep 

latitudinal gradient in the denitrification potential of lake hypolimnia driven by 

variation in hypolimnetic oxygen–holding capacity (Lewis 1996; 2002). Thus, 

more frequent de–oxygenation of bottom waters, in association with higher 

temperatures, may result in relatively higher denitrification rates in tropical lakes, 

thereby potentially causing the latitudinal trend in TN:TP observed. High 

abundance of leguminous terrestrial vegetation and N–fixing trees (e.g. Alnus) in 

both taiga and tundra biomes has also been linked to relative increased TN (and 

thus increased TN:TP) in high–latitude lakes (Laperriere et al. 2003). 

It is also possible that latitudinal variation in nutrient sources could 

explain or at least partially account for the observed variation in TN:TP. Lake 

nutrient sources can vary widely in N:P (Downing & McCauley 1992) and 

therefore latitudinal variation in such sources could cause a commensurate trend 

in in–lake TN:TP. On average, TP concentrations in the sample decrease at a 

greater rate with increasing latitude than TN concentrations (Fig. 2.1b, 2.1c); 

therefore, the occurrence of either relatively higher TP loads to lakes at low 

latitudes or relatively higher TN loads at high latitudes (or a combination of both) 

could at least partly explain the global trend in TN:TP. Nitrogen enrichment due 

to relatively higher levels of atmospheric N deposition at high latitudes in the 

Northern Hemisphere is one hypothesis that warrants particular consideration, as 

spatial variation in this N source has been shown to influence geographic patterns 

of nutrient limitation (Bergström & Jansson 2006; Elser et al. 2009), and northern 

hemisphere lakes are disproportionately represented in the dataset (although not 

necessarily when the global distribution of lakes is considered) (Downing et al. 

2006; Lewis 2011). Furthermore, the fact that the trend is strongest when only 

northern hemisphere lakes are analysed lends support to this hypothesis, although 

the existence of a significant (yet much weaker) positive relationship between 

latitude and TN:TP in southern hemisphere lakes implies that other mechanisms at 

least contribute to the trend. Other potential source–related explanations for the 

trend observed include latitudinal differences in: natural soil phosphorus 

abundance (Walker & Syers 1976); the relative proportions of arable versus 

pastoral agriculture (Arbuckle & Downing 2001); and, inputs of excreta and 

vegetation clearance rates (Moss et al. 2012). 

 Characterising the main drivers of this variation presents a challenge to 

researchers. Greater application of global–scale process–based modelling 
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approaches (e.g. Lewis 2011) could potentially help to address this by elucidating 

how variables relating to physical factors (e.g. climate, geology, soils, altitude), 

anthropogenic pressures (e.g. agricultural land use) and ecosystem structure (e.g. 

piscivore abundance) interact to influence nutrient cycling and lake trophic state 

across large spatial scales. Such an approach could provide broad–scale 

understanding detached from any bias resulting from collation and analysis of 

uncoordinated datasets which predominantly relate to anthropogenically disturbed 

systems. 

2.4.2 Chl a–nutrient relationships 

The marked latitudinal variation in chl a–nutrient relationships highlights broad 

disparities in both ecosystem structure and function between lakes at different 

latitudes. The weak relationships between nutrients and chl a in tropical, relative 

to temperate lakes (Table 2.5; Fig. 2.3), implies that factors other than N or P are 

relatively more important in controlling lentic phytoplankton productivity at 

tropical latitudes. This finding is in accordance with Huszar et al. (2006) who 

similarly found that TP was a poorer predictor of chl a in tropical regions than in 

temperate regions, a result that they attributed to either greater prevalence of light 

limitation in tropical lakes or differences in food web interactions (not greater 

prevalence of N limitation). Certainly, higher turbidity in tropical lakes could at 

least partly explain this variation; it is well established that elevated inorganic 

suspended sediment concentration can decouple chl a–nutrient relationships 

(Schindler 1978; Canfield & Bachmann, 1981) and elevated turbidity can occur in 

tropical lakes both due to enhanced erosion during the wet season (e.g. 

McCullough & Barber 2007) and following water loss in the dry season (e.g. 

Dejenie et al. 2008). 

Chlorophyll a–nutrient relationships are also markedly weaker in polar 

lakes compared to those in temperate lakes. It is noted, however, that the weaker 

relationships are likely to partly reflect the very low trophic status of the polar 

lakes; the small gradients in TN and TP that are present when concentrations of 

determinands are at or close to detection limits are not conducive to establishing 

strong relationships with chl a (Michelutti et al. 2002). Similarly, unusually high 

chl a:TP in lakes situated at 80–81° N (Fig. 2.5b) is likely an artefact of very low 

(<1 mg m
-3

) TP. Nevertheless, more substantive explanations may account for 

relatively weak chl a–nutrient relationships in polar lakes. Firstly, light limitation 
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is discounted as all data for polar lakes are based on samples collected during 

summer months, when photosynthetically active radiation flux is comparable to 

other latitudes (Campbell & Aarup 1989). There are, however, numerous 

structural characteristics of polar lake ecosystems that may decouple water 

column chl a–nutrient relationships. Notably, these include: strong top–down 

controls due to relatively high abundance of herbivorous zooplankton (e.g. 

Christoffersen et al. 2008); frequent occurrence of dominance by benthic, rather 

than pelagic, primary producers due to often high abundance of benthic algal mats 

in polar lakes (ibid); and, potentially, frequent macrophyte dominance (Teissier et 

al. 2012) in shallow unproductive polar lakes during summer. Low temperatures 

may also constrain phytoplankton biomass accumulation at high latitudes as 

phytoplankton primary productivity correlates positively with water temperature 

(Faithfull et al. 2011). Variation in ecosystem structure and temperature limitation 

could therefore account for the weaker chl a–nutrient relationships for polar lakes 

compared to temperate lakes. 

Other studies have highlighted the existence of upper asymptotes in chl a–

nutrient scatterplots due to reduction of euphotic depth at high chl a concentration 

(Schindler 1978; Phillips et al, 2008; Jones et al. 2011). Fig. 2.4 highlights that 

there is little evidence, however, that such asymptotes are absolute. Phillips et al. 

(2008) report inflection points at TP = 100 mg m
-3

 and TN = 1700 mg m
-3

, and 

although there seems to be a reduction in slope at these points, exceedances of chl 

a near–maxima at twice these concentrations reflect the extreme chl a 

concentrations that are possible, presumably in the presence of dense buoyant 

algal scums. Also, the results emphasise that chl a seldom reaches near–maxima 

conditional on N and P abundance. The near–maxima are interpreted as 

representing chl a concentrations achieved during phytoplankton blooms; blooms 

typically arise only when a phytoplankton assemblage comprises certain species, 

and, regulating factors such as temperature and light intensity are present at 

demand–saturating levels over timescales that correspond to multiple generation 

times (Reynolds 2006). Clearly, such conditions are the exception. Furthermore, 

Jones et al. (2011) have highlighted significant regional differences in TP–

conditional chl a maxima which they attributed to differences in climate and 

mineral turbidity. Variability in nutrient bioavailability between lakes would also 

influence lake–specific chl a near–maxima and therefore the near–maxima are 
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interpreted as indicative of potential limits that will likely not be reached in many 

lakes.  

Also of note, is that some data points in Fig. 2.4 exceed the near–maxima, 

reflecting use of the 95
th

 percentile as a compromise between identifying the 

uppermost boundary and minimising any bias that may result due to analytical 

error present in the data. Approximately, 4% of lakes exceed the near–maxima in 

Fig. 2.4 and, in particular, measured chl a in a number of lakes substantially 

exceeds chl a≈max (TN). The average ratio of observed chl a (chl aobs) to chl a≈max (TN) 

is 2.82 in lakes where this ratio > 1, whereas average chl aobs:chl a≈max (TP) is 1.45 

in lakes where the ratio > 1 . Interestingly, a substantial portion (43%) of the 53 

lakes for which chl aobs:chl a≈max (TN) > 1 comprises a group of reservoirs in Sri 

Lanka. Amongst these reservoirs there is the largest chl aobs:chl a≈max (TN) (10.18) 

and they cluster in the upper left–hand portion of Fig. 2.5a at 7–8° latitude. These 

reservoirs are characterised by low dissolved inorganic N (typically 

< 100 mg m
 3

), very low TN:TP (mean = 1.9:1), extremely high chl a:TN and 

dominance of the diatom Aulacoseira granulata (Silva & Schiemer, 2000). 

A.granulata is a bloom–forming species that readily forms aggregates (Reynolds 

2006) and has been determined to have an atypically low ratio of carbon to chl a 

(mean = 26:1, range 10:1 – 57:1; Yacobi & Zohary, 2010). Thus, it seems that 

observations may significantly exceed the empirical maxima under exceptional 

conditions and, in particular, some variability in chl a–nutrient relationships 

reflects imprecision of chl a as a surrogate for phytoplankton biomass due to 

influence by factors such as light intensity and the presence of accessory pigments 

(Reynolds, 2006). 

2.4.3 N and P limitation 

The Redfield ratio of 7.2:1 by mass (16:1 by moles) is widely used as an indicator 

of the N:P ratio below which N is likely to limit phytoplankton biomass 

accumulation (rather than P alone or both N and P together) (Redfield et al. 1963; 

Klausmeier et al. 2004; Ptacnik et al. 2010). Based on the equation for the linear 

trend in the data (Fig. 2.1a), average TN:TP is predicted to be below this threshold 

at latitudes of approximately < 16 °N/S which correspond to the mid–tropics. This 

latitudinal trend in TN:TP is commensurate with the observed increase in chl 

a:TN towards the equator and tendency towards the chl a:TN near–maximum in 

the tropics (Fig. 2.5a).  
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Together, the latitudinal trends in TN:TP and chl a:TN suggest that N 

limitation will be more prevalent in lakes at low than at high latitudes, consistent 

with experimental observations (Hecky & Kilham 1988; Elser et al. 2007). This 

conclusion cannot, however, be readily reconciled with the results of regression 

analysis between chl a and nutrients for the different latitudinal categories of lakes 

(Table 2.5; Fig. 2.3). Although there are contradictions between substantive 

theory of limiting factors and the use of standard regression techniques to 

characterise nutrient limitation (Kaiser et al. 1994), the finding that TN was 

markedly inferior as a predictor of chl a in tropical lakes compared to temperate 

lakes (Fig. 2.3) is inconsistent with that expected if N were more often a limiting 

nutrient in the tropics than at temperate latitudes. The results therefore suggest 

that, while N is less abundant relative to phytoplankton growth requirements at 

lower latitudes, macronutrient  limitation of phytoplankton biomass (by N or P) is 

less prevalent in the tropics overall (relative to temperate lakes) due to decoupling 

of chl a–nutrient relationships by factors not quantified.  

This last conclusion differs from those made in studies that analysed 

results of nutrient enrichment experiments and found that N limitation is more 

prevalent overall in tropical than temperate lakes (Hecky & Kilham 1988; Elser et 

al. 2007). To potentially explain this disparity, it is noted that the overwhelming 

majority of nutrient enrichment experiments are undertaken at the sub–ecosystem 

scale, i.e. using mesocosms or laboratory culture vessels. Such designs invariably 

simplify natural systems (Hecky & Kilham, 1988) and potentially reduce the 

likelihood of limitation by factors other than nutrients, e.g. due to exclusion of 

zooplankton or maintenance of artificially high ambient light levels. Thus, it is 

possible that relative deficiency in N at low latitudes means that nutrient 

enrichment experiments using tropical lake waters have an enhanced likelihood of 

yielding significant growth responses to added N, even though nutrient limitation 

of phytoplankton biomass in natural systems over longer time scales is secondary 

to other forms of limitation that are otherwise suppressed under typical 

experimental conditions. 

An important caveat concerns the use of total nutrient pools (rather than 

the more labile dissolved fraction) in the analysis. The bioavailability of TN in 

particular is uncertain; it comprises both labile inorganic N forms, as well as 

organic forms which have been shown to vary in bioavailability depending on 

their source (Seitzinger et al. 2002). Any latitudinal bias in TN composition in the 
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sample could therefore compromise the utility of empirical parameters derived 

using TN for assessing broad spatial trends in phytoplankton nutrient limitation 

(Ptacnik et al. 2010). Clearly, analysis of only three trophic state variables cannot 

provide comprehensive understanding of how lake ecosystems function, and, 

while this study has highlighted global–scale latitudinal trends in the 

stoichiometry of lentic ecosystems, more work is necessary to develop better 

understanding of the causes and ecological implications of these trends. 

 In general, the analysis supports the view that P is more likely than N to 

limit phytoplankton biomass in lakes (Schindler 1977). Regressions to predict 

chl a from TP were significant for more of the lake categories than those with TN 

as the predictor variable. Furthermore, the models based on TP generally had 

higher standardised coefficients than those based on TN (Fig. 2.3), indicating that 

TP usually accounted for a greater proportion of the variation in chl a 

concentration than TN. Shallow low–temperate lakes were an exception to this, 

however, as the standardised coefficient for the chl a = ƒ(TN) regression was 

marginally higher (but within the distribution of standard error) than for the chl a 

= ƒ(TP) regression. This may reflect the fact that this category contained 24% of 

lakes from New Zealand where lacustrine N limitation has been shown to be more 

prevalent than in northern temperate regions (Abell et al. 2010). The majority 

(57%) of the lakes in this category were in the southern USA, however, and this 

propensity for geographic variation in chl a–nutrient relationships highlights the 

importance of exercising caution when applying relationships established in one 

locality to lakes elsewhere, particularly in the presence of latitudinal gradients. In 

particular, it should not be assumed that chl a–nutrient models developed using 

temperate datasets will be applicable to tropical lakes and the relative paucity of 

observations and increasing anthropogenic pressures on water resources in the 

tropics necessitates enhanced research efforts focused on these systems.  

 As Moss et al. (2012) note, the concept that there is one predominant 

limiting nutrient in undisturbed lakes is likely invalid, as evolution would redress 

any such imbalance in selection pressure. The greater relative tendency for P 

limitation implied by the analysis may therefore reflect proportionally greater 

prevalence of N pollution in anthropogenically disturbed ecosystems and is not 

necessarily a fundamental reflection of natural systems.  
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3 Relationships between land use and nitrogen and 

phosphorus in New Zealand lakes 

3.1 Introduction 

Excess inputs of nitrogen (N) and phosphorus (P) to lakes can cause 

eutrophication and the associated decline of water quality and ecological integrity 

(Vollenweider 1968; Smith 2003). Natural sources of these nutrients to 

freshwaters include: organic matter such as plant residues which undergo 

mineralisation, atmospheric di–nitrogen fixed by heterocystous phytoplankton 

species and P associated with apatite bearing minerals (Newman 1995; Rabalais 

2002). Inputs from anthropogenic sources are, however, increasing in many parts 

of the world and loading associated with pollution now greatly exceeds natural N 

and P loads to many lakes (Smith 2003). 

Lake managers require an understanding of nutrient sources and the 

processes that drive lake productivity before developing plans to improve water 

quality in eutrophied lakes (Moss 2007). Although limnologists have traditionally 

focussed on the study of in–lake processes (Johnes 1999), there is now 

widespread understanding that the successful control of nutrient pollution and its 

associated problems is contingent on developing a holistic and integrated 

understanding of lakes in the context of their wider catchments (Ferrier and 

Jenkins 2010). While there is limited scope to adopt an experimental approach to 

investigate how natural and anthropogenic factors influence nutrient loading to 

lakes, the empirical analysis of relationships between lake and catchment 

variables across different scales can advance mechanistic understanding. 

Geographical Information Systems (GIS) can provide a platform for the collation 

and integration of data relating to a wide range of bio–physical parameters at a 

catchment scale (Macleod et al. 2007; Johnson and Host 2010) and numerous 

studies have used GIS to investigate relationships between catchment 

characteristics and water quality (e.g. Arbuckle and Downing 2001; Lee et al. 

2009; Roberts and Prince 2010).  
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Figure 3.1 Conceptual diagram showing hypothetical relationships between 

sources of nitrogen (N) and phosphorus (P) in a lake catchment (rectangles) and 

factors that may mediate the relationship between sources and nutrient loading 

(circles). Sources and factors shaded grey were not examined in this study. 

 

When empirically investigating how catchment characteristics interact to 

influence nutrient loading to a lake, it is useful to distinguish between 

characteristics that are nutrient sources (or direct proxies for specific sources) and 

characteristics that do not represent sources yet mediate the pathway between the 

nutrient source and the lake (Figure 3.1). For example, the proportion of farmland 

in a catchment is a direct indicator of the amount of nutrients from agricultural 

sources available for export to a lake, whereas average catchment slope is an 

indicator of the gravitational energy available for the transfer of those nutrients 

via mechanisms such as overland flow. A failure to make this distinction can lead 

to confounding conclusions regarding the likely contribution of various nutrient 

sources to external lake nutrient loads. This is also complicated by covariation of 

natural and anthropogenic factors (e.g. land use and soil type) which is frequently 

encountered in landscape ecology and can make it problematic to determine 

whether a relationship is causal or spurious (Van Sickle 2003; Allan 2004; Daniel 
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et al. 2010). For example, Liu et al. (2010) studied 103 lakes across China and 

found that natural factors, specifically variables relating to geographic location, 

lake morphology and climate, accounted for 13.3 – 57.5% of the variance in 

eutrophication parameters. As the authors concede, however, the reason why 

some ‘natural’ factors such as longitude and altitude partly determine trophic state 

is because these factors are probably co–related with human development and 

therefore anthropogenic nutrient pollution; a factor not represented in their study.  

Eutrophication is a significant problem affecting freshwaters in New 

Zealand where an estimated 32% of lakes greater than 1 ha in area (n > 1000) are 

classified as eutrophic or hypertrophic and consequently have very poor water 

quality (Ministry for the Environment 2010). Empirical studies and experiments 

have shown that both N– and P–limitation of phytoplankton growth occurs widely 

in New Zealand lakes and this, in addition to frequent high connectivity between 

freshwater and marine ecosystems, supports the need for dual control of N and P 

export from New Zealand lake catchments (Abell et al. 2010). Intensification of 

land use resulting in increased external nutrient loads has become an increasing 

concern for resource managers and policy makers (Hamilton 2005; Edgar 2009). 

In particular, nutrient export from New Zealand’s increasingly intensive 

agricultural land has been subject to scrutiny (Parliamentary Commissioner for the 

Environment 2004) and the presence of pastoral land in a catchment has been 

shown to correlate with the occurrence of a shift from a clear to a de–vegetated, 

turbid state in lakes (Schallenberg and Sorrell 2009). While the relationship 

between catchment land use and water quality has been investigated for streams 

and rivers in New Zealand (Close and Davies Colley 1990; Larned et al. 2004; 

McDowell et al. 2009), the contribution of catchment land use to in–lake nutrient 

concentrations has not been quantified at a national scale, either in New Zealand 

or elsewhere. This study investigated how catchment characteristics relate to in–

lake concentrations of total phosphorus (TP), total nitrogen (TN) and chlorophyll 

a for 101 lakes distributed throughout New Zealand. By differentiating between 

variables that are direct proxies for nutrient sources and those that represent other 

factors, the study sought to highlight relationships that are significant at the 

national scale. The research questions were: (1) to what extent do anthropogenic 

land uses explain variation in TN and TP concentrations? and (2) is the 

relationship between land use and in–lake nutrient concentrations influenced by 

other catchment and lake characteristics? 
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3.2 Methods 

3.2.1 Data collection 

3.2.1.1 Lake water quality data 

Mean data relating to the trophic status parameters total phosphorus (TP), total 

nitrogen (TN) and chlorophyll a (chl a) were obtained from New Zealand regional 

councils for 101 lakes located throughout New Zealand (Figure 3.2). The data 

related to samples collected by regional environmental managers, either from the 

lake surface, or from integrated depths in the surface mixed layer, at monthly or 

quarterly intervals during 2004 – 2006 (Ministry for the Environment 2006). All 

samples were analysed using standard methods based on APHA (1998) and 

described by Burns et al. (2000). Each mean datum is therefore representative of 

at least 12 samples taken over a three–year period. 

3.2.1.2 Extracting lake catchment data 

A GIS map layer comprising delineated catchment boundaries in polygon format 

was created for the 101 lakes using ArcGIS (ESRI, version 9.3.1), based on a 

digital map layer of lake catchment boundaries that was provided by the New 

Zealand Department of Conservation. Lake catchment boundaries were originally 

defined by the National Institute of Water and Atmospheric Research (NIWA) as 

part of the development of the River Environmental Classification (REC) system. 

The REC system is based on a digital elevation model using a 30 m pixel size 

with 20 m contour data (Ministry for the Environment and NIWA 2004). 

3.2.1.3 Catchment connectivity and morphology data 

The following ‘connectivity’ parameters were calculated for each catchment: 

average catchment slope (in degrees), stream length (m) relative to area (km
2
) of 

non–lake catchment and lake order. Average catchment slope was calculated 

using the ‘slope’ tool within ArcGIS which was applied to a 25 m resolution 

topographic raster map. Stream length was calculated using the REC line feature 

stream map. Lake order was defined in accordance with Martin and Soranno 

(2006) as the highest Strahler stream order of a lake inflow. The ratio of 

catchment area to lake area (Ac:Al) was calculated for each lake and maximum 

depth (zmax) and lake altitude were obtained from Ministry for the Environment 

(2006).  
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Figure 3.2 Location of the 101 lakes included in the study. 

3.2.1.4 Land use data 

The area of individual land use/ land cover (hereafter ‘land use’) categories in 

each lake catchment was calculated using the New Zealand Land Cover Database 

version 2 (LCDB2). The LCDB2 is a GIS map layer in polygon format that has a 

15 m resolution and describes the spatial distribution of 43 land use types based 

on Landsat 7 ETM+ imagery acquired in 2000–2001 (Ministry for the 

Environment 2004). Areas of the following land uses were calculated for each 

catchment: ‘built up area’ (built up area), ‘exotic forest’ (exotic), ‘arable 

cultivation’ (crop), ‘native forest’ (native), ‘high–producing grassland’ (high prod. 

grass), and ‘low–producing grassland’ (low prod. grass). Areas were then 

converted into percent coverage of non–lake catchment. The area of exotic forest 

was calculated by taking the sum of the six LCDB2 ‘planted forest’ land use 
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categories (see Ministry for the Environment 2004) while the area of native forest 

was defined as the sum of the ‘indigenous forest’ and ‘broadleaved indigenous 

hardwoods’ categories. The area of ‘arable cultivation’ was calculated by taking 

the sum of the ‘short rotation cropland’, ‘orchard and other perennial crops’ and 

‘vineyard’ categories. The remaining three categories correspond to single 

LCDB2 categories. ‘Low–producing grassland’ comprises both native and exotic 

grasses that display relatively low plant vigour indicative of low soil fertility, 

short growing season and/or minimal fertiliser application. It is typically managed 

as pasture for low densities of sheep or beef cattle. ‘High–producing grassland’ 

comprises exotic grasses that are intensively managed as pasture for livestock 

production and receive fertiliser application. 

3.2.1.5 Soil data 

Area–weighted catchment mean values of soil cation exchange capacity (CEC) 

and drainage were calculated using digital soil fundamental data layers (FDLs). 

FDLs contain data for 16 key soil attributes (polygon format) for all New Zealand 

soils derived from stereo aerial photograph interpretation, field verification and 

single factor soil surveys undertaken as part of the 1:63 360/1:50 000 scale New 

Zealand Land Resource Inventory (NZLRI) survey (Newsome et al. 2000). Data 

are not available for soils that are permanently submerged or in urban areas. In 

most areas only the soil record (i.e. soil type) has been mapped in the field and 

data for other parameters are derived from established correlations with the 

mapped soil (Newsome et al. 2000). Mean values for CEC and drainage were 

calculated for 99 of the 101 catchments as two catchments had no exposed soil as 

they comprised urban land or exposed bedrock. The NZLRI maintains a record of 

data for each attribute in the form of discrete rating categories, as described in 

Table 3.1. An area–weighted mean value was calculated for the P content of the 

soil in each catchment using the Land Environment New Zealand (LENZ) acid 

soluble phosphorus data layer (polygon format). This parameter provides a 

measure of the natural abundance of P in the soil and does not reflect P from 

anthropogenic sources such as fertiliser. Soil fertility data included in the LENZ 

database have been developed by grouping soils together based on the nutrient 

status of 129 classes of parent material (Leathwick et al. 2002). Each group has 

been assigned a rating based on acid soluble P concentration, ranging from 1 (very 

low) to 5 (very high) (Table 3.1). 
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Table 3.1 Description of soil attributes considered in the study. Cation exchange 

capacity (CEC) and drainage description from Newsome et al. (2000). Acid 

soluble P content description from Leathwick et al. (2002). 

Soil 

parameter 

CEC 

(0 – 0.6 m) 

Drainage Acid soluble P 

content 

Unit meq (100 g)
-1

 Class mg (100 g)
-1

 

Rating    

1 > 40 Very poor 0–7 

2 25 – 39.9 Poor 7–15 

3 12 – 24.9 Imperfect 15–30 

4 6 – 11.9 Moderately well 30–60 

5 < 5.9 Well 60–100 

 

For each catchment, an area–weighted mean value was calculated for each 

of the three soil attributes using the median value of each rating category present 

in the catchment. For CEC, soils with a rating of 1 were assumed to have a CEC 

of 40 meq (100 g)
-1 

while soils with a rating of 5 were assumed to have a CEC of 

5.9 meq (100 g)
-1

.  

3.2.1.6 Rainfall data 

Annual mean rainfall was calculated for each catchment using monthly GIS raster 

layers that have been developed by Landcare Research using data collected by the 

New Zealand Meteorological Service from 2202 monitoring stations during 1951 

– 1980 (Leathwick et al. 2002). 

3.2.2 Statistical analysis 

All statistical analyses were undertaken using Statistica (version 8.0; Statsoft, 

Tulsa, USA) and a significance level of p ≤ 0.05 was adopted in all tests. 

Probability plots and histograms were inspected before analysis and most 

variables were transformed to improve normality and homogeneity of variances. 

Land cover percentages were converted to a proportion and then arcsine square–

root transformed. The remaining variables were log10 transformed with the 

exception of ‘length of stream per km
2
’ which was normally distributed. Data 

were reduced to a common scale by subtracting the mean and dividing by the 

standard deviation to produce standardised descriptors that allow for the 

calculation of meaningful covariances (Legendre and Legendre 1998). 
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Standardised data were then used during initial data exploration and to address the 

first research question.   

The data were initially explored by constructing a Pearson correlation 

matrix and then by undertaking principal component analysis (PCA) (see Figure 

3.3 for an overview of analytical methods). PCA can be applied to multivariate 

data to identify a small number of transformed variables that describe most of the 

variation in the data. Analysis of a projection of the two principal components 

allowed the main relationships between lake and catchment variables to be 

visualised.   

 

 

Figure 3.3 Conceptual diagram outlining analytical methods used to address 

research questions. Detailed descriptions of individual analytical methods are 

given in the text.  
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Linear regression analysis was then used to identify the variance in TN 

and TP explained by nutrient sources. Subsequently, the method for selecting 

predictor (independent) variables reflects this aim. Predictor variables for 

regression analysis were chosen by selecting variables that: (1) represent nutrient 

sources (anthropogenic land use proportions or soil P content) and (2) 

significantly positively correlate with lake TN or TP. Separate multiple linear 

regression functions to predict both TN and TP were developed using the chosen 

predictor variables. To identify the variance in TN and TP solely explained by 

each predictor variable, partial linear regressions were computed with and without 

the variable(s) of interest and variance partitioned using the method described by 

Legendre and Legendre (1998) and adopted in a similar study by Goldstein et al. 

(2007). Briefly, this method separates the variance in a dependent variable 

explained by a particular predictor variable (or set of predictor variables) (Ra
2
) 

from the variance explained by another predictor variable (or set of predictor 

variables) (Rb
2
) included within a multiple linear regression model that can 

explain variance Rabc
2
, where Rc

2
 is the combined variance explained by variables 

a and b. Therefore, Ra
2

 = (Rabc
2
) – (Rbc

2
). This method thus allowed us to identify 

the degree to which each predictor variable in the regression functions explained 

the variation in in–lake TN or TP by removing the effect of covariation with other 

predictor variables included in the regression model. 

To address the second research question, a sub–sample (n = 43) of lakes 

was isolated that had catchments dominated by the land use type that best 

correlated with lake TN and TP. Based on a priori hypotheses (Table 3.2), eight 

variables were then tested to identify whether they influenced the relationship 

between land use and in–lake nutrient concentrations in the national–scale sample. 

To test hypotheses, multiple linear regression was used to quantify whether the 

inclusion of a term to represent interaction between the land use variable and the 

variable of interest significantly improved the prediction of log10 TN or log10 TP. 

The form of the linear model was: 

NUTRIENTS = a + (β1 × LAND USE) + (β2 × (LAND USE × 

VARIABLE)) + ε 

where NUTRIENTS = transformed TN or TP concentrations; a = 

intercept, LAND USE = transformed land use proportion; VARIABLE = 

catchment characteristic variable hypothesised to mediate the relationship 

between land use and in–lake nutrient concentrations; ε = error term; β1 and β2 are 

295 of 1008



Chapter 3 – Relationships between land use and nutrients in New Zealand lakes 

51 

 

regression coefficients. Separate multiple linear regression models were 

developed to predict both TN and TP based on land use and each of the eight 

variables being tested. It was concluded that the relationship between in–lake 

nutrient concentrations and the land use variable was influenced by a catchment 

characteristic if inclusion of the interaction term made a significant improvement 

to the model prediction. Variables used in the analysis were transformed as 

previously described to achieve normality, which was then confirmed using a 

Kolmogorov Smirnov test (p > 0.05). Data were not standardised for this analysis. 
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Table 3.2 Summary of the hypothesised interactions of catchment characteristics on the relationship between anthropogenic land use and in–lake 

nutrient concentrations. 

Catchment 

characteristic 

Variable analysed Hypothesised influence on the relationship between 

anthropogenic land use and in–lake nutrient 

concentrations 

 

Reason (hypothesised) 

Lake/catchment 

morphology 

Catchment to lake 

area ratio 
Positive  High catchment to lake ratio will yield a high nutrient load per 

unit of lake area.  

 Maximum lake 

depth 
Negative  Shallow lakes less able to buffer nutrient inputs than deep lakes. 

 Average catchment 

slope 
Positive  Rate of nutrient flux associated with hydrological flows (e.g. 

overland flow) will be higher in steeper catchments due to higher 

gravitational energy.   

Catchment 

connectivity 

Stream length per 

km
2
 catchment 

Positive More hydrologically connected catchments have greater capacity 

to transport nutrients.  

 Lake order Positive More hydrologically connected catchments have greater capacity 

to transport nutrients. 

Soil attributes Cation exchange 

capacity (CEC) 

 

Negative Greater mobility of mineral nutrients with decreasing soil CEC. 

 Drainage Positive Rate of nutrient flux associated with hydrological flows will be 

higher in well drained catchments. 

Climate Mean rainfall Positive Rate of nutrient flux associated with hydrological flows (e.g. 

throughflow) will be higher in wetter catchments.  
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3.3 Results 

3.3.1 Data exploration 

The sample of 101 lakes included a diverse range of lakes from a broad 

geographic range within New Zealand (see Table 3.3 and Figure 3.2). Lake area 

ranged from 0.03 – 612.6 km
2
, the largest lake being Lake Taupo which is the 

largest lake in New Zealand. Maximum lake depth ranged from 1 – 444 m. 

Eighty–seven of the lakes had been categorized into broad groups based on lake 

formation mechanism (see Ministry for the Environment 2006), including: dune 

(n = 32), glacial (n = 20), volcanic (n = 14), riverine (n = 8), peat (n = 5), lagoon 

(n = 3), reservoir (n = 3) and landslide (n = 1). The origin of 14 lakes was 

undetermined. Lake trophic state varied from microtrophic to hypertrophic (see 

Burns et al. 2000 for definitions), with concomitant wide variations in the trophic 

status parameters TN (44.5 – 4247.5 mg m
-3

), TP (1.5 – 440.0 mg m
-3

) and chl a 

(0.3 – 149.0 mg m
-3

) (Table 3.3). The land use composition of the lake catchments 

was broadly representative of the overall land use composition of New Zealand 

(Table 3.4). 

 Significant (p ≤ 0.05) Pearson’s correlation coefficients (Table 3.5) show 

that as expected, the parameters TN, TP and chl a were highly positively inter–

correlated. Total nitrogen provided a better predictor of chl a (r = 0.85, p < 0.001) 

than TP (r = 0.80, p < 0.001). Comparison of correlations between catchment land 

use and lake eutrophication parameters showed that TN was positively correlated 

with % high prod. grass (r = 0.60, p ≤ 0.001) and weakly positively correlated 

with % built up area (r = 0.20, p ≤ 0.05). Total phosphorus was positively 

correlated with % high prod. grass (r = 0.57, p < 0.001) and % exotic forest (r = 

0.32, p ≤ 0.001). There was a significant (p ≤ 0.05) negative correlation between 

% low prod. grass and both TN (r = -0.43) and TP (r = -0.55) and % native also 

correlated negatively with both TN (r = -0.36) and TP (r = -0.31). Chlorophyll a 

was positively correlated with % high prod. grass (r = 0.62) and % built up area (r 

= 0.20), while it correlated negatively with % low prod. grass (-0.46) and % native 

(r = -0.20). Catchment soil P correlated negatively with in–lake TP (r = -0.52) and 

also TN (r = -0.48). Chlorophyll a declined both with increasing lake altitude (r = 

-0.60) and maximum depth (Zmax, r = -0.57), both of which were positively 

correlated (r = 0.66). 
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Table 3.3 Descriptive statistics for lake and catchment variables 

Characteristic Variable N Unit Abbreviation Range  Mean  

Trophic status 

parameters 

Total nitrogen 101 mg m
-3

 TN 44.5 – 4247.5 687.1 

Total phosphorus 101 mg m
-3

 TP 1.5 – 440.0 64.3 

Chlorophyll a  101 mg m
-3

 Chl a 0.3 – 149.0 17.7 

Land use % low producing grassland  101 % % low prod. grass 0.0 – 90.0 9.4 

 % high producing grassland 101 % % high prod. grass 0.0 – 99.8 33.1 

 % built up area 101 % % built up area 0.0 – 73.8 2.3 

 % arable cultivation 101 % % crops 0.0 – 19.8 0.4 

 % exotic forestry 101 % % exotic 0.0 – 98.3 15.1 

 % native forest 101 % % native 0.0 – 80.0 13.3 

Lake/catchment 

morphology 

Max lake depth 101 m zmax 1 – 444  44.1 

Lake area 101 km
2
 Al 0.02 - 612.6 26.2 

Catchment area (m
2
) to lake area (m

2
) ratio  101 - Ac:Al 1.5 - 451.3 28.4 

Altitude 101 m a.s.l Alt 1.26 - 826.0 200.0 

 Average catchment slope 101 Degrees Slope 0.4 – 32.2  10.8 

Catchment 

connectivity 

Lake order 101 - LO 0 - 7 2.8 

Stream (m) per km
2
 of catchment  101 m Str. length 225.6 – 3015.0 1245.3 

Catchment soil 

attributes 

Cation exchange capacity 99 meq (100 g)
-1

 Soil CEC 4.9 – 40.0 15.1 

Acid soluble phosphorus content of the soil  101 mg (100 g)
-1

 Soil P 4.0 – 47.1 16.6 

Drainage score (1 = very poor, 5 = well drained) 99 Nominal score Drainage 1.3 – 5.0 4.1 

Climate Mean annual rainfall 101 cm Mean rain 53.2 – 355.9 128.5 
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Table 3.4 Mean proportion of Land Cover Database (LCDB) version 2 land use 

classes in the 101 lake catchments included in the study compared to the overall 

proportions for New Zealand (Ministry for the Environment 2009). Note that 

‘arable cultivation’ refers to the sum of ‘short rotation cropland’, ‘vineyard’ and 

‘orchard and other perennial crops’. 

LCDB 2  

Land use type 

High 

producing 

grassland 

Exotic 

forest  

Native 

forest  

Low 

producing 

grassland 

 

Built up 

area 

Arable 

cultivation 

Mean proportion in 

101 catchments 

studied (%) 

 

33.1 15.1 13.3 9.4 2.3 0.4 

Proportion in  

New Zealand (%) 

33.1 7.3 26.1 6.2 0.6 1.5 

 

 

 The results of PCA (Figure 3.4) helped to characterise the inter–relations 

between lake and catchment variables. The Eigenvalues of the two principal 

components were 3.86 and 2.17 respectively and cumulatively they accounted for 

40.2 % of the variance in the lake and catchment variables that were analysed. 

The first component, represented on the horizontal axis of the ordination diagram, 

is most strongly loaded with the variables of slope (-0.42), soil P (-0.39), zmax (-

0.35), lake order (-0.34) and % high prod. grass (0.29). The second component is 

represented on the vertical axis and is most strongly loaded with the variables 

mean annual rainfall (0.45), Ac:Al (-0.44), % native (0.38) and % low prod. grass 

(-0.34). Different lake types are relatively evenly distributed along both axes, 

however glacial lakes are predominantly in the negative sector of the horizontal 

axis whereas dune lakes are predominantly in the positive sector of the horizontal 

axis.
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Table 3.5 Pearson correlation matrix of lake and catchment variables. Significant correlations are shown in bold (p ≤ 0.05). Data have been 

transformed prior to analysis. 

 TN TP Chl 

a 

Alt zmax Ac:Al Str. 

length 

Slope % low 

prod. 

grass 

% high 

prod. 

grass 

% 

built 

up 

area 

% 

crop 

% 

exotic 

% 

native 

Soil 

CEC 

Soil 

P 

Drain

-age 

Mean 

rain 

TN - .87 .85 -.71 -.76 .11 .01 -.62 -.43 .60 .20 .12 .11 -.36 -.16 -.48 -.31 -.45 

TP  - .80 -.75 -.64 .21 .09 -.56 -.55 .57 .09 .19 .32 -.31 -.21 -.52 -.29 -.40 

Chl a   - -.60 -.57 .17 .13 -.46 -.45 .60 .20 .18 .06 -.20 -.09 -.39 -.27 -.28 

Alt    - .66 -.15 -.01 .59 .53 -.44 -.15 -.16 -.22 .17 .11 .44 .35 .28 

zmax     - -.19 .03 .48 .15 -.43 -.03 -.11 -.12 .43 .07 .32 .28 .56 

Ac:Al      - .27 .09 .12 -.02 -.25 .12 .07 -.17 -.01 .07 .19 -.22 

Stream 

length 

      - 
-.02 .03 .09 -.24 .14 -.07 .04 .18 .07 .03 -.02 

Slope        - .40 -.36 -.29 -.07 -.30 .42 .16 .60 .43 .33 

% low prod. 

grass 

        
- -.50 -.20 0.01 -.27 -.22 .14 .55 .31 -.20 

% high 

prod. grass 

         - 
.01 .14 -.18 -.14 -.07 -.36 -.50 -.22 

% built up           - .11 -.17 .06 .40 .06 -.06 -.02 

% crop            - -.03 -.08 .09 .05 -.05 -.24 

% exotic             - -.17 -.39 -.49 .16 -.14 

% native               .11 .29 .18 .60 

Soil CEC               - .36 .18 .12 

Soil P                - .37 .13 

Drainage                 - .11 

Mean rain                  - 
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Figure 3.4 Projection of lake and catchment variables (see Table 3.3) on the 

factor plane and associated ordination diagram for the principal components 

analysis (PCA). The text labels on the ordination diagram specify lake formation 

type, where: D is dune; G is glacial; L is landslide; R is riverine; Res is reservoir; 

U is unknown and V is volcanic. 
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3.3.2 Quantifying land use effects 

To address the first question (to what extent do anthropogenic land uses explain 

variation in TN and TP concentrations?), separate linear regression models for TN 

and TP were computed using predictor variables that represented nutrient sources 

and significantly positively correlated with lake TN or TP, respectively. 

Individual predictor variables were not inter–correlated (Table 3.6).  

A multiple linear regression model to predict TN from % high prod. grass 

and % built up area was highly significant (p < 0.001, SE = 0.77). Following 

partitioning of variance by subtraction, % high prod. grass accounted for 38.6% of 

the variation in in–lake TN while % built up area accounted for 3.7% of the 

variation in in–lake TN.  

A multiple linear regression model to predict TP from % high prod. grass 

and % exotic was also highly significant (p < 0.001, SE = 0.70). Following 

partitioning of variance by subtraction, % high prod. grass and % exotic 

accounted for 41.0% and 18.8%, respectively, of the variation in in–lake TP. 

 

Table 3.6 Summary of linear regression analyses. All data were standardised and 

nutrient data were log10 transformed and land use data were arcsine square–root 

transformed prior to analysis. The variance column denotes the proportion of 

variance in the dependent variable explained by each land use type after a 

correction has been made to account for covariation between predictor variables. 

Dependent 

variable 

Predictor 

variable 
β r

2
 

Standard error 

of estimate 
p 

Variance 

(%) 

TN % high prod. 

grass 

 

0.62 0.39 0.79 <0.001 38.6 

% built up area 

 

0.20 0.04 0.99 0.05 3.7  

% high prod. 

grass, % built 

up area 

 

0.62, 

0.19 

0.42 0.77 <0.001 - 

TP % high prod. 

grass 

 

0.57 0.33 0.79 <0.001 41.0 

% exotic 

 

0.32 0.11 0.95 <0.001 18.8 

% high prod. 

grass, % exotic 

 

0.65, 

0.44 

0.52 0.70 <0.001 - 

 

303 of 1008



Chapter 3 – Relationships between land use and nutrients in New Zealand lakes 

59 

 

3.3.3 The effect of catchment characteristics on the relationship between land 

use and in–lake nutrients 

To address the second question (is the relationship between land use and in–lake 

nutrient concentrations influenced by other catchment and lake characteristics?), 

analysis focused on catchments comprising high prod. grass as the dominant land 

use, i.e. catchments where the proportion of high prod. grass in the non–lake area 

of the catchment was greater than the proportion of any of the other 40 LCDB2 

land use types present in the sample. Accordingly, a sub–sample of 43 lakes was 

identified with catchments comprising 28.7 % – 99.8 % high prod. grass. These 

lakes were distributed throughout New Zealand with North Island lakes (69.8 % 

of the sub–sample) being marginally better represented than in the whole sample 

(65.2 %).  

 Regression of TN on % high prod. grass yielded a significant function (p < 

0.001, r
2
 = 0.27, SE = 0.31). This regression model was significantly improved by 

the addition of interaction terms that included the product of % high prod. grass 

and Ac:Al and zmax (Table 3.7). The addition of an interaction term to represent the 

influence of zmax yielded the greatest improvement to the predictive power of the 

model (r
2
 = 0.43) and the standardised regression coefficient for this term had a 

negative value, while the coefficient for the interaction term to represent the 

influence of Ac:Al was positive. 

Regression of TP on % high prod. grass also yielded a significant function 

(p < 0.01, r
2
 = 0.16, SE = 0.43). Like TN, this regression model was significantly 

improved by the addition of interaction terms to represent the influence of Ac:Al 

and zmax with the terms having a positive and a negative coefficient respectively 

(Table 3.7). The addition of an interaction term to represent the influence of lake 

order also significantly improved the regression model and this term had a 

positive coefficient.  
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Table 3.7 Multiple linear regression models to predict in–lake total nitrogen (TN) and total phosphorus (TP) concentrations from the percentage of 

high producing grassland in a lake catchment (% high prod. grass) and an interaction term that represents the hypothesised interaction between the land 

use variable and other catchment characteristics. a = intercept; ε = error; β1 and β2 are regression coefficients. Model statistics are only reported in 

cases where the interaction term (β2) is statistically significant (p ≤ 0.05). Variable abbreviations are defined in Table 3.3. 

Dependent 

variable 

Model p–value of 

interaction (β2) 

β2 (standardised) r
2
 

TN a + β1 * % high prod. grass + β2 * (% high prod. grass * mean rain) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * Ac:Al) + ε < 0.05 0.41 0.38 

a + β1 * % high prod. grass + β2 * (% high prod. grass * zmax) + ε < 0.01 - 0.41 0.43 

a + β1 * % high prod. grass + β2 * (% high prod. grass * slope) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * CEC) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * drainage) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * stream length) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * LO) + ε > 0.05 - - 

TP a + β1 * % high prod. grass + β2 * (% high prod. grass * mean rain) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * Ac:Al) + ε < 0.01 0.49 0.31 

a + β1 * % high prod. grass + β2 * (% high prod. grass * zmax) + ε < 0.05 - 0.36 0.28 

a + β1 * % high prod. grass + β2 * (% high prod. grass * slope) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * CEC) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * drainage) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * stream length) + ε > 0.05 - - 

a + β1 * % high prod. grass + β2 * (% high prod. grass * LO) + ε < 0.01 0.39 0.30 
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3.4 Discussion 

This study sought to quantify the relationship between anthropogenic land use and 

in–lake N and P concentrations at the national scale in New Zealand. It was 

shown that, following correction for the effect of co–variation between land use 

types, the proportion of high intensity pasture in a lake catchment accounted for 

more variation in the national dataset than any other land use, explaining 38.6 % 

of the variation in TN and 41.0 % of the variation in TP. The proportion of exotic 

forestry explained 18.8 % of the variation in TP and the proportion of built up 

(urban) area explained 3.7 % of the variation in TN. To qualify whether a range of 

catchment characteristics influence the relationship between anthropogenic land 

use and in–lake nutrient concentrations, the study then focused on lakes where 

high production grassland was the dominant land use type in the catchments. For 

this sub–sample, it was shown that lake and catchment morphology variables 

(Ac:Al and zmax) and a catchment connectivity variable (lake order in the TP 

model) influenced the relationship between the proportion of high intensity 

grassland in a lake catchment and in–lake nutrient concentrations. Increasing 

maximum lake depth (zmax) reduced the influence of high intensity grassland on 

in–lake TN and TP concentrations while increasing catchment area to lake area 

ratio (Ac:Al) had the opposite effect. Lake order (LO) had a positive interactive 

effect indicating that increasing lake order resulted in an increasingly positive 

relationship between high intensity grassland and in–lake TP concentrations.        

3.4.1 Land use effects at the national scale 

A positive relationship between pastoral agriculture and nutrient concentrations in 

freshwaters has generally been established in New Zealand (McColl 1972; Larned 

et al. 2004; Parliamentary Commissioner for the Environment 2004; Galbraith 

and Burns 2007; McDowell 2009). Larned et al. (2004) analysed data for 229 

stream sites throughout New Zealand and found that median dissolved reactive P 

and dissolved N concentrations from pastoral sites exceeded recommended 

guidelines in all stream orders sampled, and concentrations of these nutrients were 

significantly higher in samples obtained from pastoral sites than in those from 

native and exotic forest sites. Likewise, Galbraith and Burns (2007) found that the 

proportion of pasture in a catchment was positively related to TN and TP in 45 

water bodies in the Otago region. Elsewhere, other landscape–scale studies have 

established links between agricultural land use and elevated nutrients in 
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freshwaters. For example Hooda et al. (1997) attributed elevated P in streams in 

the west of Scotland to intensive dairy farming in the catchments and Tong and 

Chen (2002) concluded that N and P losses from agriculture in Ohio watersheds 

were seven and six times higher, respectively, than the second–most polluting 

land use (impervious urban).  

The strength of the positive relationship between high producing grassland 

and in–lake TN and TP concentrations is particularly significant given the scale of 

the study. Goldstein et al. (2007) found that the relationship between land use and 

physical stream habitat condition characteristics became weaker with increasing 

spatial scale from regional to national level. By distinguishing between low and 

high producing grassland, it has been shown that the intensity of pastoral land use 

has a significant bearing on the magnitude of nutrient losses to lakes. The major 

pastoral–related nutrient sources include urine and N fertiliser in the case of N, 

and faeces and superphosphate fertiliser in the case of P (Monaghan et al. 2007). 

The magnitude of nutrient loss is broadly related to stocking rate (ibid.) and 

therefore increasing intensity results in greater nutrient loss. Whilst research into 

management options to mitigate nutrient losses from pasture has been an active 

field (see Cherry et al. 2008), it is clear that a significant change in practices is 

required if productivity is to be decoupled from nutrient loss. The contrast in 

nutrient losses between low and high productivity grassland is further emphasised 

by the fact that even though low intensity pasture and mean catchment soil P 

content were positively correlated (see Figure 3.4 and Table 3.5), both correlated 

negatively with in–lake P due to the opposing influence of high producing 

grassland. Although estimates of mean acid–soluble P content for catchment soils 

are derived from relatively broad categories, a positive relationship between soil P 

and in–lake TP concentrations was expected, especially given the range in the soil 

P values (4.0 – 47.1 mg (100 g)
-1

) and the fact that unusually high concentrations 

of P in igneous rocks in New Zealand have been shown to be associated with 

elevated P concentrations in freshwaters at a regional scale (Timperley 1983) and 

a local scale (Quinn and Stroud 2002). The fact that results are contrary to this 

expectation indicates that, at the national scale, anthropogenic sources of P exert a 

greater influence on in–lake TP concentrations than naturally occurring edaphic 

sources. 

The magnitude of variance (18.8 %) in in–lake TP explained by the 

proportion of exotic forestry in a catchment was appreciably high. Exotic forests 
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in New Zealand comprise 90% radiata pine (Pinus radiata Dons) (Fahey et al. 

2004) and, while it has been noted that pine plantations have the potential to 

export P at a greater rate than native forests in New Zealand (Hamilton 2005), a 

knowledge gap exists regarding nutrient export from plantation forests (Drewry 

2006). Intriguingly, export coefficients used to estimate P loss from exotic forests 

in New Zealand can be less than those for native forests (Ministry for the 

Environment 2002), however, these are based on a limited number of studies. 

Cooper and Thomsen (1988) estimated TP export from pine–forested catchments 

at 9.5 kg km
-2

 yr
-1

; lower than their estimate for either native forest (12 kg km
-2

 yr
-

1
) or pasture (167 kg km

-2
 yr

-1
). Similarly, Quinn and Stroud (2002) compared a 

stream draining pine forest with two streams draining native forest and found that 

average dissolved reactive P concentrations were significantly lower in the stream 

draining pine forest. Analysis of land use effects in the previously cited study was 

based, however, on monthly sampling; a frequency that may not be sufficient to 

derive precise estimates of P export due a failure to obtain accurate data for P loss 

during high–flow events (Johnes 2007). Studies have shown that TP exported 

from plantation forest catchments predominantly comprises particulate 

phosphorus (PP) (Zhang et al. 2007; Luz Rodriguez–Blanco et al. 2009) which 

can be higher in storm flow than in base flow by a factor of ten (Ellison and Brett 

2006). The export of PP from sources in exotic forests such as exposed soil in 

clear–felled areas and logging roads may therefore be underestimated due to the 

spatial heterogeneity of such critical source areas and the temporally variable 

nature of losses from these sources. Although PP that enters streams draining 

exotic forest may not be immediately available for plant uptake (and thus would 

appear not to promote eutrophication), for example due to pH constraints 

(McDowell et al. 2004), PP which enters downstream lentic receiving systems 

may become available following early diagenesis processes at the sediment–water 

boundary (Pacini and Gachter 1999; Søndergaard et al. 2003). Sediment flux (but 

not necessarily P export) has been shown to be greatest following initial native 

forest clearance and to then steadily diminish following afforestation (Kasai et al. 

2005). It is therefore possible that P in lakes that have catchments containing 

substantial proportions of exotic forest is in part a legacy of PP export during 

historic land clearance and not associated per se with ongoing forestry operations. 

Clearly, the finding that a substantial proportion of the variance in in–lake TP can 

be attributed to the extent of exotic forest in a catchment elicits the need for 
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further research to quantify P export from this source, and, underlines the 

importance of considering the potential for P loss when making decisions 

regarding aspects of forestry management such as felling regimes and the 

maintenance of riparian buffers within the forested hydrological landscape (Quinn 

2005). 

 The relatively small proportion of the variance in in–lake TN explained by 

the proportion of built up area (3.7 %) is indicative of the predominantly rural 

nature of the lake catchments (and therefore New Zealand as a nation); only 2.3 % 

of the lake catchments on average comprised this land use (Table 3.3). High rates 

of N export from urban land (for example in storm drainage), are well established 

(e.g. Line et al. 2002; Allan 2004; Dietz and Clausen 2008) and therefore 

urbanization in a catchment has the potential to greatly increase nutrient loads to 

lakes that are hydrologically connected.  

3.4.2 Factors that mediate the relationship between land use and in–lake 

nutrients 

Our finding that lake and catchment morphology variables mediate the 

relationship between pastoral land use and in–lake nutrients is consistent with 

other studies. Deeper lakes have greater volume relative to their area than shallow 

lakes and, therefore, lake depth has been shown to have a buffering effect on 

nutrient inputs (Nixdorf and Deneke 1997; Nõges 2009; Liu et al. 2010). 

Furthermore, both wind driven resuspension of sediment (Hamilton and Mitchell 

1997) and internal loading of P (Søndergaard et al. 2003) are more prevalent in 

shallow lakes than in deep lakes, thereby providing mechanisms for nutrients in 

lake sediments that originate from agricultural sources to be recycled in the water 

column. The positive interactive effect of the catchment to lake area ratio is in 

accord with empirical analysis undertaken by Håkanson (2005) which showed that 

TP was significantly related to this variable. This result reflects the fact that 

external N and P loads to lakes will typically be greater in a lake with a relatively 

large catchment compared to a lake with a relatively small catchment but the same 

proportion of land use (Nõges 2009).  

Although intuitive, there is limited precedent in the literature for the 

finding that a variable (lake order) related to hydrologic connectivity in 

catchments mediates the relationship between land use and in–lake nutrient P 

concentrations. Fraterrigo and Downing (2008) used temporal variation in in–lake 
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TN and TP concentrations as a proxy for ‘watershed transport capacity’ which is 

equivalent to ‘catchment connectivity’ referred to in this study. Using an 

equivalent sample size (101) to this study, these authors established that the 

influence of land use on in–lake nutrient concentrations varied with watershed 

transport capacity, with near–shore land use being more influential in determining 

nutrient concentrations in lakes with low watershed transport capacity than in 

lakes with high transport capacity where nutrient concentrations were more 

closely related to land use throughout the whole catchment. Buck et al. (2004) 

obtained a similar result for streams, finding that the proportion of pasture in a 

catchment related better to water quality in fourth order than in second order 

streams. The finding that lake order has a positive interaction on the relationship 

between land use and TP, but not TN concentrations, is likely to be a reflection of 

the variation in the transport mechanisms of the two nutrients. Relative to P, 

surface transport of N in stream channels accounts for a lower proportion of total 

nutrient flux in many catchments due to the high mobility of nitrate which results 

in a high proportion of N–transport via subsurface hydrological pathways (Petry 

et al. 2002).           

3.4.3 Implications for lake water quality policy 

It is reasonable to conclude that the results provide an approximation of the 

relative contribution made by major land uses to explaining variation in nutrients 

in New Zealand lakes, given the range of lake types and the representative land 

use composition of the catchments included in this study (Table 3.4). Also, the 

sample size would seem appropriate for a national scale study; Liu et al. (2010) 

analysed 103 lakes to characterise relationships amongst lake and catchment 

variables at the national scale in China and Van Sickle (2003) notes that 

watershed studies rarely have a sample size exceeding 50 and a sample of 20–30 

is common. The findings therefore provide an evidence base to guide water 

quality policy at the national level. On this basis, results indicate that actions are 

required to reduce nutrient pollution from intensive pastoral farms to mitigate lake 

eutrophication in New Zealand. Furthermore, by highlighting the potential for 

significant interactive effects, this study emphasises the importance of considering 

individual lake and catchment characteristics when assessing the likely 

vulnerability of lake ecosystems to land use change. 
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Following free market reforms, agricultural productivity has increased 

markedly in New Zealand in recent decades, however, this expansion has had an 

associated environmental cost (Parliamentary Commissioner for the Environment 

2004; Barnett and Pauling 2005). Further development of the industry requires 

that these costs be explicitly recognized and mitigated, if this development is to be 

sustainable. The analysis indicates that land use effects on lake nutrients may be 

non–linear (note use of log–transformed nutrient concentrations in linear models), 

thus suggesting that the relationship with in–lake nutrient concentrations may 

exhibit a threshold response (Gergel et al. 2002), possibly in relation to the 

observed propensity for lakes to shift from clear water to turbid equilibria (Sorrell 

and Schallenberg 2009). This possibility mandates a precautionary approach to 

agricultural expansion in the catchments of lakes with significant ecological value 

and warrants further research into the form of the relationship between 

agricultural land use and lake water quality. The results also highlight the 

potential for P export from plantation forests to contribute to eutrophication in 

lakes and this issue is recommended as the focus of further research. Finally, the 

results indicate that lake and catchment morphology, and catchment connectivity 

need to be considered when strategically assessing and planning for the potential 

impact of land use on lake water quality. 

 Given the national scale of this study, care should be taken when 

extrapolating the results to smaller scales. The results reflect the subset of New 

Zealand lakes included and, while the range of lakes in the sample is broadly 

representative of those in New Zealand, it would clearly not be appropriate to 

apply the empirical relationships that have been derived at the scale of individual 

lakes. In particular, it is noted that the inverse correlation between zmax and high 

prod. grass in the sample (Figure 3.4; Table 3.5) may cause the variance in the 

nutrient concentrations attributed to high prod. grass to be greater than would be 

obtained at a scale where this correlation is not present. The aim when using 

regression analysis to address the first of the two questions was to seek 

explanatory insight, as opposed to predictive power which is a disparate objective 

of environmental modelling (Mac Nally 2000; Beven 2001). It is likely therefore 

that the inclusion of more predictor variables in the regression models would have 

yielded higher predictive power, however, this gain would be at the expense of 

understanding the relative contribution of anthropogenic land uses. For example, 

including variables which were also negatively correlated with lake nutrient 
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concentrations (e.g. ‘% native’) may have resulted in better predictive power (e.g. 

higher r
2
) but less explanatory depth due to the opposing influences of natural and 

anthropogenic land uses in determining lake nutrient concentrations. It is also 

acknowledged that lake nutrient concentrations are a function of both historic and 

contemporary catchment land use (Johnes 1999) and therefore the respective land 

use proportions that have been calculated for each catchment are a simplification 

of land use pressures on lake water quality as historic land use was not accounted 

for, nor was land use change that may have occurred between 2000–2001 (land 

use imagery acquisition) and 2004–2006 (water sampling). Similarly, the analysis 

of factors that potentially mediate the land use – water quality relationship was 

undertaken at a broad spatial scale and several studies have highlighted the 

importance of aligning the scale at which relationships between catchment 

variables are analysed to the scale of the study (Buck et al. 2004; Daniel et al. 

2010). For instance, it is possible that analysis at finer spatial scales would yield 

significant relationships between the effect of land use on lake nutrients and 

variables such as slope, as have been established in other studies (Kamenik et al. 

2001; Chang et al. 2008). A worthwhile subject for further research is to 

undertake finer scale spatial analysis to better define relationships between land 

use and nutrients in New Zealand lakes, and to investigate how factors such as the 

spatial configuration of land use (Lee et al. 2009), biological diversity and 

abundance (e.g. macrophyte coverage), lake mixing status, historic land use and 

future climate scenarios mediate this relationship. Finally, future studies with 

larger sample sizes may wish to investigate higher (second and greater) order 

interactions between variables to provide greater insight into catchment 

interactions.  
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4 Spatial and temporal variations in sediment, nitrogen 

and phosphorus transport in stream inflows to a 

eutrophic New Zealand lake 

4.1 Introduction 

Excess sediment and nutrient loading can have major adverse ecological impacts 

on receiving aquatic ecosystems (Donohue & Molinos 2009, Vollenweider 1968). 

Characterising spatial and temporal variations in fluxes of these potential 

pollutants through hydrological landscapes is therefore necessary to inform the 

implementation of actions (e.g. best agricultural management practices) designed 

to mitigate water pollution (Mainstone et al. 2008). Additionally, resource 

managers require precise estimates of sediment and nutrient loads to receiving 

waters to monitor compliance with water quality standards, as well as to provide 

robust input data for water quality models that are increasingly used to help to 

understand ecosystem processes (Burger et al. 2008, Collins & McGonigle 2008).  

 Quantifying pollutant flux in surface streams requires knowledge of both 

discharge (Q) and determinand concentration, with the latter typically measured at 

lower frequency. Although infrequent (e.g. monthly) measurements may suffice 

for reasonable estimation of sediment and nutrient loads during base flow 

conditions (but see Jordan et al. 2005 for discussion of variable base flow 

loading), the potential for high temporal variation in determinand concentrations 

following rain events necessitates high–frequency sampling to accurately estimate 

loads conveyed in storm flow, particularly in low–order streams that respond 

quickly to rainfall (Chiwa et al. 2010, Johnes 2007, Lim 2003). In addition to 

informing load estimation, determinand concentration–Q relationships derived 

using high–frequency sampling can provide insight into the dominant sources and 

transport mechanisms of sediments and nutrients in catchments. This ability 

reflects the role of a catchment as a filter which mediates the downstream 

transport of pollutants, and, consequently, temporal variations in concentration 

during storm flows provide a signature that integrates the effects of complex 

upstream hydrological and biogeochemical interactions (Guan et al. 2011, 

Kirchner et al. 2000, Lewis & Grimm 2007). 
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Suspended sediment concentration typically increases in storm flow due to 

erosive processes, while nutrient concentrations may either increase or decrease 

due, for example, to flushing from critical source areas, mobilisation of channel–

bed stores or dilution by rainwater respectively (e.g Kato et al. 2009, Salvia–

Castellví et al. 2005, Zhang et al. 2010). In addition to Q, concentration may also 

vary in association with other hydrological variables that influence catchment 

transport processes such as soil moisture content (Rozemeijer et al. 2010). 

Furthermore, when there is a relationship between concentration and Q, it may be 

non–monotonic, i.e. there may be hysteresis related to differences in concentration 

at particular Q depending on whether Q is increasing or receding (Bowes et al. 

2005, House & Warwick 1998). The occurrence of a concentration peak before 

maximum Q (Qmax) during a hydrological event suggests a ‘first flush’ effect, 

attributed to mobilisation of sediments or nutrients accumulated in critical source 

areas on land or channel bed stores since a prior event (e.g. Zhang et al. 2010), 

assuming that the flushing process is source and not Q–limited (Burns 2005). 

Alternatively, the occurrence of a concentration peak during the recessing limb of 

the hydrograph has been interpreted to indicate slow diffuse delivery of pollutant 

to the channel (e.g. Bowes et al. 2005). The potential for determinand 

concentrations to correlate positively with Q can contribute to temporal inequality 

in pollutant loading, i.e. a proportion of the cumulative load for a time period may 

be transported in a disproportionately short period of time. Such inequality can be 

quantified using Lorenz curves. Lorenz curves are typically used to describe the 

cumulative distribution function of economic variables (Atkinson 1970) but have 

recently been used to quantify temporal inequality in both Q and daily nutrient 

loads estimated from monthly samples (Jawitz & Mitchell, 2011). 

The concentration–Q relationship may vary between catchments 

depending on individual characteristics such as land use. For example, Siwek et 

al. (2011) found that nitrate (NO3) concentration was positively correlated with Q 

in a woodland catchment (attributed to entrainment of NO3 in soil by surface run 

off), whereas the relationship was negative in an agricultural catchment (attributed 

to dilution of polluted stream water by rainwater). Improving understanding of 

how landscape characteristics such as land use and hydrogeomorphology interact 

to influence sediment and nutrient transport has been identified as a research 

priority (Collins & McGonigle 2008, Lohse et al. 2009) and is important to aid 

development of models of pollutant transport in catchments, calibration of which 
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is frequently constrained by lack of data relating to pollutant concentrations at 

high Q (Letcher et al. 2002). In the case of nutrients, there is specific need to 

consider variations related to individual fractions (e.g. dissolved and particulate) 

due to the differing bioavailability of various nitrogen and phosphorus forms and 

their subsequent discrepant potential to contribute to eutrophication in 

downstream waters (Boström et al. 1988, Bronk et al. 2007). 

This study focuses on two stream inflows to a large eutrophic lake and 

examines temporal variations in suspended sediment, nitrogen and phosphorus 

loading during a range of Q. High frequency event–based sampling was 

conducted over an extended period (2+ years) which included concurrent 

sampling of both streams in order to investigate spatial variations in pollutant 

transport between the two catchments during similar hydrological conditions. The 

objectives were: (1) to quantify temporal (within–catchment) variations in 

suspended sediment and nutrient concentration in both base and storm flow; (2) to 

investigate how temporal changes in concentration–Q relationships can vary 

spatially (between sub–catchments upstream of a common lake ecosystem); and 

(3) to improve understanding of the potential for nutrients conveyed in storm flow 

to promote downstream eutrophication. 

4.2 Methods 

4.2.1 Study catchments  

Event–based water sampling was undertaken of two stream inflows (Fig. 4.1) to 

Lake Rotorua, a large (81 km
2
), eutrophic and polymictic lake in the Bay of 

Plenty Region of New Zealand. The local igneous geology is complex with a 

series of large aquifers that are distinct from surface water catchments 

(Morgenstern et al. 2005). Soils comprise deep, porous sands or loams that are 

high in allophane (Newsome et al. 2000). Water quality in Lake Rotorua has 

declined since at least the 1960s due to excess nutrient loading and, as a result, the 

lake is eutrophic, experiences undesirable algal blooms and is now a priority for 

remediation (Parliamentary Commissioner for the Environment 2006, Rutherford 

1984). The lake has nine major stream inflows which supply approximately 66% 

of the total input of water (Hoare 1980). Of these, the Ngongotaha and Puarenga 

streams have the two largest surface sub–catchments and the fourth and second 

greatest mean Q respectively (ibid). Both streams are estimated to convey a high 

proportion of water in storm flow: 44% and 36% respectively (Rutherford & 
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Timpany 2008). Median discharge (Q50) is similar in the two streams 

(Ngongotaha = 1.90 m
3
 s

-1
, Puarenga = 1.92 m

3
 s

-1
; May 2010 – August 2012), 

although base flow is typically lower in the Ngongotaha Stream which has a more 

elongated catchment with lower drainage density than the Puarenga Stream 

catchment (Fig. 4.1). The Ngongotaha Stream catchment predominantly 

comprises pastoral agriculture with forested areas on steeper slopes. A sampling 

site was located upstream of the township of Ngongotaha. The dominant land use 

in the Puarenga Stream catchment is exotic coniferous forest comprising mostly 

Pinus radiata, although there is some pastoral agriculture (drystock and dairy 

farms), and suburban land use immediately upstream of the sampling location 

(Fig. 4.1). The Rotorua Wastewater Treatment Plant is situated downstream of the 

Puarenga sampling location although treated sewage from the plant is discharged 

to land upstream of the sampling location at the Rotorua Land Treatment System 

where effluent has been spray–irrigated over a 193 ha forested area since 1991 

(Tomer et al. 2000). The Whakarewarewa geothermal area is immediately 

upstream of the sampling location. 

4.2.2 Sampling methods 

The Ngongotaha Stream was sampled 2.5 km from the lake and Q was recorded at 

a permanent gauge sited 80 m further upstream. Precipitation (mm; hereafter 

‘rainfall’) was measured at a permanent gauge sited at Upper Oturoa Road, 9 km 

to the north–west (Fig. 4.1). The Puarenga Stream was sampled 2.1 km from the 

lake and Q was recorded at a permanent gauge sited 800 m downstream. Rainfall 

was measured at a permanent gauge sited 3 km to the south–east 

(Whakarewarewa; Fig. 4.1). Discharge was measured every 15–60 minutes and 

rainfall every hour. Soil moisture was measured using an in situ dielectric probe 

situated at the rain gauge site north of Ngongotaha Stream catchment (Fig 4.1).   
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Figure 4.1 Location of Lake Rotorua catchment, study stream surface catchments, 

monitoring locations and rain gauges. Catchment boundaries are from Rutherford 

et al. (2011) and land use statistics are derived from the Land Cover Database 2 

(Ministry for the Environment 2003). Shading denotes topography. Rc, circularity 

ratio; Re, elongation ratio.  
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Stream water at both sites was sampled at high frequency over 1–5 day 

periods coinciding with forecasted rainfall during different seasons between May 

2010 and July 2012. The objective was to sample during pre–event base flow and 

throughout the rising and recessing limbs of the hydrograph. Stream water (0.5–

1.0 L) was sampled from mid base flow water depth using automatic samplers 

(Manning VST portable) programmed to sample at 1–2 h frequency over the 

duration of each sampling period. A small number of supplementary samples were 

also collected manually from the same sites (< 5 % of samples). Sample bottles 

and hoses were acid–washed (10% HCl) and triple–rinsed with analytical grade 

deionised water (Millipore Co.) prior to deployment during each sampling period. 

Samplers were filled with ice and samples retrieved daily before the ice melted. 

Sub–samples for dissolved nutrient analysis were taken by filtration in the field 

(0.5 µm, Whatman GF/C) using acid–washed syringes during daily retrieval. 

Filtered and unfiltered sub–samples for nutrient analysis were stored in acid–

washed polypropylene tubes and preserved at ≤ 4 °C during transport to the 

laboratory where they were frozen. Sub–samples for determination of suspended 

sediment concentration (not all events for Puarenga Stream, Table 4.1) were 

collected in clean plastic bottles and analysed on return to the laboratory or 

refrigerated for up to five days. 

A total of six separate periods were sampled for the Ngongotaha Stream 

and 13 for the Puarenga Stream (Fig 4.2). Two distinct Q peaks were sampled 

during Puarenga Stream sampling of 11–15 May 2010 (event # 1 and # 2, 

Fig 4.2), hence, a total of 14 separate events were sampled on this stream. During 

three events, both streams were sampled simultaneously (two in late Austral 

summer, one in winter; Fig. 4.2) to specifically study how pollutant transport 

varied between the two streams during similar hydrological conditions. In total, 

there were three gaps > 3 h during sampling due to sampler malfunction or 

maintenance periods, none of which occurred during Qmax (Table 4.1). Two grab 

samples (in duplicate) were also collected during a large event in August 2012 

(Ngongotaha Stream Q = 22.0 m
3
 s

-1
, Puarenga Stream Q = 10.8 m

3
 s

-1
) and data 

(TN, TP and TSS concentrations) were used in derivation of regression models 

(see below). 
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Table 4.1 Characteristics of sampling periods for the Ngongotaha (Ngo) and Puarenga streams (Pua; Fig. 4.2). h, duration of sampling period in hours; 

Qmax, maximum discharge (m
3
 s

-1
) sampled; 24–h EMC, event mean concentration based on 24–h continuously–sampled period when discharge was 

greatest; Qavg; average hourly discharge during 24–h continuously–sampled period when discharge was greatest (m
3
 s

-1
); TN, total nitrogen; TP, total 

phosphorus; TSS, total suspended sediments; VSS, volatile suspended sediments. ‘–’ indicates that determinand was not measured. 

  

Stream 

 

# 

Date Sampling 

frequency (h) 

h Qmax 24–h EMC (mg L
-1

) Qavg Notes 

TN TP NO3–N NH4–N PO4–P TSS VSS 

Ngo. 1 16 – 18 

Dec ‘10 

2.0 46.00 1.5 1.03 0.055 0.84 0.016 0.034 4.80 – 1.4  

 2† 21 – 24 

March 

‘11 

1.0 74.25 2.7 0.93 0.076 0.79 0.027 0.050 14.42 3.51 2.2  

 3 12–16 

Dec ‘11 

1.5 – 2.0 121.50 3.1 1.26 0.083 0.85 0.043 0.044 22.56 8.04 2.6 One gap of 3.75 h 

 4 7–8 Jan 

‘12 

1.0 25.00 18.0 1.63 0.237 0.70 0.056 0.043 170.71 31.82 6.0  

 5* 02–04 

March 

2012 

1.0 47.50 2.4 1.03 0.085 0.85 0.011 0.028 8.47 5.83 2.3 Falling limb not fully sampled 

 6‡ 15–17 

July 

2012 

1.0 50.50 13.1 1.66 0.235 0.68 0.035 0.029 198.10 41.37 7.5 One gap of 7 h during rising limb. 

Pua. 1 11–13 

May ‘10 

1.0–2.0  24.00 3.8 1.34 0.127 0.81 0.072 0.033 – – 2.5 One gap of 12 h during pre–event 

base flow. 5 h overlap between # 1 

and # 2 

 2 13–15 

May ‘10 

1.0 24.00 6.5 1.54 0.172 0.80 0.077 0.026 – – 2.6  

 3 24–27 

May ‘10 

2.0 67.00 15.6 2.54 0.316 0.96 0.498 0.056 – – 10.2  
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Stream 

 

# 

Date Sampling 

frequency (h) 

h Qmax 24–h EMC (mg L
-1

) Qavg Notes 

TN TP NO3–N NH4–N PO4–P TSS VSS 

 4 01–04 

Aug ‘10 

1.0 71.50 5.0 1.53 0.194 0.79 0.084 0.021 – – 3.7 Rising limb not fully sampled 

 5 25–27 

Aug ‘10 

1.0 47.50 

 

2.9 1.38 0.075 0.91 0.076 0.031 13.85 – 2.5  

 6 18–21 

Jan ‘11 

1.0 73.25 

 

2.6 1.13 0.156 0.87 0.053 0.037 39.59 – 2.2  

 7† 21–24 

March 

‘11 

1.0 71.50 4.8 1.27 0.135 0.86 0.060 0.075 55.98 14.35 3.7  

 8 10–13 

Aug ‘11 

1.0 70.00 3.4 1.30 0.130 0.89 0.067 0.053 35.67 – 2.9  

 9 03–05 

Oct ‘11 

1.0 50.25 4.7 1.41 0.184 0.80 0.088 0.028 93.18 – 3.8  

 10 10–13 

Oct ‘11 

1.0 71.00 8.3 1.49 0.225 0.76 0.106 0.031 128.14 – 6.8  

 11 08–09 

Jan ‘12 

1.0 27.25 7.4 1.44 0.097 0.80 0.126 0.021 37.73 8.61 5.1  

 12 12–13 

Jan ‘12 

1.0 26.00 5.3 1.20 0.109 0.85 0.076 0.053 – – 4.4 Rising limb not fully sampled 

 13* 02–04 

March 

‘12 

1.0 48.00 3.7 1.18 0.141 0.74 0.055 0.026 31.20 10.45 2.9  

 14‡ 15–17 

July ‘12 

1.0 48.00 6.5 1.37 0.201 0.75 0.111 0.027 112.88 27.13 4.7  
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Figure 4.2 Hourly measured discharge (Q) in the Ngongotaha (a) and Puarenga 

(b) streams during May 2010 –August 2012. Solid horizontal line denotes median 

discharge (Q50) and dashed line denotes the 99.5 discharge percentile (Q99.5). 

Numbers denote sampling periods (Table 4.1), superscript symbols denote events 

for which both streams were simultaneously sampled. 

4.2.3 Water quality analysis 

Sediment concentrations were determined by filtering 65 – 500 mL of stream 

water through pre–combusted (550° C for 3 h) and pre–weighed glass fibre filters 

(0.5 µm, Whatman GF/C). Total suspended sediment (TSS) concentrations were 

determined gravimetrically following drying (105 °C for 8 h) and volatile 

suspended sediment (VSS) concentrations were then determined by weight 

difference following subsequent ashing (550 °C for 3 h). Dissolved nutrients 

(NH4, NO2, NO3, PO4) were measured with an Aquakem 200 discrete analyser 

(Thermo Fisher) using standard colorimetric methods (APHA 1998). Limits of 
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detection were 0.001 mg N L
-1

 for NO2, NO3, 0.002 mg N L
-1

 for NH4 and 0.001 

mg P L
-1

 for PO4. Total nitrogen (TN) and total phosphorus (TP) concentrations 

were determined following alkaline persulphate digestion (APHA 1998) of an 

unfiltered sample and subsequent colorimetric analysis for NO3 and PO4 

respectively, using a Lachat QuickChem flow injection analyser (Zellweger 

Analytics Inc.). Total dissolved nitrogen (TDN) and total dissolved phosphorus 

(TDP) concentrations were determined as for TN and TP respectively but using 

the field–filtered sample (0.5 µm, Whatman GF/C). These last two analyses were 

only undertaken for the three events when both streams were simultaneously 

sampled.  

4.2.4 Data treatment and measured load calculation 

Dissolved organic nitrogen (DON) concentration was determined as TDN minus 

the sum of NH4–N, NO2–N and NO3–N; dissolved organic phosphorus (DOP) was 

determined as TDP minus PO4–P. A value of zero was assigned when 

concentrations of DON and DOP were below the limit of detection. A small 

number (< 5%) of concentration data were disregarded due to suspected 

contamination arising from sampling or measurement error (e.g. when PO4–P > 

TP). For load calculations, disregarded concentration values were replaced with 

the mean of the two hourly measurements immediately before and after the 

anomalous result. Such estimated values are not reported  

Daily loads of determinands during each storm event were calculated 

using samples collected during the 24–h period of maximum Q that was 

continuously sampled. The approximate duration of events was one day and loads 

were calculated for standard 24–h periods (rather than the duration of individual 

events) primarily to aid comparison between both stream and events. It also 

negated the need to fill gaps in concentration data for the minority of events which 

were not completely sampled or for which there were breaks in sampling. 

Observed 24–h loads were calculated as: 

     
        

 
  

        

 
  

    (1) 

where L is the calculated 24–h load (kg day
-1

), n is the number of samples 

collected during the 24–h period and Ci and Qi are determinand concentration and 

discharge respectively at time i.   
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Consequently, event mean concentration (24–h EMC) of determinands 

was calculated as: 

  –      
  –      

  
        

 
  

   

 (2) 

4.2.5 Quantifying hysteresis in concentration–discharge relationships 

Scatterplots of relationships between determinand concentration and Q for each 

event (typically the entirety of the sampling period) were inspected to identify 

hysteresis that reflected consistent difference in concentration between the rising 

and recessing limbs of the hydrograph. Observed hysteresis was subsequently 

characterised for all sampling periods that included at least five samples collected 

during both the rising and recessing limbs of the hydrograph. Hysteresis was 

quantified by fitting two parameters (p and g) to the following model proposed by 

Bowes et al. (2005) after House & Warwick (1998). 

            
       

  
  

             

       
  (3) 

where     is estimated determinand concentration (mg L
-1

) at time i,       is the 

mean determinand concentration (mg L
-1

) measured in samples collected during 

the sampling period prior to the onset of the hydrograph rising limb, dt is time 

elapsed (s) between times i and i-1 and       is the mean discharge (m
3
 s

-1
) 

during the sampling period prior to the onset of the hydrograph rising limb. 

Parameter p is a response factor (g m
-6 

h
2
) that quantifies the magnitude of the 

hysteresis loop, as well as the direction, i.e. clockwise (p < 0, concentration higher 

during rising limb than the recessing limb) or anti–clockwise (p < 0, vice versa). 

Parameter g is a loop gradient term (g s
-1

) that is related to the size of the 

hydrograph peak and is normalised with respect to Q. Both p and g were 

determined by iteration using the Solver add–in to Microsoft Excel 2007 with the 

objective to minimise the root mean squared error between measured (    and 

estimated concentration (     during the sampling period 

4.2.6 Comparison of load estimation methods 

The extensive dataset collected during this study provided an opportunity to 

compare the accuracy of a range of commonly used methods for estimating 

pollutant loads. Observed 24–h loads of TN, TP and TSS were compared to 

estimates derived using the following three main methods of load estimation 

(Preston et al. 1989): averaging, ratio estimation and regression approaches.  
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 Averaging approaches are frequently used when few concentration data 

are available. The Bay of Plenty Regional Council conduct routine (monthly) 

monitoring, which furnishes a time series of monthly concentrations. An 

important question is whether event loads can be estimated accurately as the 

product of Q measured continuously during a storm event and the mean 

concentration of samples collected during routine monitoring. Event pollutant 

loads were thus estimated from the product of Q measured hourly during a storm 

event and the mean concentration of routine samples: 

                     
 
     (4) 

where      is the estimated 24–h event load and          is the mean 

concentration of 20–25 grab samples collected at approximately 4–week intervals 

by the regional council between May 2010 and July 2012 as part of a routine 

monitoring programme. The Ngongotaha Stream site was ≈1 km downstream 

from the event sampling site and the Puarenga Stream sites were at the same 

location.  

 Ratio estimation methods assume correlation between concentration and 

an auxiliary variable which is more frequently sampled (typically Q) (Preston et 

al. 1989). Instantaneous load estimates are consequently proportionally adjusted 

with reference to the auxiliary variable to derive a load for longer time periods, 

e.g. greater weighting is apportioned to concentration measurements taken when 

Q is high. To reflect correlation between concentration and Q, the Q–weighted 

mean concentrations were calculated using data collected in this study, and used 

in place of the arithmetic means of Eq. 4. To maintain independence, Q–weighted 

mean concentrations were calculated separately for each load calculation using 

only data for other events.  

       
      
 
   

    
 
   

 (5) 

where      is the discharge–weighted mean concentration, N is the number of 

samples and Cj and Qj are determinand concentration and discharge respectively 

measured during sampling periods at time j. Then: 

                     
 
    (6) 

where        is the estimated 24–h event load. 

 Regression can be used to estimate concentration based on Q (rating 

curves) where a defined relationship exists between the two variables and when 

data relating to a sufficiently wide range of Q are available (Johnes 2007). Log10–
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log10 rating curves were constructed using ordinary least squares linear regression 

and loads estimated as: 

            
          

 
  

        

 
  

    (7) 

where         is the estimated 24–h load and     is concentration at time i 

estimated with a rating curve constructed using only data measured during other 

sampling periods. All dependent variables used in regression models were log10–

transformed and untransformed estimators were derived by calculating the 

antilogarithm and multiplying by the following bias correction factor proposed by 

Ferguson (1986): 

          
 
 (8) 

where σ
2
 is the model variance.  

In addition to Q, other hydrological variables that affect pollutant transport 

have been shown to explain additional variation in concentration measurements 

(Rozemeijer et al. 2010). Regression models were trialled that used the following 

independent variables to predict measured concentration: 
  

      
 where        is 

discharge x–h prior to sampling (values for x of 1, 1.5, 2 and 3 were considered); 

the sum of rainfall measured in preceding 1, 3 and 6 hours, and soil moisture (%) 

at the time when the sample was collected. Linear interpolation of hourly 

measurements was used to derive sub–hourly estimates of independent variables. 

 Additional hydrological variables aside from Q were only used to improve 

prediction of TN and TP concentrations for the Puarenga Stream, as datasets for 

this stream were the most extensive, and included events during different seasons 

with a range of different characteristics. The aim when trialling regression models 

was to seek parsimonious compromise between maximising model performance 

(r
2
) and minimising the number of independent variables. Where necessary, 

variables were transformed to improve normality and ensure linearity of 

relationships. Residual plots were visually inspected for normal distributions. The 

predictive power of the TN model for the Puarenga Stream was improved with the 

addition as an independent variable of the ratio of Q at the time of sampling to Q 

3–h previously (Qi/Qi-3 h): 

                        –       
  

      
         (9) 

where           is estimated log10 transformed TN concentration, β1 and β2 are 

regression coefficients (both > 0) and c1 is the y intercept of the regression line. 

333 of 1008



Chapter 4 – Spatial and temporal variations in nutrient transport in two streams 

89 

 

 The predictive power of the TP model for the Puarenga Stream was 

improved with the addition of the following independent variables: the ratio of Q 

at the time of sampling to Q 1.5 h previously (Qi/Qi-1.5 h); the sum of rainfall (mm) 

in the preceding 6–h (log10 + 1 transformed; rain6), and soil moisture (%) at the 

time of sampling (square–root transformed; soil):  

                        –      
  

        
                –           

    (10) 

where           is estimated log10 transformed TP concentration, β3, β4, β5, and β6 

are regression coefficients (all > 0) and c2 is the y intercept of the regression line. 

 Regression coefficients and y intercept values were determined using 

ordinary least squares linear regression. To maintain independence, values for 

these parameters were determined individually for each event using only 

measured data for all other events. 

Consequently, estimated loads (Lhydrol) were calculated using Eq. 1 with 

substitution of Ci for concentration estimated using regression models described 

above that included two or more hydrological variables as predictors.  

4.2.7 Quantifying temporal inequality in pollutant transport  

In order to compare how determinand loading varied temporally between the two 

streams over longer time periods, regression models fitted to measured data (see 

above) were used to estimate the average hourly concentration of TN, TP and TSS 

in each stream over the two–year period of May 2010–May 2012 (soil moisture 

probe malfunctioned in June 2012). Root mean squared error statistics were 

calculated for models using a bootstrapped sample drawn from measured data 

(sample with replacement; n = 10000). Lorenz curves were then constructed to 

examine how the cumulative proportion of the total estimated two–year load (x) 

varied with respect to the cumulative proportion of time (y). The Gini coefficient 

(G) was calculated to quantify temporal inequality in loading; this parameter 

equals the ratio of the area enclosed by the Lorenz curve and the 1:1 line, to the 

area under the 1:1 line (Fig. 4.3). The parameter therefore equals a value between 

0 (loading is equal at all times) and 1 (all loading occurs in an infinitesimally 

small period). For constructed Lorenz curves, G was calculated as: 

              
 

 
  (9) 

with integration performed numerically. 
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Figure  4.3 Example of Lorenz curve used to examine the relationship between the 

proportion of a total load transported and the proportion of time elapsed during a 

defined period. The Gini coefficient (G) quantifies temporal inequality in loading 

from a scale of 0–1, where 0 implies that loading occurs at a constant rate and 1 

implies that all loading occurs during the shortest time step. 

4.3 Results 

4.3.1 Hydrology 

The sampling periods spanned a wide range of Q (Fig. 4.2). Although median Q 

was very similar in the two streams (≈1.9 m
3
 s

-1
) the hydrograph for the Puarenga 

Stream (highest circularity ratio and drainage density) was the flashier of the two, 

with more peaks and steeper base flow recession. By contrast, the Ngongotaha 

Stream hydrograph displayed fewer peaks but higher Qmax during large storms 

(e.g. Q99.5 was highest in the Ngongotaha Stream, Fig. 4.2). Discharge during the 

study period exceeded the range of sampled Q for 0.35% of the total time for the 

Puarenga Stream and for 0.25% of the time for the Ngongotaha Stream. Rainfall 

was above average during the sampling period; e.g., total rainfall for Rotorua city 

was 6% above the 1981–2010 average in 2010 (1436 mm) and 47% above 

average in 2011 (1997 mm) (NIWA 2011–2012). In particular, 

uncharacteristically high rainfall occurred during both Austral summers and two 

very large floods occurred in January 2011 following passage of tropical 

anticyclones, although these were not sampled. Hourly Qmax in the Ngongotaha 

stream during the largest flood was the highest measured for 15 years (NIWA 

2012; long–term continuous monitoring data not available for the Puarenga 

Stream). 
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4.3.2 Relationships between concentration and discharge  

Data for the three events during which both streams were sampled illustrate 

typical relationships between determinand concentration and Q (Figs. 4.4–4.6). 

Suspended sediment concentrations were highly positively correlated with Q in 

both streams (e.g. Fig 4.4b, f). Suspended sediments were predominantly 

inorganic; on average VSS comprised 32% of TSS sampled in the Puarenga 

stream and 42% in the Ngongotaha stream. The proportion of TSS comprising 

VSS varied widely between events at base flows, although it was typically ≈20% 

during storm flow in both streams indicating relatively higher flux of inorganic 

sediments during storm events. 

 Concentrations of NO3 typically exhibited a weak dilution effect in both 

streams and declined during the period of Qmax (e.g. Figs 4.5c, d). Consequently, 

the lowest NO3–N 24–h EMCs measured in the Ngongotaha Stream occurred 

during the largest events (events # 4 and # 6; Table 4.1). During the recessing 

limb of the hydrograph, an increase in NO3–N concentrations to above pre–event 

base flow was observed in several events sampled in the Puarenga Stream (e.g. 

Fig. 4.5g). Total nitrogen concentrations were positively correlated with Q in both 

streams although this determinant was invariant during smaller events as a result 

of minor increases in concentrations of DON and particulate N being balanced by 

reduced NO3–N concentrations (e.g. Fig. 4.4c). Concentrations of NH4–N 

typically comprised only a small proportion of TN concentrations (Ngongotaha 

Stream mean = 2%; Puarenga Stream mean = 9%) and generally showed no clear 

relationship with Q, although highest concentrations were measured during the 

largest events in both streams. Concentrations of NO2–N were less than detection 

limits (< 0.001 mg L
-1

) in all samples and are not presented. 

 Concentrations of PO4 were highly variable; coefficients of variation for 

this determinand in the streams were 43% (Ngongotaha) and 56% (Puarenga). 

Typically, concentrations of PO4–P were a minor component of TP concentrations 

and unrelated to Q, although the March 2011 event (medium–sized event in late 

summer) during which both streams were sampled was an exception as PO4–P 

concentrations displayed peaks after and before Qmax respectively in the 

Ngongotaha and Puarenega streams (Fig. 4.4d, h). Total P concentrations 

exhibited positive correlation with Q in both streams (e.g. Figs. 4.5d and 4.5h). 

The relative rate at which concentrations of TP increased with Q was typically 

greater than for TN, hence, mass ratios of TN:TP generally decreased during 
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storm flow (Fig 4.7). Dissolved organic P was a minor component of the TP pool 

in the three events for which it was measured (Figs. 4.4d, 4.4h, 4.5d, 4.5h, 4.6d, 

4.6h) and the positive correlation between TP concentrations and Q therefore 

overwhelmingly reflects mobilisation of particulate P during elevated Q.  
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Figure 4.4 Temporal variations in measurements for the Ngongotaha Stream (left 

panels, a–d) and the Puarenga Stream (right panels, e–h) during simultaneous 

sampling of both streams in March 2011 (event # 2 and #7 respectively; Fig. 4.2). 

Scale for discharge (Q) data not shown on concentration plots. 

.  
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Figure 4.5 Temporal variations in measurements for the Ngongotaha Stream (left 

panels, a–d) and the Puarenga Stream (right panels, e–h) during simultaneous 

sampling of both streams in March 2012 (event # 5 and #13 respectively; Fig. 

4.2). Scale for discharge (Q) data not shown on concentration plots. 
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Figure 4.6 Temporal variations in measurements for the Ngongotaha Stream (left 

panels, a–d) and the Puarenga Stream (right panels, e–h) during simultaneous 

sampling of both streams in July 2012 (event # 6 and #14 respectively; Fig. 4.2). 

Scale for discharge (Q) data not shown on concentration plots. There was a 7–h 

break in sampling (sampler malfunction) during the rising limb for Ngongotaha 

Stream data. 
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Figure 4.7 Relationships between measured TN:TP and discharge (Q) for the 

Ngongotaha (a) and Puarenga (b) streams. 

4.3.3 Hysteresis in concentration–discharge relationships 

Temporal trends in determinand concentration during events were not always 

aligned with variations in Q. For example, marked increases in concentrations of 

TN and TP in the Puarenga Stream (due to peaks in NO3 and PO4 respectively) 

observed at the start of event # 7 occurred following very light rainfall that had 

negligible influence on Q, thereby suggesting flushing of local pollution sources 

(Figs. 4.4g and 4.4h). Similarly, TP concentrations in the Puarenga Stream display 

a distinct local peak during event # 14 approximately 16–h before Qmax (Fig. 

4.6h), consistent with apparent flushing of TSS (Fig. 4.6f). 

Calculation of the response factor (p) and loop gradient term (g) allowed 

such hysteretic behaviour in concentration–Q relationships to be quantified (Table 

4.2). Figure 4.8 shows examples of observed hysteresis in four determinands and 

illustrates relative differences between hysteresis loops with various values for p 

and g. Observed hysteresis in TN in the Puarenga Stream was always 

anticlockwise (i.e. p < 0; Fig. 4.8a) indicating relatively elevated concentrations 

during the recessing limb, an occurrence that usually reflected elevated NO3–N 

measured post Qmax as recessing Q approached pre–event levels. Of the two 

examples of hysteresis in TN observed in the Ngongotaha Stream, one was small 

(g = 2.97 g s
-1

) and clockwise (p > 0; Fig. 4.8a), the other anticlockwise. Both 

clockwise and anticlockwise hysteresis in TP was observed in the Puarenga 

Stream and the largest TP hysteresis loops (g = 0.51–0.97 g s
-1

) observed in the 

Puarenga Stream were anticlockwise (e.g. Fig. 4.8b). Various hysteresis patterns 

were observed for TSS during all three events when both streams were 

concurrently sampled. For example, anticlockwise hysteresis was observed in 

both streams in the March 2011 event (medium–sized event in late summer; Figs. 
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4.4b, f), whereas clockwise hysteresis was observed for TSS in both streams 

during the July 2012 event (larger event in winter; Figs. 4.6b, 4.6f and 4.7c). 

 

 

Figure 4.8 Examples of hysteresis loops in measured concentrations of total 

nitrogen (TN), total phosphorus (TP), total suspended sediments (TSS) and 

ammonium (NH4) for the Ngongotaha (Ngo) and Puarenga (Pua) streams. 

Parameter p is a response factor (g m
-6 

s
2
) that quantifies the magnitude of the 

hysteresis loop, as well as the direction, i.e. clockwise (p<0, concentration higher 

during rising limb than the recessing limb) or anti–clockwise (p<0, vice versa). 

Parameter g is a loop gradient term (g s
-1

) that is related to the size of the loop. 
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Stream Event # Time (h) Qbase (n) 

(m
3
 s

-1
) 

Qmax 

(m
3
 s

-1
) 

TN NO3-N NH4-N TP PO4-P TSS 

p g p g p g p g p g p g 

Ngo. 2† 72.75 1.6 (11) 2.7 × × × × × × × × × × -3.62 57.34 

 3 84.25 1.7 (9) 3.1 -1.74 2.95 0.03 1.55 -0.10 0.16 -0.13 0.22 -0.02 0.08 × × 

 5* 47.50 1.9 (6) 2.4 0.49 2.22 0.64 2.07 × × 0.42 0.59 × × 36.97 29.64 

 6‡ 50.50 2.0 (3) 13.1 × × 0.01 1.23 × × × × 0.01 0.04 51.97 453.61 

Pua. 4 71.00 1.9(2) 5.0 -0.21 2.90 -0.03 1.22 -0.02 0.22 × × × × - - 

5 47.50 2.2 (5) 2.9 × × × × × × × × × × × × 

6 73.25 1.8 (5) 2.6 × × × × × × × × × × × × 

7† 71.50 2.2 (11) 4.8 × × 0.20 1.11 0.01 0.12 0.02 0.47 0.01 0.23 -34.15 273.23 

8 35.0 2.2 (16) 3.4 × × × × × × -0.04 0.51 0.03 0.06 -34.00 309.30 

9 49.25 2.7 (1) 4.7 -0.89 5.36 -0.08 1.69 -0.13 0.39 -0.18 0.97 × × -34.48 632.62 

10 71.00 

 

2.2 (7) 8.3 -0.23 3.62 -0.13 1.72 -0.04 0.28 -0.01 0.57 × × × × 

13* 48.00 2.1 (5) 3.7 -0.28 2.97 × × × × × × -0.01 0.07 -37.43 198.50 

14‡ 48.00 2.0 (2) 6.5 -0.04 2.51 × × -0.04 0.31 0.07 0.49 × × 69.16 336.18 

Table 4.2 Characteristics of observed hysteresis loops in concentration–discharge data for the Ngongotaha (Ngo) and Puarenga streams (Pua). 

Parameter p is a response factor (g m
-6 

h
2
) that quantifies the magnitude and direction of the hysteresis loop and g is a loop gradient term (g s

-1
) (see 

Fig. 4.8). Numbered events shown in Fig. 4.2, symbols denote events for which both streams were simultaneously sampled. ‘×’ indicates that no 

hysteresis was evident from visual inspection of scatterplots. Time, length of sampling period; Qbase, mean discharge for samples collected prior to 

rising limb; Qmax, maximum discharge sampled; TN, total nitrogen; TP, total phosphorus; TSS, total suspended sediments. 
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4.3.4 Storm load size and composition  

During similar Q, TN, TP and TSS concentrations were typically lower in the 

Ngongotaha Stream (e.g. see 24–h EMCs in Table 4.1) and therefore loads during 

similar–sized events were lower than in the Puarenga Stream. Comparison of 24–

h loads highlights large disparities between events of different magnitude that 

result from the positive correlation between determinand concentration and Q 

(Fig. 4.9). The largest measured 24–h loads of TN, TP and TSS for the 

Ngongotaha Stream were, respectively 9, 23 and 220 times greater than the 

smallest loads. For the Puarenga Stream, the largest measured 24–h loads of TN, 

TP and TSS were, respectively, 10, 9 and 10 times greater than the smallest loads. 

 

 
Figure 4.9 Measured 24–h loads of nutrients and suspended sediments conveyed 

in the Ngongotaha (a–c) and Puarenga (d–f) streams. PN, particulate nitrogen; 

DON, dissolved organic nitrogen; PP, particulate phosphorus; DOP, dissolved 

organic phosphorus; Q, discharge. Numbers above bars denote event numbers in 

Fig. 4.2, superscript symbols denote events for which both streams were 

simultaneously sampled. 
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Measured 24–h loads in the Ngongotaha Stream were higher for event #6 

(Qmax = 13.1 m
3
 s

-1
) than event #4 (Qmax = 18.0 m

3
 s

-1
) because, despite higher 

Qmax, the cumulative Q was 21% lower for event #4 during which only the rising 

limb and peak of the hydrograph were sampled (sampler was removed shortly 

after Qmax to remove risk of damage to the instrument). 

 The relative contribution of dissolved inorganic nutrients to TN and TP 

loads decreased with increasing Q (Figs. 4.9a, b, d, e). This was particularly the 

case for TP; the contribution of PO4–P to measured 24–h loads of TP varied from 

12% (Qmax = 13.1 m
3
 s

-1
) to 66% (Qmax = 2.7 m

3
 s

-1
) in the Ngongotaha Stream 

and from 11% (Qmax = 5.0 m
3
 s

-1
) to 55% (Qmax = 4.8 m

3
 s

-1
) in the Puarenga 

Stream. The majority of measured 24–h TN loads comprised predominantly 

dissolved inorganic N (Ngongotaha Stream range = 43–89%; Puarenga Stream 

range 57–82%), and the contribution of dissolved inorganic N to 24–h TN loads 

was less than 50% in only the two largest events sampled on the Ngongotaha 

Stream. Loads of NH4–N were typically minor compared to NO3–N loads 

although event # 3 for Puarenga Stream (autumn event with highest stream Qmax 

sampled) was an exception: approximately 20% of the 24–h TN load comprised 

NH4–N (Fig. 4.9d) and NH4–N 24–h EMC (0.498 mg L
-1

; Table 4.1) was 

approximately an order of magnitude greater than for other events sampled. 

Measurements of DON (Figs. 4.4c, g; 4.5c, g; 4.6c, g) indicated that this fraction 

comprised a larger proportion of the TN in event loads transported in the 

Puarenga Stream (largely forested catchment) than in the Ngongotaha Stream. 

Loads of DON in the Puarenga Stream, expressed as a proportion of the 24–h TN 

loads, were 9% (event # 7), 27% (event # 13) and 20% (event # 14), whereas for 

the Ngongotaha Stream, DON comprised 3% (event # 2), 9% (event # 5) and 11% 

(event # 6) of the 24–h TN loads. Similarly, the relative contribution of DOP to 

24–h TP loads was also highest in the Puarenga Stream. Proportions in the 

Puarenga Stream were 24% (event # 7), 17% (event # 13) and 30% (event # 14), 

compared to 0%, 14% and 15% in the Ngongotaha Stream. 

 Suspended sediment loads during events predominantly comprised 

inorganic sediments (e.g. Figs. 4.4b, f). The relative contribution of VSS to 24–h 

TSS loads was similar in both streams (≈15–30%), although an atypically large 

proportion of the 24–h TSS load comprised VSS (69%) for Ngongotaha Stream 

event # 5, suggesting flushing of sediments accreted during the dry period prior to 

this very small event during late summer. 
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4.3.5 Comparison of load estimation methods  

Table 4.3 presents comparison between estimated and measured 24–h loads. 

Measured loads are calculated using Eq. 1. Estimated loads are calculated using 

one averaging method (Lavg; Eq. 4), one ratio method (Lratio; Eq. 6) and two 

regression methods (Lrating; Eq. 7 and Lhydrol).  

The averaging method (that used mean concentrations of samples 

collected during routine monthly monitoring) substantially underestimated 

measured 24–h loads for TP, TN and TSS, as routine monitoring was typically 

conducted during base flow when TP, TN and TSS concentrations were lower 

than during storm events.  

The ratio estimation method yielded imprecise loads (e.g. -61% to +183% 

error for TP loads). However, it generally yielded more accurate 24–h TN loads 

than the averaging method for the largest events. Of the regression methods, 

Lhydrol was generally more accurate than Lrating, reflecting the inclusion of more 

independent variables (and subsequent higher predictive power) in models used to 

derive concentration estimates for Lhydrol calculations. Differences between TN 

Lhydrol and TN Lrating were, however, minor. 
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Stream # Qmax 

(m
3
 s

-1
) 

Qavg 

(m
3
 s

-1
) 

TN load error TP load error TSS load error 

Lhydrol Lrating Lratio Lavg Lhydrol Lrating Lratio Lavg Lhydrol Lrating Lratio Lavg 

Ngo. 1 1.5 1.4  -9% 32% -5%  90% 183% 7%  -6% 2446% 99% 

 2† 2.7 2.2  16% 53% 5%  -11% 119% -23%  -17% 737% -34% 

 3 3.1 2.6  -14% 12% -22%  2% 82% -29%  -29% 441% -58% 

 4 18.0 6.0  5% -21% -40%  6% -45% -75%  197% -49% -94% 

 5* 2.4 2.3  6% 40% -5%  -15% 92% -31%  50% 1302% 13% 

 6‡ 13.1 7.5  -5% -23% -41%  -15% -45% -75%  -37% -61% -95% 

Pua. 1 3.8 2.5 -7% -3% 8% -7% -7% -16% 13% -43%     

 2 6.5 2.6 -24% -20% -10% -32% -23% -35% -16% -50%     

 3 15.6 10.2 -39% -50% -47% -57% -16% -31% -61% -75%     

 4 5.0 3.7 -12% -34% -7% -28% -29% -30% -25% -56%     

 5 2.9 2.5 -10% -8% -1% -20% 37% 52% 99% 14%  58% 271% -10% 

 6 2.6 2.2 14% 14% 24% -2% -18% -37% -8% -45%  -63% 30% -68% 

 7† 4.8 3.7 12% 14% 16% -13% 21% 6% 8% -37%  -9% -3% -78% 

 8 3.4 2.9 -17% 5% 11% -15% 5% -3% 12% -34%  -4% 50% -65% 

 9 4.7 3.8 -19% 2% 1% -22% -27% -23% -24% -54%  -49% -46% -87% 

 10 8.3 6.8 16% 16% -3% -26% -16% -15% -38% -62%  33% -66% -90% 

 11 7.4 5.1 2% 8% 1% -23% 83% 85% 51% -12%  200% 40% -67% 

 12 5.3 4.4 -3% 21% 21% -8% 33% 36% 29% -22%     

 13* 3.7 2.9 17% 16% 25% -6% -15% -12% 4% -39%  0% 73% -60% 

 14‡ 6.5 4.7 12% 12% 6% -19%  -21% -29% -57%  -28% -58% -89% 

Table 4.3 Error in estimated 24–h loads of total nitrogen (TN) total phosphorus (TP) and total suspended sediment (TSS; not measured in all events) relative to 

measured loads conveyed in the Ngongotaha (Ngo) and Puarenga streams (Pua) during events shown in Fig. 4.2. Symbols denote events for which both streams were 

simultaneously sampled. Loads were derived using measured discharge (Q) and concentration data, estimated using regression models that incorporate discharge and 

other hydrological variables (Lhydrol; Puarenga Stream TN and TP only), concentration–Q rating curves (Lrating), event mean concentrations calculated using data for 

other events (Lratio) and mean values for samples collected during a routine monthly monitoring programme (Lavg). Qmax, maximum discharge sampled. Qavg; average 

hourly discharge during 24–h period (m
3
 s

-1
). Calculated TP Lhydrol was not derived for Puarenga event # 14 due to soil moisture probe malfunction. 
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4.3.6 Temporal inequality in sediment and nutrient loading  

Regression models fitted to measured hydrological variables and concentrations 

of TN, TP and TSS (Table 4.4) were used to estimate cumulative hourly loads 

over the two–year period of May 2010–May 2012. All models included Q as an 

independent variable with positive coefficient, reflecting the positive correlation 

between the three determinands and Q. Equations 9 and 10 were used to estimate 

concentrations of TN and TP respectively in the Puarenga stream, as the inclusion 

in these models of hydrological variables in addition to Qi improved predictive 

power. Regression coefficients and y intercept values for these equations were 

fitted using all measured data (see Table 4.4 for full equations). Given the high 

number of independent variables in the TP model, there was uncertainty about the 

validity of extrapolating to periods when antecedent hydrological characteristics 

deviated markedly from those during sampling. Consequently, a linear log10–log10 

rating curve was used to estimate TP concentration based on Qi for periods when 

estimated TP concentration exceeded the maximum that was measured (0.543 mg 

L
-1

; 4% of time period). Linear log10–log10 rating curves with high r
2
 values (0.72 

and 0.68 respectively) were used to estimate measured TN and TP concentration 

for the Ngongotaha stream. A linear log10–log10 rating curve was used to estimate 

TSS concentration in the Puarenga Stream although a marginally poorer–fitting 

power function (exponent < 1) was used to estimated TSS concentration when Q 

exceeded the Qmax during TSS sampling (10.81 m
3
 s

-1
; 0.6% of time period) in 

order to minimise likelihood of over–estimating concentration during high Q 

periods which contribute disproportionally to cumulative load. Similarly, a power 

function with exponent < 1 provided good approximation of measured TSS 

concentration in Ngongotaha Stream samples and was applied to the measured Q 

range. Maximum estimated concentrations (mg L
-1

) of TN, TP and TSS, relative 

to maximum measured concentrations (in parentheses), for the two–year period 

were 2.78 (2.75), 0.788 (0.427) and 2250 (510.46) respectively in the Ngongotaha 

Stream and 2.58 (3.096), 0.542 (0.543) and 682.46 (462.54) respectively in the 

Puarenga Stream.  
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Stream Dependent variable 

(mg L
-1

) 

Regression model n r
2
 RMSE (untransformed units; 

mg L
-1

)  

α 

Ngongotaha log10 TN 0.321×log10 Qi – 0.090 247 0.72 0.13 <0.001 

 log10 TP 0.801×log10 Qi – 1.666 260 0.68 0.027 <0.001 

 log10 TSS 2.296×(log10 Qi)
0.740

 256 0.85 38.49 <0.001 

Puarenga log10 TN 0.239×log10 Qi – [0.096×(Qi/Qi-3 h)] + 0.108 581 0.23 0.27 <0.001 

 log10 TP 

 

log10 TP 

0.632×log10 Qi – [2.01×(Qi/Qi-1.5 h)] + 0.018×rain6 – 

0.096×soil – 0.397 

0.5549× log10 Qi – 1.193 

608 

 

654 

0.39 

 

0.30 

0.042 

 

0.045 

<0.001 

 

<0.001 

 log10 TSS 2.018×log10 Qi + 0.437 

2.161×(log10 Qi)
0.626

 

507 

507 

0.65 

0.60 

24.81 

27.64 

<0.001 

<0.001 

Table 4.4 Summary of regression models used to estimate the concentration of total nitrogen (TN), total phosphorus (TP) and total suspended 

sediment (TSS) in the Ngongotaha and Puarenga streams over a two year period. Qi, discharge (m
3
 s

-1
) at time i; rain6, sum of rainfall (mm) in the 

previous 6 h (log10 + 1transformed); soil, soil moisture (%) (square–root transformed). Root mean squared error of estimates was calculated for a 

bootstrapped sample (n = 10000) drawn from measured data. α denotes statistical significance. 
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Plotting cumulative estimated loads as a function of cumulative time 

allowed temporal inequality in pollutant loading over the two–year period (May 

2010–May 2012) to be examined (Fig 4.10). Gini coefficients for individual 

determinands were ordered as follows in both streams: TN < TP < TSS. Temporal 

inequality in loading was therefore lowest for TN and highest for TSS, i.e. a given 

proportion of the TSS total load was transported to the lake in a shorter time than 

the same proportion of the TN load when estimated hourly loads are arranged in 

order of increasing magnitude and the largest loads are considered. The value of g 

for TN was the same in both streams (0.312) indicating, for example, that 50% of 

the TN load in both streams was transported in approximately 28% of the time 

(expressed as days in Table 4.5; minor difference between catchments reflects 

rounding of G). Gini coefficients for TP and TSS were highest for estimates of 

loads conveyed in the Ngongotaha Stream; 50% of estimated TP loading occurred 

for 10% of time for the Ngongotaha Stream (g = 0.511), compared to 17% of time 

for the Puarenga Stream (g = 0.455). Extremely high inequality for TSS load 

estimates implies that 50% of the total TSS load over the two–year period was 

estimated to have been transported in a cumulative time equivalent to 

approximately just 1 day for the Ngongotaha Stream (g = 0.909) and 7.5 days for 

the Puarenga Stream (g = 0.793). Expressing G in terms of days aids 

interpretation although it is important to note that one ‘day’ may, for example, 

comprise 24 separate 1–h periods during Qmax of 24 events. 
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Figure 4.10 Lorenz curves describing the relationship between cumulative 

proportion of estimated hourly loads during two–years (May 2010–May 2012) 

and cumulative proportion of time for the Ngongotaha (a–c) and the Puarenga (d–

f) streams. Gini coefficients (G) quantify temporal inequality in loading (see Fig. 

4.3 for calculation method). TN, total nitrogen; TP, total phosphorus; TSS, total 

suspended sediments.  
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4.3.7 Yield estimates 

Two–year load estimates derived using regression models to estimate 

concentration (see above) were used to estimate yields of TN, TP and TSS from 

each stream surface catchment on a per unit area basis (Table 4.6). Estimated 

yields of TN were very similar for the catchments (≈12.7 kg ha
-1

 yr
-1

) while TP 

yield was approximately 30% higher in the Puarenga stream catchment (1.34 kg 

ha
-1

 yr
-1

) compared to the Ngongotaha stream catchment (1.01 kg ha
-1

 yr
-1

). 

Estimated yield of TSS was markedly greater in the Ngongotaha Stream 

catchment (741 kg ha
-1

 yr
-1

) compared to the Puarenga Stream catchment (479 kg 

ha
-1

 yr
-1

). This difference can, however, be attributed largely to the occurrence of 

larger peak Q during the two flood events in January 2011; TSS yield estimates 

made without inclusion of the flood peaks (substitution of Q50 for the nine–day 

period) are comparable for the two catchments (≈350 kg ha
-1

 yr
-1

). These large 

events were not sampled and, consequently, contribute considerable uncertainty to 

load estimates. 

  

Proportion of  

cumulative load 

Time (d) 

Ngongotaha Stream Puarenga Stream 

TN TP TSS TN TP TSS 

50% 201.5 75.5 1.0 206.5 126.0 7.5 

25% 41.5 3.5 0.5 57.5 23.0 1.5 

Table 4.5 Estimated shortest time (nearest 0.5 d) during which 25% and 50% of the 

total loads of total nitrogen (TN) total phosphorus (TP) and total suspended sediment 

(TSS) were conveyed in the Ngongotaha and Puarenga streams during a two–year 

period (May 2012– May 2012). Estimates are based on modelled hourly loads and 

‘days’ do not necessarily comprise consecutive hours. 
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Table 4.6 Estimated yields of total nitrogen (TN), total phosphorus (TP) and total 

suspended sediment (TSS) from the Ngongotaha and Puarenga surface stream 

catchments. Yields are based on estimated loads during May 2010–May 2012. 

Yields are calculated with and without (discharge during 23/01 – 01/02 replaced 

with median values) inclusion of the two large floods in January 2011 (see Fig. 

4.2). 

 

 

 

 

 

 

 

 

 

 

 

4.4 Discussion 

4.4.1 Summary 

By analysing data for > 900 samples collected during 17 hydrological events, this 

study provides insight into how hydrological and catchment characteristics 

interact to influence sediment and nutrient transport across landscapes. High–

frequency sampling during a wide range of discharge (Q) enabled relationships 

between Q and concentrations of various suspended sediment and nutrient 

fractions to be determined. Quantification of hysteretic behaviour in these 

relationships provided information about likely relative importance of far– versus 

near–channel sources during individual events. Lastly, quantification of temporal 

inequality in loading highlighted the importance of considering storm flow 

processes in loading estimates and emphasised the potentially highly 

disproportionate contribution of individual flood peaks to estimates of annual–

scale loads to a nationally iconic lake. 

4.4.2 Temporal variations in nutrient and suspended sediment concentration 

during events 

The relationships between concentration and Q for individual determinands were 

broadly similar between the two streams. The observed decreases in NO3–N 

concentration during storm flow can be attributed to dilution by rainfall of steady 

inputs to the stream channels from groundwater sources high in NO3. Studies 

Stream catchment Jan 2011 

storms 

included? 

Yield (kg ha
1
 yr

-1
) 

TN TP TSS 

Ngongotaha Y 12.73 1.01 741 

N 11.90 0.90 359 

Puarenga Y 12.71 1.34 479 

N 12.00 1.22 330 
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elsewhere have similarly reported dilution of NO3 following onset of storm flow, 

typically followed by increases in NO3 to above pre–event concentrations (Salvia–

Castellví et al. 2005, Vanni et al. 2001, Zhu et al. 2011), as was frequently 

observed in data for the Puarenga Stream. In general though, maximum observed 

post–event increases in NO3 were relatively modest (e.g. ≈ 25% above pre–event 

NO3–N for Puarenga Stream event # 10); by contrast, Vanni et al. (2001) report 

up to five–fold increases in NO3–N concentrations for the recessing limb in a 

stream draining a predominantly arable catchment, while Oeurng et al. (2010) 

report increases in NO3 from approximately 8 mg N L
-1

 to > 30 mg N L
-1

 in a 

large French river, even after small events. Such behaviour likely reflects diffuse 

delivery of NO3 to the stream channel by throughflow processes and accounts for 

the anticlockwise hysteresis in NO3 observed during several events for the 

Puarenga Stream (but not the Ngongotaha Stream) (Table 4.2). This result also 

accounts for the significance of Qi/Qi-3 h as an independent variable (negative 

coefficient) in the regression model used to predict TN concentrations for the 

Puarenga Stream. 

 The lack of relationship between concentrations of PO4–P and Q that was 

generally observed conforms to the ‘Type 1’ classification proposed by Haygarth 

et al (2004) who note that such behaviour likely reflects occurrence of steady state 

between the dissolution kinetics of the soil and stream water. The coarse volcanic 

soils in the lake catchment are high in allophanic clays which have high capacity 

to adsorb P (Parfitt 1990) and, therefore, stream sediments likely buffer PO4 in 

stream water via either adsorption or desorption processes (Mayer & Gloss 1980). 

When either peaks or hystereses in PO4–P were apparent, they were typically 

during small events (e.g. Table 4.2, Fig. 4.4d) or outside of the period of storm 

flow (e.g. Fig. 4h). It is possible, therefore, that ratios of TSS to PO4–P were 

insufficient during these periods to readily buffer elevated PO4–P arising from 

flushing process.  

The strong positive relationship between concentrations of TP and Q has 

been observed elsewhere (e.g. Drewry et al. 2009, Salvia–Castellví et al. 2005, 

Stutter et al. 2008) and generally reflected mobilisation of inorganic particulate 

phosphorus (PP) by erosive process during storm flow. Consequently, 

concentrations of TSS and TP were highly correlated (e.g. compare Fig 4.6f and 

4.6h) and, where observed, the direction of hysteresis with Q tended to be the 

same for both determinands suggesting similarity of sources. The importance of 
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erosive processes in determining TP variations is reflected in the inclusion of both 

rainfall and soil moisture content (positive coefficients) as independent variables 

in the regression model used to predict TP concentrations for the Puarenga 

Stream; both these variables directly influence overland flow, which is the 

dominant transport mechanism for PP across landscapes (McDowell et al. 2004). 

The strong correlation between TP and Q accounted for the frequent large 

underestimations in TP loads (more so than for TN) when using averaging 

methods based on samples predominantly collected during base flow periods 

(Lavg; Table 4.3). 

 Concentrations of suspended sediments consistently increased with Q 

although some occurrence of hysteretic behaviour implied that variability in 

supply processes affected the linearity of this relationship (Burns 2005). 

Specifically, occurrence of clockwise hysteresis during larger events (e.g. 

Ngongotaha Stream event # 6; Fig. 4.8c) indicated depletion of within– or near–

channel sediment sources (these two source areas cannot be distinguished), while 

anticlockwise hysteresis indicated delayed delivery of sediments from far–channel 

sources to the stream channel. (e.g. Puarenga Stream events # 7, # 8, # 9 and # 13; 

Table 4.2)  

4.4.3 Variations in nutrient and suspended sediment transport between 

catchments 

Given the predominant land use in the two catchments, it is interesting to note that 

base flow concentrations of all N and P fractions were typically greater (although 

marginally so for PO4) in the Puarenga Stream (mixed land use but predominantly 

forested) than in the Ngongotaha Stream (pasture dominated) since, relative to 

forested catchments, the occurrence of high nutrient concentrations in streams 

draining agricultural land is well established in New Zealand (Larned et al. 2004) 

and elsewhere (Allan 2004). In the case of N, it is noted that NO3 was the main 

component of TN which, as discussed above, originates from groundwater 

sources. Therefore, due to discontinuity between surface and groundwater 

catchments that is present in the Lake Rotorua catchment (Morgenstern et al. 

2005), groundwater chemistry does not necessarily reflect overlying land use. 

Furthermore, the large storage capacity of local aquifers means that mean 

residence time for nutrients in groundwater is in the order of decades (e.g. 16 

years for the Ngongotaha Stream catchment; ibid) and, therefore, the effects of 
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current catchment land use are yet to be fully realised given the short time elapsed 

since agricultural intensification began in the lake catchment (i.e. mainly post–

1940; Rutherford et al. 2011). There is, however, evidence that recent nutrient–

enrichment of the Ngongotaha Stream has occurred in conjunction with land use 

intensification; concentrations of NO3–N measured when Q was below the median 

for the study period (0.84 mg L
-1

, n = 110) were 60% higher than mean base flow 

NO3–N reported by Hoare (1982) for 1975–1978 (0.53 mg L
-1

), a period since 

which substantial agricultural intensification has occurred in the stream catchment 

(Rutherford et al. 2011). In addition, it is noted that there are numerous potential 

N sources in the Puarenga catchment, including naturally NH4–enriched 

geothermal springs (Morgenstern et al. 2005), suburban land, farmland, and a 

waste water application area where N–enriched treated effluent is spray irrigated. 

Owing to the local free–draining soils, dissolved N in treated effluent has been 

shown to readily leach from experimental plots in the Puarenga catchment 

(Magesan et al. 1998) and data following hydrological events do exhibit evidence 

of flushing in the catchment of both NH4 and NO3 that could potentially have 

originated from effluent sources (e.g. note unusually high NH4–N 24–EMC 

following event # 3 and anticlockwise hysteresis for both determinands; Tables 

4.1 and 4.2). Methods used in this study cannot, however, be used to isolate the 

influence of individual sources, although data collected provide a comprehensive 

baseline to examine future trends and further assess potential environmental 

impacts of land management practices. 

 The higher TP concentrations generally measured in the Puarenga Stream 

reflect the typically higher TSS concentrations which, as discussed above, are a 

strong determinant of PP, which was the dominant P fraction in samples. The 

relatively high TSS in the Puarenga Stream likely reflects the predominance of 

exotic forestry which has been shown to be related to elevated TSS in New 

Zealand streams; e.g. Quinn & Stroud (2002) found that median TSS 

concentration (18.1 mg L
-1

) in a stream draining a pine–forested catchment was 

the highest of seven sites with contrasting land use. Association between elevated 

TSS and exotic forestry can be attributed to the general lack of ground cover 

vegetation under plantation trees which promotes the formation of gully networks, 

the connectivity of which is a critical factor in influencing sediment transport in 

larger catchments (>10 km
2
) where sediment flux tends to be transport– rather 

than supply–limited (de Vente & Poesen 2005). Plantation forest can also be 
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associated with critical source areas such as unsealed logging roads which can 

represent disproportionally large sources of sediment (Lane & Sheridan 2002). In 

addition, the ability of the Puarenga Stream to transport TSS (and hence PP) 

during its typical range of Q, is likely to be higher due to the high drainage 

density of the catchment and short distances between headwaters and sampling 

location (Fig. 4.1). 

  Despite generally higher base flow concentrations for nutrient and 

suspended sediment fractions, estimated yields of TN and TSS were, respectively, 

either comparable or lower for the Puarenga Stream compared to the Ngongotaha 

Stream (Table 4.6). This partly reflects difference in area but also differences in 

hydrology between the two catchments, as, due to the disproportionate influence 

of large storm flows on loading (Fig. 4.10; Table 4.5), the occurrence of larger 

storm flow peaks (reflecting local variation in rainfall between the catchments) 

compensated for lower loading rates during base flows. Given the unusually high 

rainfall during the study period, particularly in January of 2011 and 2012, yields 

calculated in this study are not necessarily representative of longer–term loading 

for the two catchments. Higher estimated TP yields for the Puarenga Stream 

catchment reflect the relatively much higher TP concentrations for base flow 

conditions in this stream and the TP yields are an order of magnitude higher than 

in another study that estimated TP yield from a pine forested catchment in New 

Zealand (Cooper & Thomsen 1988). 

4.4.4 Implications for lake water quality and management 

Nutrient enrichment experiments have demonstrated both N– and P– limitation of 

phytoplankton biomass in Lake Rotorua (Burger et al. 2007a); consequently, 

excess addition of either nutrient has the potential to promote undesirable 

phytoplankton growth. The relatively high contribution of dissolved inorganic 

nutrients to TN in event loads means rain events have the potential to cause 

delivery of high loads of labile N to Lake Rotorua over short periods. The 

implications of this for water quality will depend on ambient physical, chemical 

and biological conditions; the mechanisms by which storm events mediate 

phytoplankton resource limitation in lakes are complex, and include enhanced 

light limitation and increased flushing, in addition to relaxation of nutrient 

limitation (Vanni et al. 2006). 
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 By contrast, the extent to which TP transported during hydrological events 

can be utilised by primary producers downstream is less certain, owing to the high 

proportion of PP present in TP event loads (Fig. 4.9b). The short–term 

bioavailability of PP in storm flow has been shown to vary from 25–75% for a 

hardwater catchment with loamy brown earth soils (Pacini & Gachter 1999), 

although Hatch et al. (1999) observed no stimulation of phytoplankton growth 

following addition of PP associated with particles > 0.45 μm sourced from the 

Lake Tahoe (California, USA) catchment. Due to the lower bioavailability of 

mineral PP relative to dissolved P, Lewis et al. (2011) propose that it may be 

preferable to use only dissolved P (i.e. PO4–P) as a basis for assigning loading 

limits for lakes. Such a policy cannot, however, be endorsed for Lake Rotorua as 

previous work has highlighted the significance of benthic releases of PO4 that 

occur when low oxygen conditions prevail in the hypolimnion (e.g. during 

summer stratification) (Burger et al. 2007b). Although the chemical composition 

of PP was not examined in this study, allophanic sediments from the central North 

Island region of New Zealand can be high in Fe which can form redox–sensitive 

complexes with PO4–P (Evans et al. 2004, Parfitt 1990). Therefore, although 

stream–borne PP may not be immediately bioavailable in the receiving lake 

environment, the disproportionally high loading of PP to the lake during high Q 

that is typically unaccounted during routine monthly monitoring, should be an 

important consideration for lake managers, given the known status of sediments as 

the largest source of PO4–P to the lake over annual periods (Burger et al. 2007b). 

Further investigation of P–sorption characteristics (e.g. water–soluble P and 

equilibrium P concentrations) of TSS and potential sediment sources such as 

stream banks, channel beds and gully slopes could help to better quantify the 

potential for PP originated from eroded material to contribute to eutrophication in 

Lake Rotorua (Pothig et al. 2010).  

 The potential for few large events to account for the majority of TSS and 

TP loading has been observed elsewhere. For example, Salvia–Castellví (2005) 

note that annual TP loads in a rural stream are dominated by TP transported 

during the rising limb of only a small number of storm events each year. 

Empirical approaches to load estimation that fail to consider the strong 

relationship between TP and Q will substantially underestimate TP loads to the 

lake (Table 4.3), while inter–annual variation in the size and frequency of floods 

means that error may be large if static nutrient export coefficients based on 
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characteristics such as land use are used to estimate nutrient transport in a 

particular year. Regression or ratio estimation approaches that reflect 

concentration–Q relationships are therefore preferable, and, in the case of ratio 

estimators, a stratified approach based on Qmax could be used to improve 

precision. Such techniques are dependent, however, on the availability of event–

based samples which are costly and laborious to collect. Dynamic process–based 

models could potentially resolve issues around accounting for temporal (e.g. due 

to land use change) and spatial differences in transport processes between sub–

catchments and, consequently, aid estimation of pollutant flux where fewer data 

are available (Wade et al. 2008). Such an approach would still though require 

catchment–specific field data for calibration/validation, and the complex 

groundwater interactions in the lake catchment also present a challenge to 

adoption of more mechanistic models. 

High temporal inequality in loading shown in this study underlines the 

importance of best management practices designed to minimise erosion (e.g. see 

McDowell & Nash 2012) for controlling pollutant loads to the lake. Although 

implementation of many such actions has already occurred in parts of the lake 

catchment (Williamson et al. 1996), the predicted increase in the frequency and 

magnitude of extreme rainfall events for New Zealand (IPCC 2007) enhances the 

importance of widely adopting sustainable land management practices. Increased 

predicted climatic variability will also likely make it more difficult to characterise 

trends in lake water quality, i.e. the disproportionate significance of individual 

high Q events for nutrient loading means that it will be an increasing challenge for 

lake managers to distinguish changes in lake water quality due to specific 

management actions from those due to fluctuation in wider hydrological factors. 
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5 Biogeochemical processes and phytoplankton nutrient 

limitation in the inflow transition zone of a large 

eutrophic lake during stream storm flow 

5.1 Introduction 

In accordance with the gradient concept of ecosystem theory, ecosystems can be 

considered to comprise concentration gradients in space and time (Muller, 1998). 

Such an approach is particularly pertinent for lakes, owing to their pronounced 

spatial and temporal heterogeneity (Kratz, Macintyre & Webster, 2005). At a 

fundamental level, the distribution of phytoplankton biomass in a lake is regulated 

both stoichiometrically by available nutrients, and also by ‘processing fluxes’ 

which relate to photosynthetic active radiation (PAR), carbon and oxidation 

(Reynolds, 2002). 

Vertical variation is a well–recognised trait of lake ecosystems; examples 

include: attenuation of downwelling photosynthetically active radiation (PAR) 

and differences in nutrient abundance between the hypolimnion and the surface 

mixed layer that arise in association with seasonal cycles of stratification (Lewis, 

1983; Kratz et al., 2005). Such vertical variations can result in concomitant 

gradients in the density of primary producers (Hamilton et al., 2010), which, in 

the case of phytoplankton, may be mediated by behavioural traits (e.g. motility) 

that assist in aggregation. In contrast, horizontal heterogeneity in lakes has been 

far less studied; programmes to monitor water quality in many lakes frequently 

ignore horizontal differences by assuming that a single sampling location is 

representative of an entire lake. Despite this, numerous studies have highlighted 

the potential for horizontal heterogeneity (‘patchiness’) within lakes, reporting 

marked variation in biogeochemical parameters such as nutrient concentrations or 

phytoplankton biomass metrics over scales of 10
3
–10

5
 m (e.g. Hillmer el al. 2008; 

Scott et al., 2009; von Westernhagen, Hamilton & Pilditch, 2010; Sorokovikova et 

al., 2012),  10 – 10
3
 m (e.g. Mackay et al., 2011a; Mackay et al., 2011b) and 10

-3
 

– 10
-1

 m (Barker, Irfanullah & Moss, 2010). 

Chemical, physical and biological gradients can be particularly 

pronounced at the lotic–lentic transition where a stream enters a lake (Izydorczyk 

et al., 2008; Scott et al., 2009; Mackay et al., 2011a). Stream inflows provide a 
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variable source of dissolved nutrients which may either undergo active 

transformation (e.g. adsorption, biological assimilation, redox reactions) in the 

receiving lake environment or disperse conservatively (Mackay et al., 2011a). 

Similarly, entrained sediments may settle at the mouth of the inflow or be 

transported elsewhere in the lake, depending on particle characteristics, as well as 

turbulent mixing and advective processes in the transition zone (Fischer et al., 

1979). Propagation of a stream inflow is influenced by differences in density 

between the stream and the lake that can arise due to discontinuity in temperature, 

salinity and particulate matter composition (Imberger and Patterson, 1990). A 

stream inflow that is positively buoyant will overflow the surface of the lake (Na 

and Park, 2006), while a relatively dense stream flowing into a lake basin will 

plunge, and, depending on the vertical density profile of the lake, either intrude 

horizontally into the water column at a lower depth (Marti, Mills & Imberger, 

2011), or spread across the bed as an underflow (Romero and Imberger, 2003). 

The horizontal trajectory of an inflow will vary depending on several factors, 

including: lake–bed topography (Rueda and MacIntyre, 2009), ambient wind 

forcing (ibid), geostrophic forcing arising from Earth’s circulation (Csanady, 

1977), the occurrence of dynamic interaction with the shoreline (Jones et al., 

2007) and the internal wave field (Fischer and Smith, 1983; Laborde et al. 2010). 

The propagation characteristics of a lake inflow has important implications for 

ecosystem functioning. For example, intrusion of turbid inflows into the photic 

zone can induce light limitation (Schallenberg et al., 1999) or alleviate nutrient 

limitation through enhanced nutrient loading (Na and Park, 2006; Vidal et al., 

2012). Alternatively, particulate forms of nutrients that are otherwise refractory 

could become labile if entrained in negatively buoyant inflows and transported to 

anoxic hypolimnetic waters (Burger et al., 2007a). 

Spatial and temporal gradients in the vicinity of stream inflows can 

become more pronounced following changes to prevailing weather conditions that 

may occur over time scales of hours to days. In particular, rainfall in the upstream 

catchment will affect biogeochemical characteristics of an inflow–lake transition 

zone by causing elevated stream discharge, increased sediment loading and altered 

nutrient flux as a consequence of either concentration or dilution processes (Petry 

et al., 2002). Similarly, variability in wind direction and increased wind speed 

associated with low–pressure frontal systems may affect the pathway of lake 

inflows (Morillo et al., 2008) and also enhance resuspension of sediments and 
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associated nutrients by increasing benthic shear stress (Hamilton and Mitchell, 

1997). Few studies have sought to explicitly examine how changes in the 

surrounding catchment influence fine–scale spatial–temporal variability in linked 

freshwater systems, and improving the presently–limited understanding of 

linkages between hydrology and biogeochemistry constitutes a “grand challenge” 

for researchers (Lohse et al., 2009). 

High–frequency sampling is necessary to characterise biogeochemical 

gradients and physical processes that occur in the vicinity of a lake inflow under 

variable forcing conditions. Ecosystem modelling can augment understanding 

derived from field observations to provide further insight, although a relatively 

sophisticated three dimensional (3–D) modelling approach employing fine 

temporal resolution forcing data is necessary to resolve such a spatially and 

temporally dynamic domain. Simpler and less computationally demanding one 

dimensional models can also be useful, however, to aid model calibration and 

bound suitable values for biogeochemical parameters (Romero, Antenucci, & 

Imberger, 2004). 

This study was undertaken in a large polymictic lake that was sampled 

during a five–day period when high rainfall associated with a passing frontal 

system occurred during early Austral summer.  The aim was to better understand 

physical and biogeochemical processes in the transition zone and surrounding 

waters proximal to a major stream inflow during dynamic hydrological and 

meteorological forcing conditions. Analysis of high–frequency field data collected 

from the stream inflow and the lake was supported by a 3–D coupled 

hydrodynamic–ecological model application. 

5.2 Methods 

5.2.1 Study site: Lake Rotorua 

Lake Rotorua (38.1 °S, 176.3 °E) is a large (80.5 km
2
), volcanically–formed lake 

in central North Island, New Zealand (Fig. 5.1). The lake contains localised deep 

holes (zmax ≈ 53 m) but is predominantly shallow (zmean = 10.8 m) with an 

extensive littoral area (see 3 m contour in Fig. 5.1). Rotorua is eutrophic and there 

are occasional cyanobacterial blooms. It is polymictic and stratifies for periods of 

up to 3–4 weeks in summer. During stratification, the hypolimnion can become 

anoxic, which enhances benthic release rates of phosphate and ammonium, with 

the result that internal nutrient releases exceed external loads to the lake over 
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annual time scales (Burger et al., 2007a). The lake catchment is approximately 

500 km
2
 and water input to the lake is dominated by surface inflows; Hoare 

(1980) estimated that discharge (Q) from nine major streams (Qmean = 0.4 – 

3.1 m
3
 s

-1
) accounts for 66% of input to the lake, with minor streams accounting 

for 2% of total water input.  

 

 

Figure 5.1 Location of the Ngongotaha Stream sub–catchment and Lake Rotorua, 

New Zealand. Inset (A) shows sampling sites in transition zone. 
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5.2.2 Study site: Ngongotaha Stream 

The Ngongotaha Stream (‘the stream’) flows into the western side of Lake 

Rotorua (Fig. 5.1) and drains a catchment of approximately 62.5 km
2
, 

predominantly comprising intensive pastoral agriculture (51% of catchment; 

mainly dairy) (Ministry for the Environment, 2003). The stream bed is sandy and 

banks mainly comprise light and coarse–textured pumicious soils. Base flow is 

approximately 1.7 m
3
 s

-1 
and the stream conveys a larger proportion of water as 

storm flow (44 %) than any other major inflow (Rutherford and Timpany, 2008).  

5.2.3 Field sampling 

5.2.3.1 Stream sampling 

The field study spanned a five–day period of 12–17 December 2011, commencing 

and ending at midday. Hourly rainfall measured at a permanent gauge (Upper 

Oturoa Road) sited 2 km from the northern edge of the stream catchment was 

assumed equal to rainfall in the stream catchment. Measured discharge (Q) for the 

stream was obtained at 15–minute intervals from a discharge gauge sited 2.5 km 

upstream of Lake Rotorua. Water for determination of concentrations of nutrients, 

total suspended sediment (TSS) and volatile suspended sediment (VSS) was 

sampled immediately downstream of the gauge using an automatic sampler 

(Manning VST portable, Georgetown, USA). One–litre samples were collected 

every 2 h for the first three days and every 1.5 h thereafter, yielding 65 samples in 

total. Sampler hose and bottles were acid–washed (10% HCl) and triple–rinsed 

with analytical grade deionised water prior to initial deployment. Once emptied, 

sampler bottles were again triple–rinsed with deionised water before 

redeployment. Samples were stored on ice immediately following sampling and 

were retrieved before the ice melted. Sub–samples for dissolved nutrient 

determination were taken by filtration in the field with acid–washed syringes (0.5 

µm, Whatman GF/C, Maidstone, UK) following retrieval. Filtered and unfiltered 

sub–samples for nutrient determination were stored in acid–washed polypropylene 

tubes and preserved at ≤ 4 °C during transport to the laboratory where they were 

frozen before analysis. 

 Dissolved nutrients (NH4, NO2, NO3, PO4) were measured with an 

Aquakem 200 discrete analyser (Thermo Fisher, Scoresby, Australia) using 

standard colorimetric methods (APHA, 1998). Limits of detection were 0.001 mg 

N L
-1

 for NO2, NO3, 0.002 mg N L
-1

 for NH4 and 0.001 mg P L
-1

 for PO4. Total 
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nitrogen (TN) and total phosphorus (TP) concentrations were determined 

following alkaline persulphate digestion (APHA, 1998) of an unfiltered sample 

and subsequent colorimetric analysis for NO3 and PO4 respectively, using a 

Lachat QuickChem flow injection analyser (Zellweger Analytics Inc., 

Lincolnshire, USA). 

 Suspended sediment concentrations were determined by filtering 250 – 

900 mL of water through pre–combusted (550 °C for 3 h) and pre–weighed glass 

fibre filters (0.5 µm, Whatman GF). Total suspended sediment concentrations 

were determined gravimetrically following drying (105 °C for 8 h) and VSS 

concentrations were then determined by weight difference following subsequent 

ashing (550 °C for 3 h). Inorganic suspended sediment (ISS) concentration was 

determined as the difference of TSS and VSS. 

 Determinand load (L) was calculated as:  

     
       

 
     

  
       

 
  (1) 

 where Ci and Qi are the determinand concentration and discharge respectively at 

time i and n is the number of samples. Relationships between Q and determinand 

concentrations were analysed using Pearson correlation analysis, with log10 

transformation of non–normally distributed variables (Q, TSS, ISS; Kolmogorov–

Smirnov test). All statistical tests (except geographically–weighted regression; see 

below) were undertaken using Statistica (version 9.1, Statsoft, Tulsa, USA) and 

assuming a significance criterion of p ≤ 0.05. 

5.2.3.2 Lake water sampling 

Lake water was sampled on three of the five days: day 1 (pre–rainfall), day 2 (post 

light rainfall) and day 5 (post heavy rainfall) (Fig. 5.2). Surface water samples 

were collected for determination of concentrations of nutrients, TSS and VSS 

from a central lake site by a monitoring buoy (site 1; depth, z = 21 m) and 12–14 

sites (z = 0.71–1.34 m) located within 400 m of the confluence of the stream and 

Lake Rotorua (sites 7 and 12 were not sampled on days 2 and 5; see Fig. 5.1 for 

sampling locations). Protocols for filtering, storing and analysing samples for 

nutrient and suspended sediment concentration analysis were as for stream 

sampling. Filters from sites at the stream mouth were retained and frozen for up to 

two weeks before determination of chlorophyll a (chl a) concentration by 

extraction from thawed filters using 90% acetone and measuring fluorescence of 
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the extract with a 10–AU Fluorometer (Turner Designs, Sunnyvale, USA), with 

correction for phaeophytin using HCl (Arar and Collins, 1997).  

 

 

Figure 5.2 Discharge (Q) of the Ngongotaha Stream and rainfall at Upper Otoroa 

Road gauge during the five–day study period. Arrows denote occasions when the 

lake was sampled. 

Nutrient enrichment experiments were undertaken on each day of lake 

sampling to examine N– and P–limitation of phytoplankton communities in both 

the transition zone and the main body of the lake. Each day, 1–L samples were 

collected in acid–washed containers from two sites: site 1 (‘pelagic zone’ site) and 

site 5, the closest site to the stream inflow (‘transition zone’ site). Samples were 

kept in the dark on ice before commencing experiments on return to the 

laboratory. Experiments were undertaken in loosely–stoppered, acid–washed, 

100–mL glass tubes. Three nutrient addition treatments (+N, +P, +N+P) and one 

control (no added nutrients) were established in triplicate. Nitrogen enrichment 

comprised addition of NH4Cl to increase N concentration by 1 mg N L
-1

 and P 

enrichment comprised addition of KH2PO4 to increase P concentration by 0.01 mg 

P L
-1

. Nutrient stock solutions were prepared using analytical grade chemicals 

(BDH Laboratory Reagents, Poole, UK) and analytical grade deionised water. 

Tubes were incubated at constant light level (47 μmol m
-2

 s
-1

 μA
-1

) in a 

temperature–controlled room set to 16 °C (average surface temperature across 

transition zone ± 2 °C). Incubation time was set to 24 h as a compromise between 
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ensuring sufficient time for cells to potentially respond to treatments and 

minimising possibility of ‘bottle effects’ (Beardall, Young & Roberts, 2001). 

Following incubation, growth response in each tube was determined by measuring 

in vivo fluorescence (day 1 and 2) with a 10–AU Fluorometer or determination of 

extracted chl a concentration (day 5; method as above). Phytoplankton 

community–level nutrient limitation was examined by analysing mean treatment 

growth response (normalised to mean growth response of daily triplicate controls) 

using a one–way ANOVA with Fisher’s LSD post–hoc test. 

A BioFish robotic system (ADM–Elektronik, Krems II, Germany) with 

several built–in sensors was towed behind the survey vessel at the lake surface 

(depth sampled ≈ 0.3 m) to obtain highly spatially–resolved water quality data in 

the vicinity of the transition zone. This method was used to collect temperature 

(ADM–Elektronik), specific conductance (SpC; ADM–Elektronik), beam 

transmission (ADM–Elektronik) and chlorophyll fluorescence (Dr. Haardt Optik 

Mikroelektronik miniBackScat I, Kleinbarkau, Germany) data which were geo–

referenced using a GPS (Garmin GPSMAP 168 Sounding, Olathe, USA). BioFish 

data were processed with Ocean Data View (Schlitzer, 2011) to interpolate 

measurements into isopleths over the survey area. Surface water chl a 

concentration was estimated from a linear regression of measured extracted chl a 

concentration (µg L
-1

) at each sampling site on in situ chlorophyll fluorescence 

(relative fluorescence units) measured from the BioFish sensor (r
2
 = 0.77, n = 37, 

measured range = 0.12 – 21.11 µg L
-1

). 

Specific conductance measurements were used to map the propagation of 

stream water in the lake (cf. Atkinson and Mabe, 2006; Mackay et al., 2011a). 

Specific conductance was assumed to behave as a conservative tracer and, 

subsequently, the proportion of stream water in the lake at each measurement 

location (S%) was calculated as: 

        
         

         
   (2) 

where SpCi is measured SpC, SpCL is SpC of the lake (assumed to be the 

maximum SpC measured on each day) and  SpCS is SpC of the stream (assumed to 

be the minimum SpC measured on each day).  

Estimated S% was used to infer a concentration      of TSS, DIN (= NH4 + 

NO3 + NO2) and PO4–P based on linear conservative mixing between stream and 

lake water, and, assuming that samples collected from the stream and the lake 
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monitoring buoy (site 1; Fig. 5.1) were wholly representative of stream and lake 

water quality respectively. Thus: 

    
    

   
     

  

   
    (3) 

where Si is the measured determinand concentration in the stream sample 

collected at the time (nearest 0.75 h) when the site was sampled and Li is the 

measured determinand concentration in the sample collected at the lake buoy (< 2 

h) prior to sampling. The ratio of measured determinand concentration (Ci) to     

(i.e. Ci:   ) thus provides a measure of the relative extent to which Ci is likely to be 

influenced by processes that cause net accumulation (e.g. resuspension for TSS) 

or net loss (e.g. uptake by biota for DIN and PO4–P). Thus, if Ci:    is centred on 

zero (by subtracting one) then positive values indicate net accumulation and 

negative values indicate net loss in the water column. Values were calculated for 

eleven sites as day 2 sample for site 4 was lost. 

Lake water temperature was measured at ten depths between 0.5 m and 

20.5 m inclusive every 15 minutes at the monitoring buoy at site 1 (Fig. 5.1). 

Temperature and bathymetry data were used to calculate Schmidt Stability 

(Schmidt, 1928) every 15 minutes. This index provides a measure of the strength 

of thermal stratification by quantifying the mechanical mixing required to 

establish vertically uniform density. Schmidt Stability was calculated using Lake 

Analyzer (Read et al., 2011) which uses Idso’s (1973) formulation of the concept: 

                   
 

  
       

  

 
         (4) 

where g is the acceleration due to gravity, As is the surface area of the lake, Az is 

the area of the lake at depth z, zD is the maximum depth of the lake, and zv is the 

depth to the centre of volume of the lake.  

Hourly lake water level was obtained from a recorder sited by the southern 

shore of the lake, operated by the Bay of Plenty Regional Council (BoPRC).  

5.2.3.3 Sediment traps 

Sediment traps were deployed in the lake at sites 2–15 (Fig. 5.1) to measure gross 

deposition in the transition zone. Traps were deployed on the first day of lake 

sampling and retrieved after 96 h during the final day of lake sampling. During 

this period, 76 mm of rain was recorded and maximum Q (Qmax) was recorded 

approximately 8 h prior to trap retrieval. In accordance with criteria defined by 

Håkanson, Sören, & Wallin (1989), traps were cylindrical (height = 53 cm), with 
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diameter > 4 cm (7 cm), aspect ratio > 3 (7.6) and were deployed without 

chemical preservatives. Traps were secured on the lake bed in an upright position 

using marked stakes. Traps at sites 2, 4 and 12 deviated from an upright position 

due to wave action and were subsequently excluded from the study. Remaining 

traps were retrieved whilst wading by lifting them directly upwards to prevent loss 

of deposited material. Supernatant water was siphoned off using a manual pump 

and remaining trap contents (~ 1 L) were transferred to a clean sample bottle and 

placed on ice. Trap contents were dried in aluminium trays (60 °C for 24 h) and 

weighed to determine the mass of accumulated sediment. Dried sediment was then 

ashed (550 °C for 3 h) to determine the mass of organic material. Sediment 

accumulation rates (g m
-2

 d
-1

) were not normalised for variation in depth of 

overlying water to aid comparison with other studies. 

5.2.4 Modelling 

5.2.4.1 Model description 

The Estuary and Lake and Coastal Ocean Model (ELCOM; v. 2.2, Perth, 

Australia) was used as a 3–D hydrodynamic driver for the dynamically coupled 

Computational Aquatic Ecosystem DYnamics Model (CAEDYM; v. 3.3, Perth, 

Australia) which simulated water quality. Overview of these models is provided 

by Hodges & Dallimore (2011) and Hipsey, Antenucci, & Hamilton (2011), 

respectively. Model application required simplifying lake morphology by 

discretizing the water column into 3–D cells with dimensions: x = 50 m, y = 50 m 

and z = 0.5 – 2 m. Water column zmean was determined by extrapolation using a 

bathymetry map with 5–m horizontal resolution. ‘Flow’ boundary conditions were 

specified at the lake–bottom and sidewalls.  

5.2.4.2 Meteorological data 

Hourly–average measured wind speed, wind direction, air temperature, solar 

radiation, atmospheric pressure, cloud cover and total rainfall data (Fig. 5.3) were 

obtained from a meteorological station at Rotorua Airport on the south–east shore 

of the lake (Fig. 5.1). Data were assumed representative of conditions across the 

lake. 
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Figure 5.3 Meteorological data measured at Rotorua Airport during the modelling 

period. 

5.2.4.3 Water balance  

Hourly Q (m
3
 s

-1
) data were used to quantify surface stream inflow in the model 

(Tables 5.1 and 5.2). Discharge data were assigned based on either measured (four 

major streams; 20.1% of inflow during study period) or estimated Q (22.6 % of 

inflow during study period; see Table 5.1 for a summary of the water balance).  
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Table  5.1 Water fluxes simulated in ELCOM–CAEDYM during five–day study 

period. Stream inflows and outflow are described in Table 5.2. Groundwater 

equals the residual term to close a water balance and thus includes all unaccounted 

flows. 

 

Hourly mean evaporation rate (E; m
3
 s

-1
) was calculated using the method used in 

ELCOM, based on Fischer et al. (1979): 

    
    

                             

 
  

  
  (5) 

where A is the area of the lake (m
2
; assumed static),    is the latent heat transfer 

coefficient for wind speed (0.0013),     is air density (kg m
-3

),    is the latent heat 

of evaporation of water (2453000 J kg
1
),   is measured wind speed (m s

-1
),    is 

the vapour pressure of the air (Pa),    is the saturated vapour pressure of the air 

(Pa) corresponding to the lake water surface temperature (°C) measured at the 

monitoring buoy,   is the atmospheric pressure (Pa),    is the latent heat of 

vaporisation (2260000 J kg
-1

) and T0.5 is the water temperature (°C) measured at 

the monitoring buoy (z = 0.5 m). A value of 0 was substituted where E < 0 as 

ELCOM does not simulate condensation effects (Hodges and Dallimore, 2011).  

   was calculated by the Magus–Tetens formula used in ELCOM: 

                        
        

          
         (6) 

Water input that was in addition to rainfall and the simulated stream 

inflows was assumed to comprise groundwater entering the lake via the bed 

(Table 5.1). This input was assumed equal to the residual quantity necessary to 

close the water balance and was thus calculated as: 

                                              (7) 

where             is mean hourly groundwater input (m
3
 s

-1
),        is mean 

hourly discharge of the only lake surface outflow (m
3
 s

-1
),    is mean hourly rate 

  Mean flow rate (m
3
 s

-1
) Proportion of total 

inflows/outflows (%)  

Inflow Ngongotaha (study stream) 1.92 6.4 

Other major stream inflows 

(8) 

10.93 36.3 

Rainfall 10.31 34.2 

Groundwater 6.71 22.4 

Minor stream inflows (6) 0.28 0.9 

Outflow Ohau channel 17.92 59.4 

Δ storage 11.28 37.4 

Evaporation 0.95 3.2 
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of change in lake storage (m
3
 s

-1
) due to water level change and assuming constant 

lake area,         is mean hourly total stream discharge (m
3
 s

-1
) and rainfall is 

mean hourly precipitation input (m
3
 s

-1
) assuming a constant lake area. 

5.2.4.4 Temperature 

Hourly mean temperature (°C) of surface inflows (Ts; Table 5.2) was estimated 

using an empirical model described by Mohseni, Stefan & Erickson (1998): 

   
 

          
   (8) 

where    is the average measured air temperature for the prior five days (°C),   is 

the maximum measured stream temperature (°C) and both   and   are 

dimensionless parameters. Parameters   and   were determined by fitting the 

model to historic spot measurements of stream temperature provided by BoPRC 

(n = 65 – 96) and minimising root mean squared error using the Solver add–in to 

Microsoft Excel 2007. Measured data were not available for most minor streams 

and subsequently Ts for one stream (Lynmore) was assigned to five minor 

streams. This approach estimates only seasonal variation in Ts and diurnal 

variation was not considered. 

5.2.4.5 CAEDYM configuration 

CAEDYM has a modular structure which allows a range of ecosystem 

components and processes to be simulated (Hamilton and Schladow, 1997). In 

this study, CAEDYM was configured to simulate three groups of phytoplankton 

which broadly related to non N–fixing Cyanoprokaryota, Chlorophyta and 

Bacillariophyta. Three forms of dissolved nitrogen (NO3, NH4 and labile organic) 

and one particulate form (labile organic) were simulated. For phosphorus, two 

dissolved forms (PO4 and labile organic) and two particulate forms (labile organic 

and labile inorganic) were simulated. The following processes were simulated to 

regulate the concentration of the different N and P pools in the water column: 

water inflow and outflow; phytoplankton mortality, excretion and uptake; 

sedimentation and sediment releases; decomposition and mineralisation; and 

denitrification in the case of N. Effects on these pools by fauna or higher plants 

were not considered.  
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Table 5.2 Summary of discharge (Q) and temperature (T) assigned to 19 inflows 

and one outflow simulated in ELCOM–CAEDYM application. T was derived 

empirically (see text) unless stated otherwise. BoPRC, Bay of Plenty Regional 

Council; NIWA, National Institute of Water and Atmospheric Research. 

Inflow (I)/outflow (O) Q (m
3
 s

-1
) T (° C) Notes 

Hamurana (I) 2. 70 12.74–13.06 Q from Pang et al. (1996) and assumed 

constant (groundwater spring).  

Puarenga (I) 1.75 –4.57 16.89–17.69 Q measured hourly at BoPRC gauge. 

Utuhina (I) 1.60–4.40 14.41–14.89 Q measured hourly at BoPRC gauge. 

Ngongotaha (I) 1.53–3.11 13.27–14.01 Q measured hourly at NIWA gauge. 

Awahou (I) 1.35–2.76 12.75–12.95 Initial base flow Q from Hoare (1980), 

linearly correlated to Ngongotaha Q 

thereafter.   

Waiteti (I) 1.01–2.24 13.08–13.14 As for Awahou.    

Waiowhero (I) 0.32–0.66 13.70–14.03 As for Awahou.    

Waiohewa (I) 0.29–0.60 15.31–16.00 As for Awahou.    

Waingaehe (I) 0.25–0.37 16.34–16.66 Q measured hourly at BoPRC gauge.  

Minor streams (6; I) 0.002–0.10 13.70–16.20 Each stream represented as individual 

inflow. Initial base flow Q from BoPRC, 

linearly correlated to Waingaehe Q 

thereafter.   

Groundwater seeps at 

lake edge (3; I)  

0.02–0.04 17.11–35.00 Each seep represented as individual inflow. 

Q from BoPRC, assumed constant. T for 

geothermal seep from Wood (1992), 

otherwise set to measured T (0.5 m) at 

monitoring buoy.  

Groundwater at lake 

bed (I) 

5.04 16.46 –

18.59 

Q derived from residual term in water 

balance calculation and assumed constant. 

Inflow assigned to 24.65 km
2
 area. T set to 

measured T (20.5 m) at monitoring buoy. 

Ohau Channel (O) 15.69– 

20.42 

Not assigned Hourly Q derived from linear interpolation 

of daily measured Q at NIWA gauge. T 

calculated by ELCOM–CAEDYM. 
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This study used CAEDYM parameter values assigned in a separate study 

that used a one–dimensional hydrodynamic driver (DYRESM) with CAEDYM to 

simulate water quality in Lake Rotorua over decadal timescales (Hamilton et al., 

2012). The cited study used a four–year period to calibrate DYRESM–CAEDYM 

using monthly field data pertaining to temperature, dissolved oxygen (DO) and 

nutrient concentrations at three depths in the lake, as well as chl a concentrations 

at the lake surface. Model performance was generally satisfactory with good 

agreement between measured and simulated data for both temperature and DO 

during the four–year validation period. Measures of model performance 

(Pearson’s r and root mean square error (RMSE)) were weaker for simulated 

nutrient concentrations. Comparison of measured and simulated chl a 

concentration during validation yielded r of 0.11 and RMSE of 16.0 μg L
-1

. 

5.2.4.6 Biochemical state variables  

Nutrient concentrations in inflows were estimated based on samples collected and 

analysed using methods described above, or using concentrations measured by 

BoPRC as part of routine sampling during 2000–2010, in accordance with 

methods prescribed by Burns, Bryers & Bowman (2000). Table 5.3 describes how 

biochemical state variables were assigned to inflows. 

 

Table 5.3 Summary of biochemical state variables (all as concentration or mass 

units) assigned to inflows in ELCOM–CAEDYM application. Abbreviations: 

BoPRC, Bay of Plenty Regional Council; DIC, dissolved inorganic carbon; DIN, 

dissolved inorganic nitrogen; DO, dissolved oxygen; DOCL, labile dissolved 

organic carbon; PIP, particulate inorganic phosphorus; POCL, labile particulate 

organic carbon; PON, particulate organic nitrogen; PIN, particulate inorganic 

nitrogen; Q, stream discharge; SSol, inorganic suspended sediment ; TN, total 

nitrogen; TP, total phosphorus; TSS, total suspended sediment; VSS, volatile 

suspended sediment. 

Simulated 

inflow 

State 

variable  

Notes  

All 

 

 

 

 

 

 

All cont. 

PON Estimated as TN – DIN 

PIP, POP Assumed all particulate P was mineral associated, thus: PIP = TP 

- PO4 and POP = 0. 

POCL Estimated as DON x 7.29 based on C:N reported by Sterner et al. 

(2008).  

DOCL Estimated as DIN x 7.29 based on C:N reported by Sterner et al. 

(2008). 

SiO2 Set to constant values based on concentrations of single samples 
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Simulated 

inflow 

State 

variable  

Notes  

measured by Morgenstern et al. (2005). 

Ngongotaha 

(study stream) 

NO3, NH4, 

PO4, PIP, 

PON 

Measured field data used during study period. Values for 

initiation period derived as per other major streams.  

DO, pH As per other major streams.  

SSol Measured field data used during study period (1.5 – 2 h 

frequency). Values for initiation period derived using a log10Q–

log10SSol rating curve relating to measured range of Q with 

correction for transformation bias (Ferguson, 1986). Curve was 

defined using TSS and VSS concentrations measured in 2010–

2012 using methods as per this study (n = 143). Assumed that 

SSol = TSS - VSS.   

Other major 

streams (8) 

DO, NO3, 

NH4, pH, 

PO4, PON 

Set to mean values measured in each stream by BoPRC (n = 80 – 

128).   

PIP For Ngongotaha initiation period, Utuhina and Puarenga (large 

streams, not groundwater dominated): derived using a log10Q–

log10PIP rating curve relating to measured range of Q with 

correction for transformation bias (Ferguson, 1986). For 

Ngongotaha and Puarenga, curve was defined using PIP 

concentrations measured in 2010–2012 using methods as per this 

study (n = 128 and 371, respectively). For Utuhina, curve was 

defined using values measured by BoPRC (n = 32).  

 

Set to mean of values measured by BoPRC for 

other streams (n = 84 – 127). 

SSol For Utuhina and Puarenga (large streams, not groundwater 

dominated): derived using a log10Q–log10SSol rating curve 

relating to measured range of Q with correction for 

transformation bias (Ferguson, 1986). For Puarenga, curve was 

defined using TSS and VSS concentrations measured in 2010–

2012 using methods per this study (n = 164). Assumed that SSol 

= TSS - VSS. For Utuhina, the Ngongotaha rating curve (see 

above) was used for storm flow periods. For other streams and 

Utuhina baseflow periods, mean adjusted (× 0.55) TSS 

concentrations provided by BoPRC and specific to each stream 

were used. 

Minor surface 

streams (6) 

DO, NO3, 

NH4, pH, 

PO4, PIP, 

PON 

Set to median concentration of samples collected by BoPRC 

from either Lynmore Stream (one urban stream, n = 99 – 115) or 

Hauraki Stream (five rural streams, n= 18 – 20).   

SSol Set to discharge–weighted average TSS concentration of samples 

collected from Lynmore Stream by BoPRC (n = 25). 

Groundwater 

seeps at lake 

edge (3) 

DO, NO3, 

NH4, pH, 

PO4, PIP, 

PON 

Set to volumetric mean concentration of samples collected by 

BoPRC from six lake–edge springs (n = 195).  

SSol Assumed zero.  

Groundwater to 

lake bed 

DO, NO3, 

NH4, pH, 

PO4, PIP, 

PON, 

SiO2 

Set to volumetric averages of values for Awahou, Hamurana and 

Waiteti (groundwater dominated) streams.  
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5.2.4.7 Initialisation  

Measured water column temperature at the monitoring buoy was used to assign 

the initial vertical temperature profile of the lake. Water column nutrient and chl a 

concentrations and pH were initialised using a piecewise linear distribution 

method to reflect stratified conditions present at the start of the modelling period. 

Concentrations at the surface and 20 m were assigned based on mean or median 

(depending on frequency distribution characteristics) concentrations of samples 

collected by BoPRC (n = 35 – 67) from the lake in November and December 

during 2000–2010 from the surface and at z ≥ 15 m during stratified periods, 

respectively. The initial chl a concentration was subdivided between the three 

simulated groups of phytoplankton in accordance with relative abundance data for 

Lake Rotorua measured by Paul et al. (2012). Assigned horizontal conditions 

were initially uniform. Model time step was 120 s and a 14–day ‘spin up’ or 

initiation period was simulated prior to the five–day study period. 

5.2.4.8 Modelled nitrogen and phosphorus limitation  

Phytoplankton internal N and P stores were dynamically simulated within 

CAEDYM. Subsequently, CAEDYM calculates values (0–1) of N and P 

limitation functions (ƒ(N) and ƒ(P) respectively) which, in addition to the levels 

of light, temperature, carbon and silica (Bacillariophyta only), determine the 

maximum growth rate of each phytoplankton group. ƒ(N) and ƒ(P) are calculated 

as (Hamilton and Schladow, 1997; Hipsey et al., 2011): 

        
           

                       
   

           

        
  (9) 

where        is ƒ(N) or ƒ(P),             and            are defined 

limits of internal N or P concentration,         is internal N or P concentration 

and a denotes the phytoplankton group. Values of AI(N/P) are a function of 

temperature, in addition to dissolved inorganic nutrient concentrations (DIN and 

PO4–P respectively) and dissolved nutrient uptake rates dependent on group–

specific half saturation constants. Nutrient limitation functions subsequently 

reflect both ambient conditions and recent phytoplankton environmental histories. 

5.2.4.9 Model validation: Hydrodynamic processes 

Modelled water column temperature was validated by comparing hourly 

simulated and measured temperatures at ten depths at the monitoring buoy site. 

Simulated propagation of a conservative tracer added to the stream inflow was 
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compared to calculated S% (Eq. 2) to validate how well the model reproduced the 

horizontal trajectory of the stream inflow observed during lake sampling. 

5.2.4.10 Model validation: Ecology 

Modelled surface (z = 0 – 0.5 m; single layer) chl a concentration in the vicinity 

of the transition zone was compared with chl a concentration measured with the 

BioFish. Mean measured concentrations were calculated for 50 m × 50 m grid 

cells (n = 103 – 153) corresponding to model cells to permit spatially contiguous 

comparisons. Model performance was assessed by comparing measured (no 

interpolation) and modelled values by calculating root mean square error (RMSE) 

and the coefficient of determination (r
2
) for geographically–weighted linear 

regressions (SAM v.4.0; Rangel, Diniz & Bini, 2010). Simulated ƒ(N) and ƒ(P) 

values were output for the surface layers of the grid cells containing the ‘transition 

zone’ and ‘pelagic zone’ sampling sites used for nutrient enrichment experiments. 

Overall assemblage values of ƒ(N) and ƒ(P) were calculated by weighting each 

phytoplankton group–specific value based on the relative contribution of each 

group to overall chl a concentration. This allowed for comparison between 

nutrient enrichment experiment results and corresponding simulated ƒ(N) and 

ƒ(P). 

5.3 Results 

5.3.1 Event characteristics 

A total of 83 mm of rain was recorded over the five–day study period (Fig. 5.2): 

approximately 73% of the monthly average rainfall for Rotorua in December 

(NIWA, 2010). Light rainfall (12.5 mm) was recorded between lake sampling on 

day 1 and 2 which had minor effect on stream Q (Fig. 5.2). Most of the rainfall 

(53 mm) was on days 3 and 4 and was of low to moderate intensity (0.5 – 

 5 mm h
-1

). Subsequently, Qmax (3.12 m
3
 s

-1
) occurred at 0700 h on day 5 and was 

≈1.95 times the pre–event Q. 

Throughout the study period, wind was of moderate speed (mean = 

3.2 m s
-1

, maximum hourly mean = 8.1 m s
-1

) and mostly from a north to north–

east direction (Fig. 5.3). Schmidt stability declined throughout day 2 coincident 

with light rainfall, reaching < 10 J m
-2

 on day 3 (Fig. 5.4) when wind speed was 

elevated (> 5 m s
-1

) and the water column was isothermal at the monitoring buoy 

(Fig. 5.5a). 
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Figure 5.4 Schmidt Stability for Lake Rotorua during the five–day study period. 

Index was calculated using temperature measured at the monitoring buoy 

(Fig. 5.1) at depths 0.5 – 20.5 m. 

 

 

Figure 5.5 Comparison between (a) hourly temperature of Lake Rotorua 

measured at the monitoring buoy, and (b) temperature simulated using ELCOM–

CAEDYM. Absolute error is shown in (c). 
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5.3.2 Stream water quality 

Stream suspended sediment concentrations displayed a typical concentration 

response to elevated Q (Fig. 5.6a); TSS was highly correlated with Q (r = 0.96). 

During the five–day period, 44% of the total measured TSS load (8601 kg) 

comprised VSS and 37% of the TSS load was conveyed during the 12 h period 

coinciding with Qmax. 

 Total nitrogen concentration also increased in response to elevated Q (Fig. 

5.6b), principally due to variation in PN which was correlated with both VSS and 

ISS concentrations (r = 0.54 and 0.62, respectively). Concentrations of NO3 were 

relatively constant throughout (mean = 0.85 mg N L
-1

, C.V. = 5.2%) and NH4 was 

weakly positively correlated with Q (r = 0.37) although this determinand only 

comprised a small (≈ 2.5%) proportion of the TN load. 

 Concentrations of PO4 were variable throughout the study period (mean = 

0.034 mg P L
-1

, C.V. = 43%) and were uncorrelated with Q (Fig. 5.6c). Total 

phosphorus concentrations were positively correlated with Q (r = 0.74) and both 

VSS and ISS concentrations (r = 0.57 and 0.64, respectively). 

5.3.3 Lake water sampling 

Measured temperature, specific conductance and beam transmittance were higher 

in the main body of the lake than in the vicinity of the stream inflow (Fig. 5.7). 

Chlorophyll a concentration was typically lowest in the vicinity of the stream 

inflow although pronounced patchiness was observed on day 5. The influence of 

stream water on lake water quality was most apparent during sampling on days 2 

and 5, following light and heavy rainfall, respectively. On these days, 

measurements indicated that the inflowing stream was deflected to the right and 

subsequently flowed southwards adjacent to the shoreline, influencing lake water 

quality up to 1 km from the mouth. Beam transmittance in the transition zone was 

lowest on day 5 reflecting the influence of elevated stream TSS concentrations 

(≈ 20 mg L
-1

; Fig. 5.6a), although the linear relationship between beam 

transmittance and suspended sediment concentration was considered too weak to 

permit use of beam transmittance as a reliable proxy of suspended sediment 

concentration (Fig. 5.8). In particular, beam transmission at four sites (5, 6, 7 and 

9) sampled on day 5 was markedly lower than that predicted by the linear 

relationship with TSS concentration (see points circled in Fig. 5.8a). In general, 

sampled VSS had a greater negative influence on water clarity (i.e. beam 
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transmittance) than ISS, as indicated by the slope of the regression lines in Figs 

5.8b and c. 

 

Figure 5.6 Temporal variations in concentrations of (a) suspended sediments, (b) 

nitrogen and (c) phosphorus in the Ngongotaha Stream during the five–day study 

period. TSS, total suspended sediment; VSS, volatile suspended sediment; TN, 

total nitrogen; PN, particulate nitrogen; DON, dissolved organic nitrogen; TP, 

total phosphorus; Q, discharge (see Fig. 5.2 for scale). 
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Figure 5.7 Surface temperature, specific conductance, beam transmission and 

chlorophyll a concentration measured on three days in the vicinity of the transition 

zone where the Ngongotaha Stream inflows to Lake Rotorua. Measurements were 

made using sensors attached to a towed BioFish system (see Methods). 

Chlorophyll a was calculated from a linear relationship between fluorescence 

measured at the BioFish and chlorophyll a concentration determined from grab 

samples (n = 37, r
2
= 0.77, range = 0.12 – 21.11 µg L

-1
). Measurements are 

interpolated; line shows path of survey vessel. Arrows denote location of stream 

inflow. 
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Figure  5.8 Relationships 

between measured beam 

transmission and concentrations 

of (a) total suspended sediment 

(TSS), (b) volatile suspended 

sediments (VSS), and (c) 

inorganic suspended sediments 

(ISS) on three days in the 

vicinity of the transition zone 

where the Ngongotaha Stream 

inflows to Lake Rotorua. Circled 

sites were in the main path of the 

stream inflow (see text) and are 

included in the regression 

analysis. 

 

 

 

 

 

 

 

 

 Nutrient and TSS concentrations were higher in the stream than at the 

pelagic zone site during lake sampling. On days 1 and 2, TSS sampled at the 

pelagic zone site wholly comprised VSS (3.83 and 4.17 mg L
-1

 respectively) 

whereas on day 5 (post heavy rainfall) VSS comprised only 36 % of measured 

TSS (4.89 mg L
-1

). Zero–centred values of Ci:    (hereafter ‘mixing ratios’; see 

Methods) for DIN, PO4 and TSS vary between both sites and sampling occasions, 

indicating occurrence of non–conservative processes that caused both 

accumulation and removal of these determinands in the transition zone (Fig. 5.9). 

On day 1, DIN mixing ratios (Fig. 5.9a) are close to zero at most sites, with 

moderately negative values (suggesting active removal) at the three sites furthest 

from the shore (13, 14, 15) and values > 0.4 at sites 8 and 9. Dissolved inorganic 

nitrogen mixing ratios are predominantly positive (suggesting active 

accumulation) on day 2 and predominantly negative on day 5, with particularly 

low values (-6.0 and -1.14) calculated for sites closest to the stream inflow. 

389 of 1008



Chapter 5 – Biogeochemical processes in an inflow transition zone 

145 

 

Mixing ratios for PO4–P (Fig. 5.9b) were predominantly negative on day 1 and all 

positive on day 2. On day 3, PO4–P mixing ratios were predominantly negative in 

the path of the inflow. Mixing ratios for TSS (Fig. 5.9c) were predominantly 

positive and typically large (mean = 1.34) on day 1 although negative ratios (< 

0.5) were calculated for sites furthest to the shore and to the north of the inflow. 

On day 2, mixing ratios for TSS were close to zero at most sites.  Ratios on day 5 

were predominantly negative although positive values were calculated for three 

sites (8, 10, 11) in the inflow path where water velocity is expected to have been 

highest. 

5.3.4 Nutrient enrichment experiments 

On all days, there was no significant difference in growth response between 

treatments and the control for the nutrient enrichment experiments conducted 

using water sampled from the transition zone (Fig. 5.10). In contrast, results of 

experiments conducted using water sampled from the pelagic zone varied between 

days: a significant response was measured to both +N and +N+P addition on day 

1 (Fig. 5.10a); no difference between treatments and control was measured on day 

2 (Fig 5.10b); and, a significant response was measured all treatments (+N, +P, 

+N+P) on day 5 (Fig. 5.10c). 

5.3.5 Sediment trap accumulation rates 

Sediment accumulation rate measured in the eleven traps over the 4–d deployment 

period ranged from 493 g m
-2

 d
-1

 to 2074 g m
-2

 d
-1

 (Fig. 5.11). The lowest rate was 

measured to the north of the stream inflow (site 15) and the highest rate at a site 

located approximately 300 m perpendicular to the inflow location on the lake 

shoreline (site 14). Accumulated sediments were predominantly inorganic (90.0 – 

97.1% of mass in each trap). 
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Figure 5.9 Zero–centred mixing ratios for (a) dissolved inorganic nitrogen (DIN), 

(b) PO4–P, and (c) total suspended sediment (TSS) during three sampling 

occasions (see Fig. 5.2) in the vicinity of the transition zone where the 

Ngongotaha Stream inflows to Lake Rotorua. Mixing ratios are calculated as the 

ratio of measured concentration to concentrations estimated by assuming 

conservative mixing between stream and lake water (see Methods). Positive 

values therefore indicate net accumulation while negative values indicate net loss, 

as a result of the occurrence of non-conservative processes in the water column. 

Numbers refer to ratios that are outside the range of the scale (-1 to 1). 
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Figure  5.10 Results of nutrient 

enrichment experiments undertaken 

on three days using lake water 

obtained from a central pelagic site 

in Lake Rotorua (site 1, Fig. 5.1) 

and a site in the transition zone 

near the Ngongotaha Stream inflow 

(site 5, Fig. 5.1). Bars denote mean 

growth response of treatments 

relative to the control (no added 

nutrients) for the transition zone 

sample ± 1 standard error. Growth 

response was measured using in 

vivo fluorescence (IVF) or by 

measuring chlorophyll a (chl a) 

concentration. Different letters 

denote significant (p ≤ 0.05) 

differences between treatments. 

 

 

 

5.3.6 Model performance and validation 

There was good agreement between modelled and observed temperature at the 

lake monitoring buoy (RMSE = 0.21 °C, r = 0.90) (Fig. 5.5). Simulating 

propagation of a conservative tracer from the stream to the lake indicated that the 

model successfully reproduced the observed deflected trajectory of the stream 

inflow along the shoreline to the south (Fig. 5.12). 

Overall, the model simulated variation in measured chl a concentration in 

the vicinity of the transition zone well (r
2
 = 0.71–0. 90), capturing the transition in 

chl a concentration from relatively low in the littoral to relatively high towards the 

pelagic region of the lake on days 1 and 2 (Fig. 5.13). In addition, the model 

simulated to some extent the increased horizontal heterogeneity observed on day 

5, although the horizontal resolution (50 × 50 m) exceeded dimensions of fine–

scale (≈10 – 30 m) patchiness observed in chl a concentration on that day (Fig. 
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5.7). Simulated chl a concentration was higher than measured data close to shore 

(≈ 8 μg L
-1

 compared to ≈ 2 μg L
-1

) resulting in a relatively large RMSE of 

9.19 μg L
-1

 on day 1 , although RMSE was lower on days 2 and 5 (6.6 and 

3.3 μg L
-1 

respectively). 

 

Figure 5.11 Sediment trap 

accumulation rates measured in 

the transition zone where the 

Ngongotaha Stream inflows to 

Lake Rotorua, 12–16 December 

2011. Circled area is proportional 

to rate (see scale). Outer circles 

denote total sediment; inner black 

circles denote the organic 

fraction. Arrow denotes location 

of stream inflow. 

 

 

 

 

 Relative variations in simulated ƒ(N) and ƒ(P) (Fig. 5.14) corresponded 

broadly to the results of nutrient enrichment experiments (Fig. 5.10). Both ƒ(N) 

and ƒ(P) were high (i.e. reduced nutrient limitation) in the transition zone 

compared to the pelagic zone site during the three sampling occasions, which 

concurs with the lack of growth response observed in the experiments conducted 

with transition zone waters. Simulated ƒ(N) in the pelagic zone was highest 

during day 2 sampling which was the only day when N–limitation was not 

measured. Likewise, ƒ(P) was lowest during day 5 sampling (although this index 

was relatively invariant overall) which was the only day when P–limitation was 

measured. Of note is that both ƒ(N) and ƒ(P) were still relatively high (> 0.7) on 

the occasions when nutrient limitation was determined experimentally, and ƒ(P) in 

particular remained high throughout the study period with only very minor 

fluctuations. 
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Figure 5.12 Proportion of Ngongotaha Stream water entrained in lake water 

estimated using measured specific conductance and assuming conservative mixing 

(top panels) compared to simulated concentration of stream tracer in ELCOM–

CAEDYM  (bottom panels) on three sampling days. 

 
Figure 5.13 Measured chlorophyll a (chl a) concentration in the vicinity of the 

transition zone where the Ngongotaha Stream inflows to Lake Rotorua (top 

panels) compared to ELCOM–CAEDYM simulated surface chl a concentration 

(bottom panels) on three sampling days. Measured field data are averaged over 50 

m ×50 m grid cells that correspond to modelled cells. Coefficients of 

determination (r
2
) relate to geographically–weighted linear regressions (measured 

data not interpolated). 
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Figure 5.14 ELCOM–CAEDYM surface layer output for a central pelagic site 

(site 1, Fig. 5.1) and a site in the transition zone where the Ngongotaha Stream 

inflows to Lake Rotorua (site 5, Fig. 5.1) during the five–day study period. Plots 

show assemblage–weighted (a) nitrogen and (b) phosphorus limitation functions 

(see Methods). Dashed vertical lines denote when lake sampling was conducted 

(see Fig 5.10).  

5.3.7 Hydrodynamic simulations  

Simulated depth–averaged velocity indicated the presence of a double gyre pattern 

of basin–scale horizontal circulation within the lake during the study period (Fig. 

5.15). This feature comprised southward currents along both west and east 

shorelines of Lake Rotorua, and, northward redistribution of water into the centre 

of the lake from the south. Water velocity was greatest on 15 Dec (days 3–4) of 

the study period) coinciding with peak wind speeds (daily average = 7.12 m s
-1

; 

Fig. 5.3) and destratification (Fig. 5.5). Simulation of horizontal and vertical 

propagation of the stream inflow (Fig. 5.16) indicates that maximum lateral extent 

of the inflow was reached approximately 6 h after maximum stream Q (Fig. 5.2), 

approximately corresponding to when lake sampling was undertaken on day 5. 

Throughout the five–day study period, the stream water was predominantly 

confined to within 500 m of the shore in the littoral zone, with only a maximum of 

approximately 1% of stream water reaching a depth of > 3 m. 
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Figure 5.15 ELCOM–CAEDYM simulated depth–averaged velocity vectors at 

1200 h on each calendar day during the study period, highlighting southward 

currents along the western shoreline that comprise part of the larger basin–scale 

double gyre circulation pattern. 

 

Figure 5.16 ELCOM–CAEDYM simulated horizontal (plan view; top panels) and 

vertical (section view; bottom panels) propagation of the Ngongotaha Stream 

inflow (arrows) into Lake Rotorua during and after the time of peak discharge (Q) 

measured during the study period. The section shown in bottom panels 

corresponds to a curtain through the plume, denoted by the dashed line in the top 

left panel. Colour scale represents concentration of a modelled conservative tracer 

(simulated concentration in the stream water = 10 nominal units). 
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5.4 Discussion 

5.4.1 Inflow dynamics 

Modelled basin–scale circulation, which was validated at a local scale by the field 

data, had a major influence on how the inflow affected biogeochemical processes 

in the pelagic zone of the lake and the extent of lateral transport to deeper waters 

of the main basin. The double gyre circulation pattern that was simulated has been 

previously noted in Lake Erie where it has been associated with uniform wind 

fields during winter when winds are strongest (Beletsky, Saylor & Schwab, 1999). 

In this study, the simulated horizontal circulation reflects the relatively consistent 

north–east direction wind forcing in the days prior to and throughout the majority 

of the study period (Fig. 5.3). Given that the stream was colder than the lake (as 

are other surface streams that enter the western side of the lake and were likely to 

be entrained in the current), presence of the southward current along the western 

shoreline helps to explain why the littoral zone was cooler than the main body of 

the lake; an otherwise surprising result given that sampling was conducted around 

midday in summer. 

Propagation of the inflow may best be classified as a ‘wall jet’ which 

Jones et al. (2007) define as a “weakly deflected jet… discharged in a coflow (or 

nearly so) along the bank”. Dynamic attachment with the shoreline can occur in 

highly deflected inflows (Imberger and Patterson, 1990) although mixing ratios 

for TSS on day 5 when Q was greatest (Fig 5.16c) suggest that water velocity was 

lower close (< 100m) to the shoreline relative to further offshore (≈150 m). That 

is to say, the ratios indicate that the three sites closest to the shoreline to the south 

of the inflow (5, 6, 7) were depositional environments, whereas the three adjacent 

sites further from shore (8, 10, 11) were accumulation environments (i.e. sediment 

entrainment due to higher water velocity). Plunging of relatively cool stream 

inflows on entry to a lake is well recognised (e.g. Schallenberg et al., 1999; Marti 

et al., 2011), however in this case, confinement of the stream inflow to the littoral 

zone by the prevailing horizontal current prevented transport into the main body 

of the lake and promoted turbulent mixing in shallow waters.  

5.4.2 Phytoplankton productivity in the transition zone 

Dilution of lake water by the stream inflow was the dominant factor influencing 

chl a distribution in the transition zone, resulting in a zone of relatively low chl a 

concentration extending 200 – 500 m perpendicular from the shoreline. Mackay et 
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al. (2011a) similarly found dilution by a stream inflow to be the dominant 

contributor to observed increases in lake chl a concentration with distance from a 

stream mouth. The zone of dilution was least apparent on day 5 (post heavy 

rainfall) when pronounced patchiness was measured in the transition zone. The 

extent to which this patchiness reflects hydrological or ecological processes is 

uncertain. The boundary of the propagating inflow was somewhat less distinct on 

day 5 (Fig. 5.12), potentially due to the reduced southwards–oriented velocity 

along the western shore of the lake compared with days 1 and 2, according to 

model simulations (Fig. 5.15). Thus, reduced velocity of the entraining current 

and, potentially, fluctuations in wind direction (Fig. 5.3) could have caused 

intrusion of parcels of lake water with relatively high chl a concentration into the 

zone of stream water, thereby contributing to the occurrence of the chl a ‘hot 

spots’ that were observed within the transition zone on day 5. Of note, however, is 

that fluorescence (and thus estimated chl a; Fig. 5.7) measured in such patches 

was markedly greater than the relatively constant measurements made furthest 

offshore, outside the extent of stream water. For example, measured fluorescence 

along small (≈ 10 m) sections of the survey transect in the transition zone 300 m 

south of the mouth corresponded to chl a concentrations of 22.7 – 63.9 μg L
-1

 

whereas estimated chl a concentrations outside the transition zone were 16.0 – 

19.4 μg L
-1

. Thus, although there is uncertainty associated with the higher chl a 

concentrations as they exceed the upper range of the in situ fluorescence 

calibration, their relatively high magnitude, in addition to the consistency of 

specific conductivity and temperature measurements with adjacent water of lower 

chl a concentration, suggests that these ‘hot spots’ may instead reflect localised 

regions of enhanced phytoplankton productivity that have developed in specific 

response to high nutrient abundance in the inflow–lake transition zone. 

Stormwater plumes have been shown to promote localised phytoplankton 

productivity in receiving nutrient–poor marine waters (Corcoran et al., 2010). 

However, although relatively high phytoplankton productivity in a transition zone 

has been attributed to locally elevated TP concentrations (Izydorczyk et al., 2008), 

such pronounced patchiness in a lake transition zone is not well–recognised. 
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5.4.3 Phytoplankton nutrient limitation 

The marked spatial and temporal variations in phytoplankton community nutrient 

limitation status that were observed underline the dynamic nature of lentic algal 

communities and the factors that regulate them (Reynolds, 1995; Davies et al., 

2010). The consistent lack of growth response to added nutrients in the transition 

zone enrichment experiments (Fig. 5.10) reflects the high concentrations of 

dissolved nutrients (Fig. 5.6) and low phytoplankton biomass present in the 

stream relative to the lake, resulting in nutrient replete conditions in the transition 

zone. Similarly, Vanni et al. (2006) found that the severity of nutrient limitation in 

a reservoir increased with distance from an inflow towards the dam.  

 Relaxation on day 2 of prior N–limitation (Fig. 5.10) may reflect enhanced 

external N–loading following light rainfall between sampling on day 1 and day 2 

(Fig. 5.2). The results of the nutrient enrichment experiments conducted for the 

pelagic site on day 5 indicate the presence of reciprocal limitation, i.e. co–

limitation whereby some species in the assemblage are limited by N and some by 

P as a result of variation in species’ physiological requirements (Morris and 

Lewis, 1988). Previous experimental work in Lake Rotorua has identified 

species–specific variation in growth responses to N and P additions, likewise 

suggesting that co–limitation was present in the phytoplankton assemblage 

(Burger et al., 2007b). The shift from no nutrient limitation on day 2 (post light 

rainfall) to co–limitation on day 5 (post high rainfall) was an unexpected result, 

given the elevated external nutrient loading following high rainfall (e.g. Fig. 5.6) 

and mobilisation of hypolimnetic nutrients that would have occurred following 

lake mixing on day 3 (cf. Burger et al., 2007a). Several possible explanations can 

potentially explain this result. Firstly, it is notable that this result is consistent with 

relative changes in simulated ƒ(N) and ƒ(P), and model results also suggest that 

the rate of horizontal transport in the lake was lower on day 5 than on day 2 

(compare 13 and 16 Dec. plots in Fig. 5.15), consistent with reduced wind speeds 

(Fig. 5.3). Thus, despite presumably higher nutrient loading to the lake on day 5, 

the rate of nutrient transport to the pelagic zone may have been insufficient to 

alleviate nutrient limitation. In addition, it has been shown that summer rain 

events can rapidly alter phytoplankton community composition (Znachor et al., 

2008), and Barbiero, James & Barko (1999) note the occurrence of short term (< 1 

week) increases in phytoplankton species richness following storm events due to 

temporary increases in abundance of previously rare species that possess high 
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rates of both growth and nutrient uptake. It is possible, therefore, that prevalence 

of such species on day 5 may also have contributed to the reciprocal limitation 

that was observed. Furthermore, it is notable that measured solar irradiance on 16 

Dec (day 5 lake sampling) was higher than any other day in the study period; 

maximum solar radiation on 13 Dec (day 2 of lake sampling) was nearly half that 

on day 5 (503 compared to 964 W m
-2

; Fig. 5.3). High irradiance may therefore 

have caused relative stimulation of phytoplankton growth on day 5, contributing 

to the observed nutrient limitation. 

5.4.4 Sediment and nutrient fluxes in the transition zone 

Measurements of beam transmittance generally allowed the spatial distribution of 

sediments entrained in the inflow to be characterised continuously throughout the 

study area, although measured beam transmission did not fully account for 

variations in TSS concentration (Fig. 5.8a). The four sites circled in Figs. 5.8a–c 

that displayed the highest deviation from the general relationship between beam 

transmittance and suspended sediment concentrations were located in the main 

path of the deflected inflowing stream. The unusually low beam transmittance 

(relative to TSS concentration) measured at these sites therefore indicates that 

sediments transported to the lake during this period of high Q had markedly 

different optical characteristics compared with other sediments that were sampled. 

Light attenuation is strongly dependent on particle size; attenuation per unit of 

sediment mass peaks at an intermediate particle size that approximately 

corresponds to silt (Davies–Colley and Smith, 2001). A change in particle size 

characteristics of TSS during high discharge in the sediment plume, for example 

due to relative increase in the contribution of silt–sized particles (i.e. 3.9 – 62.5 

μm; Wentworth, 1922), is therefore likely to account for these data points that 

deviate from the overall relationship between beam transmittance and suspended 

sediment concentration. 

 Comparison of measured dissolved nutrient and TSS concentrations with 

estimated concentrations (   ) based only on assumed dilution effects helped to 

quantify the occurrence of dynamic processes in the lake. Similar methods have 

been used previously to study transition zone processes (e.g. Mackay et al., 2011a; 

Sorokovikova et al., 2012) and the approach is particularly suitable for cases such 

as this study where there was a marked difference between stream and lake 

concentrations. Given the likely heterogeneity in chemical composition of pelagic 
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waters, however, it is appropriate to be cautious about attributing high 

significance to individual mixing ratio values due to uncertainty in whether 

samples collected at the monitoring buoy are truly representative of ‘lake’ water 

and, also, potential in–lake variation in tracer values (SpC), e.g. due to the 

influence of other entrained stream waters. Nonetheless, high (e.g. > 1) and low 

(e.g. < -1) mixing ratios suggest occurrence of both dynamic loss and 

accumulation processes in the transition zone (Fig. 5.9).  

Overall, there is congruence between the results of nutrient enrichment 

experiments and mixing ratios calculated for dissolved nutrient concentrations. On 

day 1, negative DIN mixing ratios at three sites furthest from the shore (i.e. least 

influenced by stream water; Fig. 5.9a) are consistent with N–limitation measured 

at the pelagic site, suggesting active DIN uptake by N–deficient phytoplankton at 

the periphery of the transition zone. Likewise, predominance of negative DIN 

mixing ratios on day 5 is also consistent with measurement of N–limitation at the 

pelagic site on that day, again suggesting active uptake by phytoplankton. These 

results contrast with day 2 when DIN mixing ratios were predominantly positive 

and N–limitation was not measured in the lake. Day 5 was the only day when 

pelagic nutrient enrichment experiments yielded a positive growth response to 

added P and, accordingly, the majority of mixing ratios are negative (suggesting 

active biotic uptake) although high (> 1.5) values at the three northern–most sites 

disaffirm the trend (Fig. 5.9b).  

High (e.g. > 0.5) PO4 mixing ratios are interpreted as indicative of PO4 

desorption from suspended sediments. Sediment resuspension can markedly 

increase water column PO4 concentrations (SanClements, Fernandez & Norton, 

2009), however, there is no correlation between TSS and PO4–P mixing ratios on 

any of the three days, as would be expected if areas of active resuspension (i.e. 

positive TSS mixing ratios) were also associated with net PO4 accumulation due 

to desorption from re–suspended material. Instead, it is therefore plausible that 

particulate phosphorus associated with stream–borne sediments provided a net 

source of desorbed PO4 at some sites. Up to 70% of catchment–derived particulate 

phosphorus transported following rainfall has been shown to be potentially 

bioavailable in receiving waters in the short–term (Pacini and Gächter, 1999) 

although the bioavailability of particulate phosphorus can vary widely depending 

sediment characteristics (e.g. Fe abundance; Evans, Johnes & Lawrence, 2004). 

The composition of the particulate phosphorus transported in the stream during 
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the study period is unknown, for example, the relative contribution of loosely 

bound forms compared to more refractory apatite–associated forms was not 

quantified. Of particular note is that, although nutrient enrichment experiments 

indicated absence of P–limitation on both days 1 and 2 (Fig. 5.10), PO4–P mixing 

ratios were predominantly negative on day 1 and were all positive on day 2. The 

concentration of TSS can affect the equilibrium PO4 concentration of associated 

water, thus controlling whether or not reversibly–adsorbed particulate phosphorus 

contributes to water column PO4 concentration (Uusitalo, Yli–Halla & Turtola, 

2000). One explanation for this result, therefore, is that elevated stream TSS 

concentrations on day 2 (Fig. 5.6) were associated with a shift from sediments 

being a sink of PO4 (i.e. net adsorption) to a net source (net desorption) due to 

altered PO4 equilibrium state. 

  Sediment trap accumulation rates measured in this study integrate 

deposition of stream–borne sediments, resuspension of sediments from the lake 

bed and settling of lake seston. Sediment accumulation rate has previously been 

measured over 4–5 day periods at a deeper site (5 m) approximately 1 km offshore 

from the stream mouth during 2003 (Burger, 2006). Gross sediment accumulation 

rates measured in the cited study (6 – 12.5 g m
-2

 d
-1

) were approximately more 

than two orders of magnitude lower than in this study, reflecting the high rate of 

the sediment depositional processes occurring in the transition zone during the 

study period. This is further emphasised by noting that the depth of the water 

overlying the traps (mean = 0.33 m, range 0.18–0.81 m) was typically less than 

half the total water depth at individual sites. The proportion of accumulated 

material that was organic (25–40%) measured by Burger (2006) was higher than 

in this study, likely reflecting lower relative contribution of  lake–derived organic 

seston to sediments in this study. In a study specifically addressing transient 

sedimentation conditions, Effler et al. (2006) measured sediment accumulation 

following rainfall in traps deployed in an elongated reservoir at a site 

approximately 3 km downstream of the inflow. Despite higher influent loads, 

measured sediment accumulation rates were typically lower than in this study, 

likely reflecting reduced contribution of re–suspended material due to the greater 

depth (≈ 15 m) and greater distance from the inflow. Their maximum 

accumulation rate measured over 8 d during the largest flood (return period = 1 yr, 

estimated maximum inflow TSS concentration > 1000 mg L
-1

) was, however, 
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comparable to the mean accumulation rate measured in this study (1211 g m
-2

 d
-1

 

compared to 1485 g m
-2

 d
-1

).  

 There is little correspondence between spatial variation in sediment trap 

accumulation rates and the pathway of the southward–deflected stream inflow. 

Although the lowest accumulation rate was measured at a site to the north of the 

mouth (site 15), this was also the deepest site (1.34 m) and therefore the relatively 

low rate is likely to be at least partly due to reduced resuspension owing to the 

inverse relationship between depth and benthic shear stress (Hamilton and 

Mitchell, 1997). Highest accumulation measured at a site perpendicular to the 

mouth and approximately 400 m offshore likely reflects high potential for 

deposition in this area of the transition zone, due to high rate of sediment supply, 

yet low water velocity. 

In conclusion, this study contributed to understanding how dynamic short–

term (hours–days) variations in both meteorological forcing and the water quality 

of a stream draining a predominantly agricultural catchment can interact to 

influence water quality of a downstream lake. Rainfall in the stream catchment 

increased sediment and nutrient loads to the lake as a result of both increases in 

discharge and concentrations of suspended sediments and total nutrients. Wind–

driven horizontal circulations in the lake caused deflection of the inflowing stream 

and the resulting pathway of the propagating inflow strongly influenced the 

spatial distributions of biogeochemical processes and water quality variables at 

distances up to 1 km from the stream mouth. Biogeochemical processes in the 

transition zone resulted in spatial–temporal variations in the occurrence of net loss 

and accumulation processes of both sediments and nutrients in the water column. 

Notably, there was correlation between apparent uptake of dissolved nutrients by 

primary producers within the plume of stream water and the nutrient limitation 

status of pelagic phytoplankton. Observed inflow dynamics and spatial variations 

in chl a concentration were reproduced by a coupled hydrodynamic–water quality 

model which provided insight into hydrological and ecological processes that 

occurred in the lake beyond the temporal and spatial bounds of the sampling 

programme. The nutrient limitation status of phytoplankton varied spatially and 

temporally within the lake, reflecting transience of nutrient transport processes 

and, potentially, variation in assemblage composition and environmental history 

that confounded the link between external nutrient loading and nutrient limitation 

state. Dilution was the main process that influenced phytoplankton distribution in 
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the transition zone although patchiness observed following high discharge may 

have reflected enhanced productivity of nutrient limited phytoplankton due to 

nutrient–rich conditions in the plume. This study highlights how characteristics of 

the coupled littoral–pelagic relationship can influence dynamic spatial and 

temporal variations in the water quality of large lakes during short time scales.  
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6 Bioavailability of phosphorus transported during 

storm flow to a eutrophic, polymictic lake 

6.1 Introduction 

 

Phosphorus (P) is a macronutrient that is essential for synthesis of organic 

compounds such as nucleic acids and ATP (Maathuis, 2009). It is frequently the 

limiting nutrient in freshwaters (Schindler, 1977, Elser, 2007), thus, reducing 

excess P loads from external sources such as farmland is important for improving 

water quality in lakes that exhibit nuisance excess growth of phytoplankton 

following anthropogenic eutrophication (Lewis et al., 2011, Schindler, 2012). 

 Phosphorus exists in freshwaters in numerous forms which vary widely in 

bioavailability to primary producers (Reynolds and Davies, 2001). Knowledge of 

how the relative composition of the P load to a lake varies in space and time is 

therefore useful to help lake managers to efficiently allocate efforts to control P 

inputs from catchments. With occasional exceptions (e.g. see Twinch and Breen, 

1982), dissolved reactive phosphorus measured using the molybdenum–blue 

method (Murphy and Riley, 1962; hereafter ‘PO4–P’) represents the minimum 

concentration of P in a water sample that is immediately bioavailable (Reynolds 

and Davies, 2001, Auer et al., 1998). This fraction may be, however, only a minor 

component of the total phosphorus (TP) load transported in surface stream inflows 

to a lake, particularly during storm flow periods when TP can predominantly 

comprise particulate phosphorus (PP) bound to suspended sediments (e.g.  Hoare, 

1982, Hatch et al., 2001, Ellison and Brett, 2006). This PP can consist of a 

number of different fractions that range in bioavailability from loosely sorbed 

PO4–P that may be considered readily bioavailable, to P that is refractory as it is 

tightly bound in the lattice of apatite minerals (e.g. Boström et al., 1988, 

Machesky et al., 2010). 

The composition of PP can be quantified using chemical extraction 

techniques that permit isolation of individual fractions (e.g. see Psenner et al., 

1998). Such extraction schemes allow individual PP fractions to be operationally 

defined, however, the biogeochemical origin of individual extracted fractions has 

not always been clear (Lukkari et al., 2007), and there is debate regarding the 

relative bioavailability of individual fractions to phytoplankton (Golterman, 

413 of 1008



Chapter 6 – Bioavailability of particulate phosphorus transported in storm flow 

169 

 

2001). Such uncertainty partly reflects that the bioavailability of individual 

fractions is usually dependent on factors such as pH or redox potential. For 

example, the bioavailability to lentic phytoplankton of PP specifically extracted 

using a reducing agent is clearly dependent on the redox conditions that the PP is 

likely to be exposed to in the lake environment (Uusilato et al., 2003). Despite 

being less convenient, physiological assays that involve measuring the growth 

response of P–limited phytoplankton exposed to particular P fractions are 

therefore also useful to determine the relative bioavailability of a P source 

(Bostrom, 1988). 

 This study was undertaken in the catchment of Lake Rotorua; a large 

(80.5 km
2
), volcanically–formed lake in central North Island, New Zealand. The 

lake has undergone eutrophication and water quality now fails to meet community 

expectations (Parliamentary Commissioner for the Environment, 2006). Currently, 

the majority of the P load to the lake is from internal sources, i.e. derived from 

high benthic sediment release of PO4 that reflects decades of high external loading 

and consequent P accumulation in the sediments (Burger et al., 2007). A non–

statutory target to reduce the annual P load to the lake from the catchment by 10 

tonnes, in addition to nitrogen load reduction, has been proposed to achieve 

desired water quality improvement (Bay of Plenty Regional Council et al., 2009). 

Loads of P from the surface catchment can comprise a high proportion of PP, 

particularly during storm flow in streams not dominated by groundwater input 

(Hoare, 1982). The bioavailability of this PP is currently uncertain, and hence, the 

aim of this study was to investigate the potential for catchment–derived PP to 

contribute to eutrophication of Lake Rotorua. Water samples were collected from 

two stream inflows during elevated discharge and results are presented of: i) 

quantitative chemical analyses of P fractionation and suspended sediment 

characteristics, and; ii) a bioassay conducted using P–limited phytoplankton. 

6.2 Methods 

6.2.1 Stream sampling 

Water samples were collected from the Puarenga and Ngongotaha streams which 

are two of the nine major stream inflows to Lake Rotorua. Both streams are 

estimated to convey a high proportion of water in storm flow (Rutherford and 

Timpany, 2008) and TP loads transported in storm flow are dominated by PP in 
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both streams (authors’ unpublished data). Mean discharge in both streams is 

approximately 1.7 m
3
 s

-1
 (Rutherford & Timpany, 2008). 

 Both streams were sampled during elevated discharge following two 

separate rain events in March and August 2012. The August event was 

particularly large, resulting in minor localised flooding of the Ngongotaha Stream 

(see Table 6.1 for event characteristics). Grab samples were collected in 5–L 

containers that had been acid washed (10% HCL) and rinsed with analytical grade 

deionised water (Millipore Co.). Samples were transported to the laboratory and 

refrigerated until analysis or experimental work commenced the following day. 

 

Table 6.1 Characteristics of sampling events 

Stream Date Maximum 

discharge during 

event (m
3
 s

-1
) 

Discharge 

during sampling 

(m
3
 s

-1
) 

Stage of 

hydrograph 

during sampling 

Ngongotaha  03 March 

2012 

3.7 2.3 Falling 

 12 August 

2012  

47.0 22.0 Falling 

Puarenga 03 March 

2012 

2.4 2.1 Falling 

 12 August 

2012 

13.8 10.8 Rising 

 

6.2.2 Water chemistry analysis 

Suspended sediment concentrations were determined by filtering 65 – 500 mL of 

stream water through pre–combusted (550 °C for 3 h) and pre–weighed glass fibre 

filters (0.5 µm, Whatman GF/C). Total suspended sediment (TSS) concentrations 

were determined gravimetrically following drying (105 °C for 8 h) and volatile 

suspended sediment (VSS) concentrations were then determined by weight 

difference following subsequent ashing (550 °C for 3 h). Particle size distribution 

of the grab samples was analysed using laser diffraction (Mastersizer 2000, 

Malvern Instruments) which quantified the volume of suspended sediment 

corresponding to 48 size classes in the range 0.05 – 2000 µm. For each grab 

sample, average results were recorded of analysis of three well–shaken sub–

samples (250–400 mL) with no added dispersant. 
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 Phosphate concentration was determined by analysis of a filtered sample 

(0.5 µm, Whatman GF/C) using a standard molybdenum–blue method (Murphy 

and Riley, 1962, APHA, 1998) with an Aquakem 200 discrete analyser (Thermo 

Fisher). Total phosphorus and total dissolved phosphorus (TDP) were determined 

following alkaline persulphate digestion (APHA, 1998) of an unfiltered and 

filtered (0.5 µm, Whatman GF/C) sample, respectively, followed by colorimetric 

analysis of PO4 using a standard molybdenum–blue method (Murphy and Riley, 

1962, APHA, 1998) with a Lachat QuickChem flow injection analyser (Zellweger 

Analytics Inc.). In accordance with convention (e.g. Hatch et al., 2001), dissolved 

organic phosphorus (DOP) was calculated by subtraction of PO4–P from TDP, 

although this fraction may also include PP associated with inorganic colloids not 

retained by the filter (i.e. < 0.5 μm). 

The bicarbonate–dithionate extraction developed by Uusitalo and Turtola 

(2003) was used to determine the concentration of redox–sensitive P. This method 

is based on the reductive extraction step described by Psenner (1998) and is 

designed to quantify potentially bioavailable P in waters that develop anoxia. 

Specifically, this reductive step selectively isolates P bound to reducible metals, 

principally oxidised forms of iron (Lukkari et al., 2007). To perform the 

extraction, 1 mL of 0.298 M NaHCO3 and 1 mL of 0.574 M Na2S2O4 (both 

prepared immediately prior to the procedure) were sequentially added to 40 mL of 

sample in a 50 mL capacity polypropylene centrifuge tube. Solutions were 

agitated using an orbital shaker (15 min, 120 rpm) and then filtered (0.5 µm, 

Whatman GF/C) and frozen prior to analysis. The P concentration of solutions 

was subsequently determined as for TP, i.e. by colorimetric analysis of PO4 

following digestion, with correction for dilution due to addition of salt solutions. 

The digestion step is necessary because interference of PO4 determination 

following Na2S2O4 addition has been noted without digestion (Uusitalo and 

Turtola, 2003). Redox–sensitive P was then calculated by subtracting TDP 

concentration from the final P concentration of filtered water in the extraction step 

(a mean of duplicates was used).  

6.2.3 Bioassays 

Bioassays were conducted using water sampled from both streams during the 

March event. A comparable experiment was conducted for the August event but 

the results were discarded due to suspected interference from growth of non–
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inoculated phytoplankton. Bioassays (including all method development work; 

results not shown) were undertaken using a monoculture of a Chlorophyta species 

isolated from a water sample collected from Lake Rotorua. The species was 

identified using text of Brook (2002) as belonging to the genus Closterium, of 

which there are about 140 species (ibid). The species was chosen for its amenity 

to laboratory culture and distinctive form which aided accurate counting. A 

monoculture was used because variations between species in the relationship 

between P availability and cell chlorophyll a content (Chen et al., 2011) could 

otherwise confound results. Initial cell isolation was undertaken using a 

micromanipulator (Eppendorf Transfer Man NK2) in conjunction with an inverted 

microscope (Olympus IX71). Phytoplankton was cultured in Bold’s Basal 

Medium (Nichols and Bold, 1965), prepared using stock solutions made with 

analytical grade chemicals (BDH Laboratory Reagents) and analytical grade 

deionised water (Millipore). This medium is designed to satisfy all nutritional 

requirements, however, soil solution prepared using local soil was also added 

(four drops per L) as a further precaution to prevent micro–nutrient limitation. 

Media was sterilised in an autoclave prior to use and cell transfers were 

undertaken in a laminar flow cabinet to minimise potential for contamination 

although, despite these precautions, cultures were assumed to be non–axenic. All 

glassware was acid washed (10% HCl) and cotton wool stoppers used to cover 

culture flasks were sterilised in an autoclave. 

 Prior to undertaking bioassays (before stream sampling), a subsample (2 

mL) of monoculture was transferred to P–free medium (250 mL) that was 

prepared using the recipe for Bold’s Basal Medium but without P–containing 

salts. This permitted a culture to be established which was considered after one 

week to be P–limited and which had visibly lower cell density than a control 

culture containing P. This P–limited culture was then used to inoculate (2 mL) 

water collected from both streams to permit investigation of P–utilisation. The 

following three experimental treatments (five replicates for each) were established 

using both stream water samples: unfiltered, filtered and anoxic (Table 6.2). These 

treatments were chosen to allow comparison of growth between phytoplankton 

with access to PP (unfiltered stream water), without access to PP retained by the 

filter (filtered stream water) and with initial (at least) access to redox–sensitive PP 

(Table 6.2). Phosphorus–deficient media and additional nitrogen (NH4Cl added to 
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increase concentration by 2.5 mg N L
-1

) were added to each treatment (final 

volume = 51 mL) to eliminate potential for limitation by nutrients other than P.  

 

Table 6.2 Description of the three experimental treatments used in the bioassays 

to investigate phosphorus bioavailability in stream water 

Experimental 

treatment 

Details 

Unfiltered  Untreated stream water 

Filtered  Filtered stream water (0.5 μm Whatman GF/C filter) 

Anoxic Reducing agent (bicarbonate dithionate) added to stream water in the 

same proportion as used for extraction (see Methods) 

 

The experiments were conducted in glass tubes (Schott Duran), loosely covered 

with plastic film and maintained upright in metal racks placed on an orbital shaker 

plate (40 rpm). Treatments were incubated under artificial light (47 μmol m
-2

 s
-1

 

μA
-1

) set to a 18–h light:6–h dark regime in a temperature–controlled room (16 

°C). Tubes were randomly rearranged in the racks each day. Growth response was 

measured daily by in vivo fluorescence with a 10–AU fluorometer (Turner 

Designs) following onset of exponential growth and until the mortality phase. 

Tubes were placed in a vortex prior to determination of fluorescence to promote 

homogenisation of cells. Measured fluorescence was converted to cell density 

using the equation for a linear regression (r
2
 = 0.90, y intercept set to 0) of 

fluorescence (fluorescence units) on cell density (cells mL
-1

) that was derived by 

undertaking cell counts (n = 18) for the range of measured fluorescence values. 

Cell counts were undertaken using Utermöhl settling chambers and an inverted 

microscope (Utermöhl, 1958). To account for fluorescence of photosynthetic 

pigments already present in the samples (e.g. associated with terrestrially–derived 

plant material or lotic phytoplankton), controls (in triplicate) were established that 

lacked inoculates (replaced with analytical grade deionised water) for each 

treatment for both streams. The mean fluorescence of treatment– and stream–

specific controls was then subtracted from the growth response of experimental 

treatments to derive corrected cell density that accounted for the effect of 

background fluorescence. Blanks (five replicates) were also incubated to confirm 

presence of P–limitation. Blanks were prepared as for the unfiltered treatments 

except analytical grade deionised water was substituted for stream water. Once an 
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apparent mortality phase was reached, a sub–sample of treatments was inspected 

with a microscope (Olympus IX71, 60 × magnification) to confirm absence of 

zooplankton or growth of phytoplankton species that differed from the species 

used as inoculates.  

 Growth rate (r) for individual replicates was quantified using the 

exponential increase constant which was assumed equal to the gradient of a linear 

regression of natural log–transformed cell density (cells mL
-1

) on time (days) for 

the period of exponential growth (Reynolds, 2009). Two–way analysis of variance 

(ANOVA) and factorial ANOVA with Fisher’s LSD post hoc tests were used to 

quantify significant (p ≤ 0.05) differences in the mean of both r and maximum 

yield between blanks with no added P and treatments for both streams. Maximum 

yield was assumed equal to the maximum corrected cell density measured during 

the stationary phase following exponential growth. Identification of significant 

differences between treatment responses thus permitted qualitative comparison of 

the relative bioavailability of the P between treatments. Culture of P–limited cells 

with additions of PO4 standards of known concentration (range = 0.01–0.25 mg P 

L
-1

, nine standards trialled in triplicate) confirmed that cell density typically 

increased with PO4 concentration, although attempts to quantify differences in cell 

density in terms of PO4 concentration was unsuccessful due to inconsistent 

variations in the response curve (data not presented). Non linearity in such 

relationships has been observed elsewhere for a Chlorophyta species (Sigee et al., 

2007) and may reflect changes in intracellular carbon allocation with variations in 

resource availability or the interactive influence of other ions in the growth 

medium (Evens and Niedz, 2010).  

6.3 Results 

Suspended sediment and P characteristics were comparable between the two 

streams over individual events although they differed greatly between the two 

events (Figs. 6.1 and 6.2; Table 6.3). For each stream, concentrations of TSS and 

VSS were more than one order of magnitude greater for the August event than for 

the March event, reflecting the much higher discharge that was sampled. Despite 

the higher discharge (and therefore erosive energy), the median diameter of 

suspended sediments was much lower during the August event in both streams; 

median particle diameter in both streams corresponded to coarse sand in the 

March event compared to silt in the August event (based on classification of 
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Wentworth, 1922). Total P concentrations for both streams were almost one order 

of magnitude greater in the August event, compared to the March event, although 

concentrations of PO4–P were very similar between streams and events (range = 

0.035–0.038 mg L
-1

; Fig. 6.1). Concentrations of DOP were a minor component 

of TP (range = 0–9%) and hence PP was the dominant fraction of TP (52–55% for 

March event, 91–93% for August event). All of the non–PO4–P in both stream 

samples was redox–sensitive for the March event, whereas only 23% 

(Ngongotaha Stream) and 28% (Puarenga Stream) of the non–PO4–P was redox–

sensitive for the August event (Fig 6.2). 

 

 

Figure 6.1 Proportion of total phosphorus constituents in stream water samples 

comprising dissolved inorganic phosphorus (PO4–P), operationally defined 

dissolved organic phosphorus (DOP) and particulate phosphorus. 
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Figure 6.2 Proportion of total phosphorus constituents in stream water samples 

comprising the sum of dissolved inorganic phosphorus (PO4–P) and redox 

sensitive particulate phosphorus (PP) determined using bicarbonate dithionate 

extraction. 

 

Table 6.3 Summary of suspended sediment and redox–sensitive phosphorus 

analyses. Q, discharge; Ngo., Ngongotaha; Pua., Puarenga; TP, total phosphorus; 

TSS, total suspended sediments; VSS, volatile suspended sediments. 

 

  

Stream Event 

(2012) 

Q 

(m
3
 s

-1
) 

TSS 

(mg L
-1

) 

VSS 

(mg L
-1

) 

Median (by 

volume) 

particle 

diameter 

(μm) 

% of TP 

comprising 

PO4–P or 

redox 

sensitive P 

Ngo.  March  2.3 11.2 3.0 1239 100 

Aug.  22.0 462.5 82.8 59 30 

Pua. March  2.1 20.0 5.4 997 100 

Aug.  10.8 510.5 101.0 29 33 
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Bioassays were undertaken over 12 days (Fig. 6.3). Typical sigmoid growth was 

observed for both the filtered and unfiltered treatments although no growth 

response was observed for both streams for one of the five replicates of the 

filtered treatment. This lack of growth was attributed to initial inoculates being 

unviable and data for these replicates were consequently omitted from analysis. 

No growth was observed in reduced treatments for either stream. Some growth 

was observed for the blanks which did not contain added P, likely indicating 

either utilisation of intracellular P stores or background P contamination from an 

unknown source. Both these factors were assumed to be equal for all treatments 

and hence measured growth response for treatments that was significantly greater 

than the response measured in the blanks was assumed to indicate relatively 

higher P availability. 

 

 

Figure 6.3 Measured cell density for treatments and blanks (no stream water and 

no added P) during the bioassay conducted with samples collected from the 

Ngongotaha (Ngo) and Puarenga (Pua) streams during the March event (see 

Tables 6.1 and 6.3). Measurements have been corrected for potential interference 

by photosynthetic pigments present in the stream water prior to inoculation (see 

Methods).Symbols denote the mean and bars denote ± 1 standard error. F, filtered 

treatment; UF, unfiltered treatment. 
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 Mean growth rate was significantly higher in the filtered compared to the 

unfiltered treatments (F = 33.63; d.f. = 1; p < 0.001) but there was no significant 

difference between the two streams (Fig. 6.4a). There was no significant 

difference in mean growth rate between the unfiltered treatments and the blanks 

that did not contain added P. Similarly, comparison of measurements on day 11 

(stationary phase of growth) indicated that corrected cell density was significantly 

higher in the filtered than in the unfiltered treatments (F = 22.57; d.f. = 1; p < 

0.001; Fig. 6.4b). Mean corrected cell density was significantly higher than the 

blanks for the filtered treatments for both streams and for the unfiltered treatment 

for the Ngongotaha Stream (d.f = 14; p = 0.001 – 0.026).  

 

 

Figure 6.4 Box and whisker plots showing differences between blanks (no stream 

water and no added phosphorus) and filtered and unfiltered treatments in growth 

rate (r) during exponential phase (a) and cell density (b) measured on day 11 of 

the bioassay (Fig. 6.3). Whiskers denote the range, boxes denote ± 1 standard 

error and symbols in the boxes denote the mean. Different letters denote 

significant (p ≤ 0.05) differences based on ANOVA. 
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6.4 Discussion 

The similarities in P fractionation between catchments during individual events 

(Figs. 6.1 and 6.2) suggest that there may be potential to apply relationships 

between discharge and relative P composition to other stream catchments, 

although further analyses are required to confirm this. In particular, further 

investigation would be beneficial to confirm whether the P fractionation results in 

Fig. 6.2 for the March event samples are typical of TP transported during 

moderate events, i.e. that all the TP load is potentially bioavailable if exposed to 

anoxia. The coarse texture of sampled suspended sediment (Table 6.3), and the 

moderate magnitude of sampled discharge (implying limited contribution of PP 

transported in overland flow from far–channel sources), suggests that PP 

transported in the March event is likely to be associated with the pumiceous sands 

and loams that comprise the bed and bank sediments of the two streams. By 

contrast, the marked reduction in median particle diameter sampled during the 

August event suggests that finer, terrestrially–derived particles (predominantly 

silts) had a greater contribution to PP concentration. Analysis of sediments 

sampled from a range of potential source areas, each of which will vary in 

importance depending on event characteristics (Thompson et al. 2012), could 

therefore aid more general understanding of the composition of PP transported in 

storm flow throughout the wider lake catchment. 

 The finding that either all or a proportion of the PP was redox sensitive 

indicates that catchment–derived PP transported in storm flow can cause increase 

of water column PO4–P concentration in Lake Rotorua, given that this polymictic 

lake is known to develop anoxia in the hypolimnion during stratification periods 

or more than a few days (Burger et al., 2007). However, the implications of this 

for primary productivity are not clear. Okubo et al. (2012) concluded that 

Microcystis aeruginosa utilise redox–sensitive P, after observing slightly higher 

growth response in cultures exposed to soil that had undergone extraction (i.e. the 

fraction had been removed) with NH4Cl (to remove P loosely adsorbed on 

surfaces of compounds such CaCO3), relative to cultures exposed to soil that had 

undergone extraction with both NH4Cl and a reducing agent. In a natural setting, 

however, Reynolds and Davies (2001) posit that P bound to metal hydroxides that 

is released during anoxia will quickly re–precipitate and have limited influence on 

primary productivity. Further investigation of the potential for this fraction to 

promote phytoplankton growth in the lake (e.g. using mesocosms) would be 
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beneficial. Also, quantification of other PP fractions in potential source sediments 

could be advantageous as several studies have found bioavailable P can be well 

quantified by determination of the NaOH–extractable PP fraction (Sharpley et al., 

1991, Auer et al., 1998), assumed to represent organic P and the P associated with 

aluminium oxides and non–reducible iron oxides (Lukkari et al., 2007). The utility 

of considering non–redox sensitive fractions is supported by a previous study of 

benthic PO4 release in Lake Rotorua, which noted that PO4 release rates were 

largely independent of dissolved oxygen concentration (Burger et al., 2007). 

Although redox potential was not quantified in that study, their result suggests 

that factors aside from redox are important controls of P bioavailability in the lake 

(e.g. pH, see Hupfer and Lewandowski, 2008; Gao et al. 2012). 

 It was initially hypothesised that the differences in growth response 

measured during the bioassay would conform to the order: filtered < unfiltered < 

reduced, in accordance with predicted variations in bioavailable P concentration. 

The results were, however, contrary to this prediction. Absence of growth in the 

reduced treatments is not attributed to P–limitation; it more likely reflects 

otherwise unsuitable conditions caused by addition of the reductant, e.g. due to 

reduced pH (Uusitalo and Turtola, 2003) or sulphide evolution. Although 

somewhat void, the result highlights the constraints of laboratory–based 

physiological approaches to investigating the bioavailability of redox–sensitive 

PP. An option for future research, therefore, is to conduct similar experiments 

using larger volumes that permit the simulation of both oxic epilimnia and anoxic 

hypolimnia formation. 

 The significantly higher growth rate and yield measured in the filtered 

treatments is attributed to bioavailable P concentration being higher in the filtered 

samples, despite TP concentration being lower. Light limitation due to higher 

turbidity is discounted as the coarse nature of the suspended sediments in the 

samples (Table 6.3) meant that the sediments rapidly settled, minimising potential 

for differences in light attenuation. Mean cell density was lower than in the blanks 

for the Puarenga Stream unfiltered treatments during part of the bioassay period 

(Fig. 6.3), but, both growth rate and maximum yield for the unfiltered samples 

were either the same or higher than the blanks. This result is therefore interpreted 

as evidence of suspended sediments acting as a sink, not a source, of PO4. Rapid 

decrease of PO4 concentration following increased suspended sediment 

concentration has previously been reported, and reflects buffering (i.e. adsorption 
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processes) that can occur in the space of a few hours in response to alteration of 

the ambient equilibrium PO4 concentration (Mayer and Gloss, 1980, Wang and Li, 

2010). Presumably, this result indicates that, despite higher TP concentrations, the 

immediate bioavailability of the P in March samples would actually have been 

lower in a downstream oxic environment than for base flow samples with 

comparable PO4 concentration, yet lower PP (and thus TP) concentration. This is 

not necessarily the case, however, when considering longer term bioavailability 

(i.e. for time scales longer than hours), as such adsorbed PO4 may be readily re–

released back into the water column under altered ambient equilibrium PO4 

concentration, for example, following subsequent resuspension of sediments into 

overlying water with lower suspended sediment concentration (Wildman and 

Hering, 2012). Investigation of PO4 adsorption kinetics for local sediments, for 

example by quantifying equilibrium PO4 concentration (Mayer & Gloss, 1980) for 

various conditions, could help to improve understanding of how stream–derived 

sediments can influence PO4 concentration in the lake. Even with further research, 

however, such understanding is likely to remain incomplete until wider scientific 

advances are made as, currently; there is “no general model” of whether lake 

sediments act as a net source or a sink of bioavailable phosphorus (Reynolds and 

Davies, 2001). 

6.5 Conclusions 

The bioavailability of P present in grab samples collected from two streams 

during two contrasting storm flow periods was investigated. Dissolved inorganic 

P concentrations were relatively invariant between samples, accounting for 40–

48% of TP for samples collected during a moderate event and 6–8% of TP for a 

large event. Particulate phosphorus concentrations were an order of magnitude 

greater in samples collected during the large event. Determination of redox–

sensitive P indicated that the entirety of this fraction was bioavailable if exposed 

to anoxia for the samples collected during the small event, compared to 

approximately 25% for the large event. Despite the potential bioavailability of PP, 

a laboratory bioassay indicated that under oxic conditions, suspended sediments 

acted as a sink, rather than a source of bioavailable P to P–limited phytoplankton. 

This result highlights the importance of considering the nature of the receiving 

environment when assessing the bioavailability of P transported through 

hydrological landscapes.  
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7 Conclusions 

7.1 Overview 

This thesis has examined the topic of spatial and temporal variations in nutrient 

loading to lake ecosystems, and, explored how such variations affect lake water 

quality, with specific focus on the related topics of phytoplankton nutrition and 

eutrophication. By combining both reductionist and more holistic multi–

disciplinary approaches, the research has sought to develop broad understanding 

at spatial resolutions ranging from global to fine scales (e.g. 1–10 m). Where 

applicable, research findings have been placed in an applied context to guide 

actions necessary to address the significant problems related to eutrophication that 

have been identified at international (Millennium Ecosystem Assessment, 2005), 

national (Verburg et al., 2010) and regional (Parliamentary Commissioner for the 

Environment, 2006) levels. The remainder of this chapter summarises the main 

findings of each research chapter, and provides ideas for future research to extend 

knowledge derived from this study. 

7.2 Key findings and recommendations for future research  

Chapter 2 described and quantified global–scale trends in both nutrient 

stoichiometry in lake water and relationships between nutrient concentrations and 

phytoplankton biomass. The previously unreported global–scale positive 

correlation between latitude and the ratio of total nitrogen (TN) to total 

phosphorus (TP) described in Chapter 2 highlights the importance of considering 

lake spatial context beyond the local bounds of the immediate hydrological 

catchment when considering drivers of lake water quality. This is consistent with 

a wider shift towards a more global viewpoint within limnology (Walz and 

Adrian, 2008), as researchers increasingly seek global–scale biogeographic 

patterns in lake ecosystems (Gonzalez–Bergonzoni et al., 2012; Elser et al., 2009). 

Results demonstrated marked differences between latitudinal categories in the 

statistical power of empirical models to estimate chlorophyll a concentration 

based on TN and TP concentrations (i.e. bottom–up control by nutrients), 

highlighting systematic disparities in lake ecosystem functioning between 

latitudes. Various possible reasons for the observed differences were postulated, 

for example; weak relationships between nutrients and chlorophyll a 
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concentration in the tropics may be due to relatively greater influence of light 

limitation; whereas similarly weak relationships at polar latitudes may reflect 

greater influence of top down control by zooplankton grazing, or, greater relative 

contribution of benthic autotrophs to primary productivity. Testing these 

hypotheses, however, represents a challenge to future researchers and to do so 

experimentally would be a major task. It may be desirable, therefore, to adopt the 

approach of the “model experimentalist” (Mooij et al., 2010) by comparing 

individual aspects (i.e. parameter values) of well–calibrated lake ecosystem 

models across latitudinal gradients to elucidate systematic differences in the 

relative importance of key biogeochemical processes. 

 Chapter 3 then focussed on identifying relationships between in–lake 

concentrations of TN and TP, and individual catchment characteristics, which are 

statistically significant for a nationally–representative sample of lakes in New 

Zealand. The strong relationships between land use and in–lake nutrient 

concentrations that were identified support discussion points in Chapter 2 

regarding the potential for latitudinal trends in TN:TP to reflect latitudinal 

gradients in the distribution of land uses. The results of Chapter 3 contribute to the 

knowledge–base necessary to guide national–level water quality policy, 

emphasising the dominant role of intensive pastoral agriculture in influencing 

eutrophication in New Zealand lakes, yet also providing insight into other factors 

such as hydrological connectivity that can mediate the effects of intensive pastoral 

agriculture in individual catchments. The applied issue of how to mitigate nutrient 

pollution from agricultural sources is the focus of Appendix 1, and this article 

seeks to highlight some of the major reforms that are necessary for the overall 

nutrient footprint of pastoral agriculture to be greatly reduced without 

compromising the status of this activity as a primary component of New 

Zealand’s economy. Chapter 3 also identified a positive correlation between 

exotic forestry and in–lake TP concentrations for New Zealand that was not well 

acknowledged in the literature. This finding warrants further research, for 

example by undertaking further detailed measurement of particulate P export from 

forested New Zealand catchments at different stages in the harvesting cycle and 

during varying discharge. Overall, this chapter demonstrated that anthropogenic 

factors are the dominant control on nutrient loading to New Zealand lakes, e.g. 

rather than variations in the distribution of naturally P–rich volcanic soils. Given 

the pervasive nature of human development, this fact invites further research to 
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determine reference water quality for different lake types which represents the 

states of lakes in the absence of anthropogenically–accelerated eutrophication. 

Such an exercise has been conducted elsewhere (e.g. Dodds et al., 2006) and 

would provide a benchmark against which current water quality could be judged, 

thus informing targets for lake restoration and providing guidance for the reform 

of water quality policy that is currently occurring in New Zealand (Land and 

Water Forum, 2012). 

 Chapter 4 extended the concept of spatial variations in nutrient transport 

between catchments by focussing in detail on two surface sub–catchments that 

drain into Lake Rotorua (Bay of Plenty, New Zealand). The chapter also 

introduced the topic of temporal variations in nutrient loading, by presenting 

analysis of high frequency (1–2 h) time series data relating to concentrations of 

fractions of N, P and suspended sediments that were measured during an intensive 

programme of field work. Concentrations of determinands were typically shown 

to vary predictably with stream discharge (Q), and relationships between Q and 

concentrations were broadly similar between the two catchments, although some 

differences occurred which could be attributed to variation in catchment 

characteristics such as potential nutrient sources and geomorphology. Empirical 

models were fitted to measured data to estimate continuous loading over a two 

year period and, in particular, the relatively high annual yield of TP estimated for 

the Puarenga Stream catchment (largely comprising exotic coniferous forestry) is 

consistent with the relationship described in Chapter 3 between plantation forestry 

and in–lake TP concentrations. Positive correlations between Q and 

concentrations of particulate nutrients, particularly particulate P, contribute to the 

propensity for temporal inequality in nutrient loading, reflecting that periods of 

elevated Q associated with storm events contribute disproportionately to annual 

nutrient loads. This highlights the importance of considering hydrologically–

driven variations in concentration when estimating nutrient loads, and, in the case 

of Lake Rotorua, future research to develop process–based catchment models may 

be beneficial to aid load estimation and assess the likely impacts of land 

use/management changes. A practical solution to the problem of obtaining data 

relating to loading during high Q periods could be the installation of turbidity 

sensors in inflowing streams. With adequate calibration these sensors may provide 

high–frequency estimates of the dominant particulate P fraction of TP loads, with 

suitable accuracy and relatively minor financial outlay (cf. Jones et al., 2011). 
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Such data could also be an interesting subject for wavelet analysis to investigate 

the dynamics of different transport processes using a statistical tool that has so far 

had limited application to water quality concentration data (Guan et al., 2011). 

The propensity for temporal inequality in loading also further emphasises the need 

for further research to consider the likely effects of predicted future changes in the 

frequency and intensity of rainfall on lake water quality (IPCC, 2007).  

 Chapter 5 shifts focus from the surface catchment of Lake Rotorua 

towards the lake itself. This chapter highlighted the importance of horizontal 

transport processes in mediating the effects of storm flow discharges on lake 

water quality. This chapter also demonstrated the value of a three–dimensional 

coupled ecological–hydrodynamic computer model for interpreting field data and 

gaining insight into processes outside of the spatial and temporal bounds of 

sampling programmes. Future research could use the coupled model to focus on 

other events of different characteristics to improve understanding of transport of 

catchment–derived materials within the lake. For example, transport of stream 

water into the main body of the lake was very limited during the sampled event, 

hence it would be valuable to undertake further study to identify the conditions 

necessary for more direct transport of stream–derived sediments into the main 

basin. In particular, it is expected that events of larger magnitude (i.e. greater 

maximum discharge) would be associated with more pronounced horizontal 

transport and hence it would be interesting to contrast propagation characteristics 

between large summer and winter events during which the inflowing stream 

would be expected to be negatively and positively buoyant, respectively. 

Remotely–sensed data pertaining to suspended sediment concentration could be 

incorporated into future studies to quantify the location of storm flow–associated 

sediment plumes and thus validate model output. In addition, there is scope to 

apply the model to further broad understanding of dominant horizontal circulation 

processes that are active in the lake, as has been done elsewhere for large lakes 

(Beletsky et al., 1999). Data collected using in situ sensors to measure water 

velocity (including data that has been collected historically) would be useful to 

validate model performance during such a study. The spatial and temporal 

discontinuities in phytoplankton nutrient limitation status that are presented in this 

chapter emphasise the distorted spatial and temporal scales at which key processes 

that affect phytoplankton ecology can occur, and demonstrate lack of coherence 

between these scales and the typical resolution of sampling programmes. Further 
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investigation of the currently poorly–understood effects of meteorological 

disturbances on phytoplankton ecology, for example by examining species 

succession in the lake during a period coinciding with a large storm (cf. Znachnor 

et al. 2008), could be an interesting avenue for future research. In addition, more 

detailed statistical consideration of the phenomenon of patchiness described in 

this chapter could help to better quantify how representative of ‘average’ lake 

water quality individual grab samples are likely to be under different physical 

conditions. 

 Chapter 6 focused on the issue of particulate nutrient bioavailability that 

was a component of previous chapters, and, in particular, sought to address 

uncertainty regarding the potential contribution to eutrophication of particulate P 

that was shown in Chapters 4 and 5 to dominate TP loads during storm flow 

periods. Although a relatively small number of samples was analysed, the finding 

that as much as 100% of particulate P conveyed in storm flow can become 

bioavailable if exposed to anoxia has important implications for assessing the 

potential impact of this nutrient fraction on water quality of Lake Rotorua, as well 

as for other lakes in the Central Volcanic Plateau region of New Zealand that have 

similar catchment sediment characteristics. Whether or not lake hypolimnia 

become anoxic is therefore clearly an important determinant of the potential for 

particulate P transported in storm flow to contribute to elevated dissolved 

inorganic P concentrations and, therefore, maintenance of oxic hypolimnia should 

be an important objective for lake managers. The critical importance of oxic 

conditions was further emphasised by the somewhat paradoxical results of 

bioassays. These results highlighted that, in addition to biological uptake, 

dynamic physicochemical processes are critically important for regulating the 

availability of dissolved inorganic P in the water column. Further research relating 

to P sorption kinetics of sediments from a range of potential source areas should 

be undertaken to develop understanding of the potential for particulate P to 

contribute to eutrophication of Lake Rotorua. In a wider context, further 

examination of the short–term interactions between biological, physical and 

chemical processes (e.g. associated with pH effects) that regulate P bioavailability 

is an important and interesting topic for further study. 
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Appendix 1 – Reducing the external environmental costs 

of pastoral farming in New Zealand: Experiences from 

the Te Arawa lakes, Rotorua 

 

Abstract 

Decades of nutrient pollution have caused water quality to decline in the 

nationally iconic Te Arawa (Rotorua) lakes in New Zealand. Pastoral agriculture 

is a major nutrient source and therefore this degradation represents an external 

environmental cost to intensive farming. This cost is borne by the wider 

community and a major publically–funded remediation programme is now 

underway. This article describes the range of actions being taken to reduce 

nutrient loads from internal (lake bed sediments) and external (primarily diffuse) 

sources in the lake catchments. The high economic cost and uncertain efficacy of 

engineering–based actions to reduce internal nutrient loads is highlighted. Major 

changes to land management practices to control diffuse nutrient pollution are 

required throughout New Zealand if the need for costly and lengthy remediation 

programmes elsewhere is to be avoided. More action to educate farmers and the 

public about eutrophication issues, development and enforcement of 

environmental standards, and further consideration of the use of market–based 

instruments are proposed as ways to correct the current market failure.  
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Introduction 

New Zealand is renowned for being ‘clean and green’, a concept that is an 

important part of the country’s competitive advantage in several core industries 

and part of the national marketing strategy for tourism. The activities of the 

country’s largest primary industry, namely agriculture (New Zealand Treasury 

2009), do not, however, always complement this reputation. Pastoral agriculture, 

particularly dairy farming, has intensified over the last few decades: the national 

dairy herd increased by approximately 82% between 1980 and 2009 to nearly six 

million cows (Figure 1). This intensification has contributed to the decline of 

several essential ecosystem services including the provision of good quality 

freshwater (PCE 2004; Baskaran et al. 2009). As a result, declining freshwater 

quality is now a critical issue in New Zealand (Land and Water Forum 2010); 

improving the management of the country’s water resources has become a 

government priority (MfE 2009). 

 

Figure 1 Total dairy cattle in New Zealand 1980–2009. Note that the calculation 

method was changed in 2002 (Statistics New Zealand, 2009).  

A major cause of water quality decline in New Zealand is the anthropogenic 

eutrophication of streams and lakes caused by excess nutrient inputs, primarily 

nitrogen and phosphorus, from agricultural sources (PCE 2004; Abell et al. 2011). 

In this respect, the intensification of the dairy industry is of particular concern as 

median nutrient loads from dairy farms have been shown to be significantly 

higher than from other pastoral land uses such as sheep farming (McDowell & 

Wilcock 2008). The main sources of nutrients to waterbodies from New Zealand 

grazing systems are nitrate leached from animal excreta (particularly urine), while 

phosphorus is typically associated with eroded soil particles transported by 
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surface runoff (PCE 2004; McDowell & Wilcock 2008). Elevated nutrient 

concentrations in freshwaters can cause undesirable growth of algae, resulting in 

unsightly, odorous and potentially toxic blooms, along with an overall decline in 

ecological health (Smith et al. 1999). The challenges to maintaining and 

improving New Zealand’s water quality represent a microcosm of the global 

situation, and predicted climate change is expected to result in both an increase in 

nutrient loads and an enhanced sensitivity of inland waters to nutrient pollution, 

thereby exacerbating the problem (Jeppesen et al. 2011). 

The anthropogenic eutrophication in predominantly agricultural 

catchments in New Zealand is an archetypal example of the ‘Tragedy of the 

Commons’ (Hardin 1968). Hardin’s original analogy focused on the inevitability 

of overgrazing to occur when herdsmen are allowed to graze their stock on 

common land. As he acknowledged, the concept applies equally to the pollution 

of common resources such as air, or in this case, freshwater, whereby polluters 

(e.g. farmers) are only burdened with an individual cost from polluting a common 

resource that is much smaller than the cost of adequately treating or eliminating 

their waste. 

The developing field of ecological economics allows the degradation of 

common resources to be viewed in terms of a reduction to the value of ecosystem 

services as a result of the externalisation of environmental costs associated with 

production activities (Lant et al. 2008). Ecosystem services are derived from 

ecosystem functions and include climate regulation, soil formation and erosion 

control (Costanza et al. 1997). In this case, the common resource in question is 

fresh water and the external environmental costs of agricultural production 

include a decline in recreational opportunities, reduced landscape and visual 

values and the constraints on supply of, or additional treatment requirements for, 

drinking water. The cost is external because individual farmers usually bear only a 

small share of the costs (economic, social and environmental) that arise from the 

depletion of the ecosystem services caused by excess loss of nutrients from 

farmland. In other words, the polluter does not pay the full cost associated with 

the pollution they produce and instead, where there is an economic cost associated 

with the remediation of the pollution, it is often the wider community that pays 

the price by means of government instigated remediation funded by public taxes.  

This article examines the approach being taken to remediate diffuse pollution 

from agricultural sources in order to improve water quality in the Te Arawa lakes 
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in the Bay of Plenty region of New Zealand. It discusses some of the major (and 

often expensive) actions that now have to be taken to improve the water quality of 

several of the lakes. Water quality in the lakes has declined due to decades of 

excess nutrient input from sources that include, amongst others, agricultural 

activities. Options for future lake management policy are discussed with reference 

to how farming in this region, and throughout New Zealand, might become more 

sustainable by internalising its environmental costs. 

 

Case study: the Te Arawa lakes 

National policy context 

To provide background to the regional case study, it is useful to first consider the 

national policy context. Following a major change in the early–mid 1980s, New 

Zealand farmers have operated in a competitive system characterised by a lack of 

subsidies (MacLeod & Moller 2006). There is no formal link between central 

government and the agricultural sector (e.g. unlike Europe) and regulation of 

agri–environmental performance is principally the role of regional councils, which 

vary widely in their capacity and commitment to enforcement (Jay 2007). Under 

the Resource Management Act 1991, regional and unitary councils are also 

responsible for managing water quality, and guidance on this issue was long 

lacking at the national level. This situation recently changed with a National 

Policy Statement (NPS) for Freshwater Management in May 2011 (New Zealand 

Government 2011). The NPS reflects recommendations made following an 

extensive ‘collaborative governance’ process undertaken by an independent group 

which engaged widely with stakeholders (Land and Water Forum 2010). In 

particular, the NPS requires councils to safeguard freshwater ecosystems by 

establishing and observing limits relating to water quality and flows (Policies A1–

3, B1–2). The NPS also explicitly recognises the need to consider diffuse 

pollution in spatial plans (Policy A4) and mandates integrated catchment 

management that considers downstream water resources (Policy C1–2).  

Regional overview 

The Te Arawa lakes are situated on the central volcanic plateau in the Bay of 

Plenty region of New Zealand’s North Island (Figure 2). They are highly valued 

by the Te Arawa people who have a cultural relationship with the lakes and are 

the legal owners of the lake beds after Te Arawa signed a Deed of Settlement with 
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the Crown in 2004. The iconic lakes are also valued for their natural beauty and 

for recreational activities such as trout fishing which attract tourists to the region. 

Figure 2 The twelve major Te Arawa lakes in the Bay of Plenty region of New 

Zealand  

Deteriorating water quality 

Water quality in several of the lakes has declined over the last 30 – 50 years due 

to excess nutrient inputs associated with development in the lakes’ catchments 

(Hamilton 2003). The main sources of nutrients are farming activities, soil 

erosion, septic tanks and community sewerage schemes (PCE 2006), although 

natural geological sources of phosphorus are also significant in some catchments 

(GNS 2005). Treated sewage was historically discharged into the largest lake, 

Lake Rotorua, until 1991 (Burns et al. 1997); however, this direct discharge 

ceased following construction of the Rotorua City sewage treatment system. Since 

then, further works have been undertaken, or are currently underway, to improve 

sewage treatment and reduce reliance on septic tanks to minimise nutrient loads 

from these sources. By contrast, nutrient loads (particularly nitrogen) from 

farmland have increased in several catchments in response to an increased 

intensity of agricultural production. For example, nitrate concentrations in streams 

flowing into Lake Rotorua increased steadily between 1968 and 2002 as a result 

of greater export from pasture (NIWA 2003), which occupies 45% of the 

catchment. This source is now responsible for 75% of the nitrogen load and 46% 

of the phosphorus load to the lake each year (PCE 2006). 
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Table 1 provides a summary of the twelve major lakes. Water quality is assessed 

using a Trophic Level Index (TLI) (calculated from measurements of lake 

nutrients, chlorophyll a and clarity) and an Action Plan development process is 

triggered when water quality is below established targets (see Burns et al. 1999; 

2005; 2009). Action plans are non–statutory documents drawn up in consultation 

with lake stakeholders to set nutrient reduction targets and establish catchment 

management actions for specific lakes, often closely linked to the TLI as a 

performance measure (Table 1). A major complication to lake restoration efforts 

is the issue of groundwater lags which delay the effects of nutrient loads arising 

from present–day land use. Water that enters the groundwater in some catchments 

today has been calculated to take up to 170 years to reach the lake (GNS 2005). 

This lag is further compounded in some lakes by the process of internal loading 

which results in nutrients that have accumulated in the lake bed being periodically 

released back into the water column during periods of de–oxygenation (Burger et 

al. 2008). In shallower, eutrophic lakes these sources can even dominate over 

external loads.  
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Table 1 Summary of the twelve major Te Arawa lakes. Data from Burns et al. 

(2009) and BOPRC et al. (2010) 

*Trophic state refers to the primary productivity of a water body. It can range 

from oligotrophic (low) to supertrophic (very high). Perceived water quality 

typically declines with increasing trophic state. 

 

Lake restoration: actions 

Tables 2 and 3 summarise the lake restoration actions included in the Te Arawa 

Lake Action Plans, as well as additional actions that have been considered to 

remediate the impact of nutrient pollution on the lakes. Actions have been 

separated into two categories: those that are lake–based to reduce in–lake nutrients 

(Table 2) and those that are catchment–based to reduce external nutrient loads 

(Table 3).  

Lake Lake area 

(ha) 

Max depth 

(m) 

Trophic state* Long term trend in 

water quality over  

16–20 years 

Action Plan 

status 

Okataina 1,173 78.5 Oligotrophic No change Process not 

yet underway 

Rotoma 1,112 83.0 Oligotrophic Definite 

degradation 

Operational 

Tarawera 4,115 87.5 Oligotrophic  No change Process 

underway 

Tikitapu 144 27.5 Oligotrophic Possible 

degradation 

Process 

underway 

Okareka 334 33.5 Mesotrophic No change Operational 

Rerewhakaaitu 517 15.8 Mesotrophic No change Process 

underway 

Rotokakahi 433 32.0 Mesotrophic No data Process not 

yet underway 

Rotoiti 3,370 124.0 Mesotrophic No overall change 

but definite 

improvement since 

2003 

Proposed 

Rotomahana 902 125.0 Mesotrophic No change Process not 

yet underway 

Rotoehu 790 13.5 Eutrophic Degraded, no 

change 

Operational 

Rotorua 8,047 44.8 Eutrophic Degraded, no 

change 

Proposed 

Okaro 30 18.0 Supertrophic Definite 

improvement 

Operational 
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Table 2 Lake based actions to reduce in–lake nutrient loads 

Lake restoration 

action 

Status Summary 

Diversion of nutrient–

rich inflows 

Undertaken in Lake 

Rotoiti (Ohau Channel 

construction). 

Reduces nutrient inputs to the lake. May adversely affect 

water bodies downstream.  

Under consideration for 

the Hamurana Stream 

which enters Lake 

Rotorua. 

 

Dredging Lakes Okareka, Rotorua, 

Rotoiti, Rotoehu and 

Tarawera have been 

identified as potentially 

suitable candidate lakes 

(A & E Consultants 

2007). 

Removes nutrients from the lake bed, reducing cycling 

through and from the sediments.  

A recognised method worldwide although it is expensive 

and a major logistical undertaking. Identifying a 

receptor site for dredged material is also difficult. 

Sediment capping / 

phosphorus 

inactivation 

Undertaken in lakes 

Okaro, Okareka and in 

Lake Rotorua inflows. 

Trialled in streams 

entering Lake 

Rerewhakaaitu 

Certain materials such as natural clay minerals can 

render nutrients unavailable for plant growth and seal 

lake bed sediments. A modified zeolite product 

successfully reduced total phosphorus concentrations in 

Lake Okaro although improvements to water quality 

appear to occur more slowly (Özkundakci et al. 2010). 

Hypolimnetic 

discharge 

Previously considered 

for Lake Okareka.   

Nutrient–rich water could be removed from the bottom 

layers while a lake is stratified and oxygen near the lake 

bed is depleted.  

Biomanipulation Previously considered 

for all lakes. 

Organisms such as the freshwater mussel (Hyridella 

menziesii) can assimilate nutrients or consume algae. 

The efficacy and the potential for adverse ecological 

impacts is uncertain (NIWA 2007). 

Oxygenation/ 

destratification 

Considered for Lake 

Rotoiti and under 

consideration for Lake 

Rotoehu (BOPRC et al. 

2010). 

Delivering oxygen directly to the bottom waters of a 

lake can prevent oxygen depletion and associated 

nutrient release from bottom sediments. Aeration can 

also be used to disrupt lake stratification and prevent the 

formation of oxygen–depleted bottom waters.  

Weed harvesting Undertaken in lakes 

Rotoehu and Rotoiti. 

Nutrients can be removed from lakes by harvesting 

aquatic plants such as the invasive macrophyte hornwort 

(Ceratophyllum demersum).  
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Table 3 Catchment based actions to reduce external nutrient loads from farmland 

 

Lake restoration 

action  

Status Summary 

Land use change The proposed Regional 

Policy Statement 2010 

authorises district plans to 

require resource consent for 

land use change.  

The district Ten Year Plan 

is under review. 

Identified in the Action 

Plans for lakes Okareka and 

Rotoehu (BOPRC et al. 

2010) and likely to be 

important for lakes Rotorua 

and Tarawera. 

Nutrient loss varies with land use and it is 

widely accepted that the redesign of catchment 

land use has a fundamental role in effecting 

change (Hamilton 2005; PCE 2006). 

Nutrient loss is generally lowest from native 

vegetation and plantation forest although this 

can vary depending on factors such as 

harvesting regime (Hamilton 2005). The 

potential for land use types to cause nitrate 

leaching typically follows the order: forestry < 

sheep/beef/deer farming < arable/mixed 

cropping < dairy farming < vegetable cropping 

(Menneer et al. 2004). The potential for 

phosphorus loss is often more variable, 

however high losses are likely to occur from 

land receiving direct fertiliser or manure 

applications (McDowell et al. 2005).  

Creation of riparian 

buffers  

Undertaken in some areas of 

all lake catchments 

(BOPRC et al. 2010). 

Riparian buffers are vegetated areas alongside 

waterbodies that can reduce the inputs of 

nutrients by trapping particulate forms of 

nutrients and increasing plant uptake of 

inorganic forms.  

Wetland 

construction 

A 2.3 ha wetland has been 

constructed alongside Lake 

Okaro (BOPRC 2006). 

Wetland construction has 

been earmarked for the 

catchment of Lake Rotoehu 

where floating wetlands are 

also being trialled (BOPRC 

et al. 2010). 

Wetlands can trap sediment and promote 

nutrient removal processes such as 

denitrification and uptake by plants.  

Adoption of Best 

Management 

Practices (BMPs) 

by farmers 

Applicable to all lakes, 

especially those with a high 

percentage of pastoral land. 

Suitable BMPs identified include: reduction of 

fertiliser use, removal of cattle from paddocks 

over winter, better effluent management and the 

use of nitrification inhibitors in feed and on soil 

(Ritchie 2008; AgResearch 2010).   

Installation of 

denitrification beds 

An 18 m
3
 bed of wood chips 

has been installed along a 

10 m section of a Lake 

Rotoehu inflow. Monitoring 

over 13 months indicated 

that nitrate concentrations 

were reduced by 

approximately 50 % 

(Landcare Research 2008).   

Denitrification beds comprise containers or 

excavated areas filled with a carbon source 

such as woodchips. They promote the 

conversion of nitrate to di–nitrogen gas by 

microbes.      

Trials elsewhere in New Zealand have shown 

that denitrification beds can provide a low–cost 

solution for near complete removal of nitrate 

from dairy shed effluent (Schipper et al. 2010). 

Results will depend on local soil type and 

topography.   

 

Lake restoration: policy 

Implementing lake restoration actions requires the right mix of policies in place to 

facilitate change. An array of policy instruments are either in use or have been 

447 of 1008



Appendix 1 

203 

 

proposed to reduce diffuse pollution from agricultural sources in the Te Arawa 

lakes (Figure 3).  

 
Figure 3 Policy instruments in use (bold) and proposed (italic) to reduce diffuse 

pollution from agricultural sources in the Te Arawa lakes 

 

Discussion 

The external cost of farming 

Actions listed in Table 2 may be considered ‘end of pipe’ because they are 

designed to reduce nutrient loads once nutrients have already entered streams or 

lakes, rather than reducing nutrient loads at source. Experience from lake 

restoration programmes in the northern hemisphere has shown that physical, 

chemical or biological remediation techniques designed to reduce internal 

nutrients, but which do not simultaneously address external loads, are often of 

only limited success with benefits quickly eroded (Cooke et al. 2005). 

Improvements in water quality following specific remediation actions, particularly 

in large lakes, may be slow and restoration failures frequently occur (Søndergaard 

et al. 2007). Actions such as dredging also have the potential to cause adverse 

environmental impacts that require mitigation and may need to be repeated 

periodically. Despite these shortcomings, such actions, if feasible, are now 

essential, in combination with catchment–based actions, if water quality 

improvement targets are to be achieved in the short–medium term for the most 

degraded lakes. This is because sediments in lakes such as Lake Rotorua have 
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high internal stores of nutrients following decades of eutrophication (Burger et al. 

2008) and therefore even complete cessation of all external nutrient loading would 

not achieve desired improvements in water quality.    

While necessary, such actions have a high financial cost. For example, the 

Ohau Channel wall was completed in July 2008 and was designed to prevent 

water that is relatively high in nutrients from flowing from Lake Rotorua to Lake 

Rotoiti. The wall is estimated to have cost approximately NZ$10 million, mostly 

funded by the regional council, with additional financial support coming from 

national government (BOPRC et al. 2010). While there are early indications that 

the wall has been successful in improving water quality in Lake Rotoiti (BOPRC 

et al. 2010), as previously noted, a large proportion of the nutrient loads entering 

Lake Rotorua originate from pasture, therefore the cost of mitigating the 

environmental impact of nutrients lost from farmland (i.e. the construction cost of 

the wall) is external to those groups responsible for the pollution. The same 

applies to the majority of the costs associated with the restoration of Lake Okaro 

where most of the nutrients that enter the lake also originate from agricultural 

sources, as pasture comprises approximately 90% of the catchment (BOPRC et al. 

2010). The proposed cost of capping the sediments of Lake Okaro was NZ$225 

000 over three years, while the estimated cost of the construction of a wetland in 

the catchment was NZ$520 000 (BOPRC 2006). Lake Okaro is the smallest of the 

Te Arawa lakes (see Table 1) and the combined cost of these two actions alone 

equates to approximately NZ$25 000 per hectare of lake area. In 2008, a national 

level Government Funding Deed provided NZ$72.1 million towards the cost of 

interventions designed to improve water quality in four lakes. This pledge was a 

50% contribution towards the estimated cost, with the remainder to be made up by 

the regional and district councils. While some of this money is directed towards 

addressing nutrient loss from non–agricultural sources (e.g. by enhancing 

community wastewater systems), a significant proportion is directed towards 

reducing or remediating nutrient pollution from farming. 

 

The national policy challenge 

While the use of public money is now essential if water quality goals in these 

iconic and nationally renowned lakes are to be achieved, it is clear that in the 

longer term, allowing water bodies in predominantly agricultural catchments to 

become so degraded that their restoration requires costly, public–funded 
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engineering–based interventions is at odds with the Polluter Pays Principle 

(OECD 1972) and inconsistent with the New Zealand government’s stated aim of 

achieving the “best value for society” from the country’s water resources (MfE 

2009, p. 4). It is therefore desirable to develop a policy framework that promotes 

the implementation of actions to reduce nutrient loads at source before water 

quality decline occurs. Owing to the ‘multi–aspect’ nature of the problem (i.e., 

water quality decline is dependent on when, where, how and in what form 

nutrients loss occurs in a catchment (OECD, 2007), the successful control of 

diffuse pollution requires a mix of different policy instruments. Below, we discuss 

four broad categories of policy instrument in use around the Te Arawa lakes 

(Figure 3) and consider further policies that could promote a reduction of diffuse 

nutrient pollution from pastoral land across New Zealand.  

 

Education and engagement 

Educating farmers and landowners about nutrient pollution and basic limnology 

has been instrumental for gaining support and prompting voluntary action (Burns 

et al. 2009). Workshops and meetings have provided a forum for lake managers to 

engage with stakeholders and gain community ‘buy–in’ for the various lake 

remediation actions. For example, the Lakes Water Quality Society, an active 

community organisation that seeks to protect and restore the region’s lakes, 

regularly holds meetings including symposia attended by water quality experts 

from overseas. In a wider context, an active programme of research into lake 

science, primarily funded by the regional council, has been integral to informing 

lake management policy. Central to this has been the appointment in 2002 of the 

professorial Chair in Lakes Management and Restoration at the University of 

Waikato; an appointment funded by the regional council that has fostered an 

adaptive management approach to lake management whereby the findings of 

applied research are effectively communicated to regional managers and directly 

inform policy. Examples of this include monitoring to assess the efficacy of 

sediment capping products for reducing nutrient concentrations in the lake water 

column (Özkundakci et al. 2010) and the use of hydrological and ecological 

models to help lake managers to prioritise the control of different nutrient sources 

(Burger et al. 2008).  

Throughout New Zealand, further education of the farming community 

about nutrient management issues could encourage change. Research in Australia 
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has shown that greater provision of training and education is at the top of a 

‘preference hierarchy’ of policy instruments favoured by landowners (Cocklin et 

al. 2007). Numerous guidelines provide advice to farmers on issues such as 

effluent management (Dairy NZ 2011) although it remains a challenge to transfer 

this knowledge to farmers whose time for training events is limited. The wider 

establishment of farmer–led workshops supported by regional government, 

already being undertaken in some regions (e.g. Waikato), is one possible way to 

disseminate good practice. Such events need to be scheduled at times in the 

farming calendar when farmers are least busy although even well planned events 

will not reach those who are resistant to change. In addition to informing farmers, 

programmes that educate the public about the causes of water quality decline 

could prompt communities to collaboratively take action to address pollution 

sources. There is evidence of growing concern amongst the New Zealand public 

about the state of the nation’s freshwaters (Land and Water Forum 2010). If the 

sight of livestock routinely standing in a stream were to have the same 

connotations as, for example, the sight of a smoke stack at a fossil fuel power 

station, then the rate of action could increase in response to an altered social 

‘license to operate’ for the pastoral farming industry. Within the dairy industry, 

there is awareness of the importance of maintaining public support (NZFW 2011) 

and therefore a consolidated public outcry about farm environmental performance 

is likely to elicit a collective response from industry. Further analysis of the 

adverse economic impact of poor water quality on New Zealand’s tourism brand 

could also provide further incentive. 

 

Voluntary action 

Voluntary action by farmers has a role in reducing nutrient losses, especially 

given that lake Action Plans are non–statutory documents that require co–

operation from land users. Throughout New Zealand, the use of environmental 

farm plans provides a tool for farmers to strategically address the environmental 

impact of their activities, however, the use of such plans has so far been limited 

and fragmented (Manderson et al. 2007). At the industry level, there is a growing 

recognition by the agricultural sector of a need to demonstrate credible 

stewardship (Dairy NZ 2009), as demonstrated by the development of the 

Dairying and Clean Streams Accord in 2003. The Accord contains quantified 

performance targets that have been jointly agreed upon by dairy industry 
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representatives and the government to meet the goal of achieving “clean, healthy 

water” in dairying areas (Fonterra et al. 2003, p. 1). Doubt has been raised, 

however, regarding the success of the industry to meet its commitments (Deans 

and Hackwell 2008) and a review of progress towards meeting Accord targets 

found that the level of full compliance had dropped by 4% in 2008/2009 from the 

previous year, while the level of significant non–compliance had increased to an 

“unacceptable” level (Fonterra et al. 2010, p. 6). It is now widely acknowledged 

that voluntary action alone has only limited potential to contribute towards better 

water quality (Land and Water Forum 2010) and this is especially true for the 

most polluted lake catchments where the necessary remedial actions are often 

extensive and financially costly. 

 

Regulation 

Command and control regulation involves setting and regulating standards based 

on perceived environmental limits. It is often the best instrument to use when an 

absolute change in behaviour is required (Roberts 2004). In the Te Arawa lakes, a 

risk–based approach has been taken by imposing limits on nutrient loss from 

properties in the catchments of the worst affected lakes. ‘Rule 11’ of the regional 

Water and Land Plan (BOPRC 2008) prohibits loss of nutrients from pastoral land 

at rates greater than an individual farm benchmark level. A common difficulty, 

however, in applying regulation to control nutrient loss from farmland is that the 

diffuse nature of the pollution means that nutrient losses are hard to measure and 

attribute to specific individuals (Barnes et al. 2009). In this case, the solution is to 

use farm–scale modelling software (Overseer
®

) that allows nutrient losses from 

properties to be estimated and benchmarked (Burns et al. 2009). Around Lake 

Rotorua, catchment–based nutrient models have been coupled with models of lake 

processes to simulate possible future land use scenarios, thereby informing spatial 

planning for meeting water quality goals (NIWA 2011). 

At the national scale, the recent NPS for Freshwater Management will now 

require regional councils to set freshwater quality limits (New Zealand 

Government 2011). This represents a major addition to national policy but 

defining and regulating the new limits poses a challenge to councils. In this 

respect, knowledge gained in Europe during work to achieve compliance with the 

Water Framework Directive (EC 2000) could provide guidance, for example, 

regarding identifying reference sites with high ecological integrity from which 
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limits can be based. Once established, planning controls are likely to be an 

important tool for councils to enforce limits and a risk–based approach to 

enforcement has efficiency advantages. An example of such an approach in 

practice is the EU Nitrates Directive which requires Member States to identify 

‘Nitrate Vulnerable Zones’ where farmers are required to limit the application of 

nutrients (170 kg/ha of nitrogen) and adhere to certain practices (EC 1991). 

Although extensive work would be required to identify ‘at risk’ areas throughout 

New Zealand, this work is already underway in many areas on a regional basis 

and, as described above, numerous modelling tools have been developed to 

estimate nutrient loss for catchments (McDowell et al. 2005). Use of such models 

to calculate pollutant Total Maximum Daily Load (TMDL), a concept used in the 

U.S.A. (EPA 1991), could also support compliance with introduced standards. 

Definitions such as TMDLs could help catchment managers to focus on critical 

source areas of pollution and prompt debate about relative contributions of 

polluters to a defined TMDL. 

 

Economic instruments 

Finally, economic instruments are a form of policy with potentially the greatest 

scope for further adoption. So called ‘market based instruments’ (MBIs) are often 

regarded as more efficient than regulation, allowing environmental objectives to 

be achieved more cost effectively than with regulation alone (Lubbe–Wolff 2001). 

This will often be the case for diffuse pollution, as large polluters can often 

achieve greater nutrient reductions at a lower average cost than others. Subsidies 

for catchment works so far represent the main use of this instrument around the Te 

Arawa lakes with grants being made available to encourage landowners to 

undertake fencing and planting in retirement areas and riparian margins. Lake 

Protection Agreements have provided a mechanism to administer subsidies and 

bind landowners to collaboratively agreed reductions in nutrient loss from their 

land. A more radical MBI is nutrient trading which has been proposed for use in 

the Lake Rotorua catchment (MOTU 2008) and a form of which is already 

successfully operating at Lake Taupo in the Waikato region (WRC 2010). 

Nutrient trading involves assigning nutrient loss allowances to individual 

properties that are in proportion to a set nutrient–loss benchmark, to achieve an 

established nutrient reduction target. Modelling tools can then be used to estimate 

actual nutrient loss, and tradable permits required to be purchased to cover 
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excessive losses. Although there are precedents, nutrient trading is a novel tool 

and its implementation would require extensive communication with stakeholders, 

not to mention a progressive attitude from enforcement agencies and politicians. It 

is unlikely to be feasible to implement at the national scale due to the extensive 

amount of catchment information required (e.g. quantification of groundwater 

flows and nutrient reduction targets) and likely administrative work involved. 

Nevertheless, nutrient trading has been shown to be compatible with the existing 

legislative framework (Rive et al. 2008) and, given its successful adoption in 

Taupo and potential to result in almost immediate realisation of nutrient reduction 

targets, nutrient trading warrants serious consideration as a tool to control 

pollution in New Zealand’s most sensitive and iconic catchments. Other MBIs 

that could also hold promise include environmental taxes (e.g. on fertilisers) and 

eco–labelling schemes. The latter instrument would involve consumers paying a 

premium for agricultural produce that has been certified as originating from farms 

that adhere to an audited Environment Management System (EMS), thereby 

providing an economic incentive for farmers to make positive changes. The 

success of such an initiative would be contingent on undertaking robust analysis 

to determine the requisite market–drivers to promote uptake; research in Australia 

has shown that dairy farmers who trialled the adoption of a simplified EMS were 

reluctant to continue their involvement without external facilitation or the threat 

of increased regulatory measures (Cary & Roberts 2011). Additionally, there may 

be greater potential for initiatives that are designed primarily to reduce national 

greenhouse gas emissions to also contribute towards reducing nutrient export by 

promoting positive land use change. Incentive for ‘carbon farming’ is set to 

increase when obligations for agricultural participants under the New Zealand 

Emissions Trading Scheme come into force in 2015 (Climate Change Response 

(Moderated Emissions Trading) Amendment Bill, 2009). Therefore, a target for 

land managers is to ensure that opportunities are sought to enhance water quality 

whilst concurrently reducing farmers’ carbon liabilities. For example, 

afforestation resulting from an Afforestation Grant Scheme or the Permanent 

Forest Sink Initiative could be targeted at critical nutrient source areas in 

catchments to support combined water quality and climate change mitigation 

goals. Lastly, a more radical MBI proposal is to pay farmers for the provision of 

ecosystem services, as suggested by Baskaran (2009) who showed that New 

Zealanders may be willing to pay approximately NZ$39 per year in additional 
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taxes if farmers were to reduce nitrogen loss to waterways by 30%. Such a policy 

potentially represents the ultimate step in recognising the importance of the non–

economic services provided by farmland; however, its use would first require 

significant further research and would represent a major shift in policy. 

 

Conclusion 

The emphasis of New Zealand’s pastoral industries on maintaining international 

competitiveness has created drivers for ‘stand alone’ efficiencies that have led 

many farmers to intensify their practices in good faith, seeking profitability 

through production increases. The disadvantage of this focus on production has 

been a decrease in the overall environmental sustainability of farming and, as a 

result, many agricultural catchments now fail to meet community expectations 

regarding water quality goals. Decades of high nutrient inputs from human 

sources to the Te Arawa lakes have meant that lake managers now have to resort 

to large–scale and expensive engineering–based remediation methods in some 

instances to reduce internal nutrient loads in the worst affected lakes. Such actions 

are only the first step towards improving water quality and they are being 

supported by a range of further actions implemented using a mix of policy 

instruments to reduce nutrient loads in the long term. Initial signs are that the 

comprehensive remediation programme is working for some of the lakes but 

communities need to be realistic about the time scales involved and difficult 

decisions remain to be made if water quality goals for the worst affected lakes are 

to be achieved. Until very recently, there has been an absence of policy at the 

national scale to discourage similar situations in catchments elsewhere and, where 

policies that could effect change do exist at higher levels, there has been reticence 

by some politicians to use these policies to achieve water quality goals (e.g. by 

using the Resource Management Act to impose land use controls). Recent issue of 

the first NPS for Freshwater Management has contributed towards addressing this 

policy gap. By requiring freshwater quality limits to be set and explicitly 

recognising the importance of protecting ecosystem services, the NPS represents 

an environmentally progressive step for water governance in New Zealand. The 

extent of regional implementation of the NPS has, however, yet to be seen, and 

without a comprehensive and integrative shift towards sustainable land use 

practices, it is likely that water quality decline will continue for the foreseeable 
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future, leaving more communities faced with making difficult decisions about 

remediating polluted lakes in their region.  
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Photograph 1 Automatic 

sampling apparatus 
Photograph 2 
Puarenga Stream sampling site, 

October 2011 

Photograph 1 
Automatic sampling apparatus 

Photograph 3 
Samper intake hose at Ngongotaha 

Stream sampling site during base 

flow, March 2011 

Photograph 4 
Sampling site at Ngongotaha Stream, 

during storm flow, March 2012.  

Photographs 6 and 7 

BioFish instrument deployed in Lake Rotorua 

outside (left) and within (right) the apparent path of 

the Ngongotaha Stream inflow, December 2011 

Photograph 5  

View southwards along 

the shore of Lake Rotorua 

to the mouth of the 

Ngongotaha Stream  
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EXECUTIVE SUMMARY 

Purpose and methodology 

Dr Bruce Hamilton was engaged to evaluate the range of current, proposed and 
potential actions to manage the short-term symptoms and causes of water quality 
problems in Lakes Rotorua and Rotoiti and provide a written report to the Secretary 
for the Environment.  This work follows considerable concern about large blooms of 
blue-green algae, particularly in Lake Rotoiti over the summer of 2002-2003. 

The work was undertaken by working closely with management, technical and 
scientific staff in Environment Bay of Plenty (EBOP), Rotorua District Council (RDC), 
the University of Waikato, the National Institute of Water and Atmospheric Research 
and officers from relevant central government agencies.  In addition, a series of 
meetings with local community and industry groups was organised by Paul Dell from 
EBOP (Group Manager Regulation and Resource Management and Lakes Project 
Manager), and these provided valuable advice and information. 

Most of the recommendations for both vital short-term investigations and short-term 
management measures are set out in detail in section 7, while all of the 
recommendations have been summarised together for ease of reference after this 
Executive Summary.  The numbers of two recommendations that arise before section 
7 are noted in the Executive Summary below while the remainder are noted against a 
summary of the discussion from section 7 in the last part of the Executive Summary. 

Sources of information and context for the recommendations 

Nearly all of the information on which this report is based was obtained directly from 
EBOP, and people and organisations working for EBOP.  In the former case, the staff 
and management of EBOP were extraordinarily generous in providing information 
and assisting the author.  In the latter case, special thanks are due to a number of 
talented scientists from the National Institute for Water and Atmospheric Research 
and Professor David Hamilton from the University of Waikato. 

EBOP has done and is doing a large amount of work on the Rotorua lakes, including 
Lakes Rotorua and Rotoiti, and it was a privilege for the author to work with the very 
professional team from EBOP.  In this context, a number of the recommendations in 
this report are already underway, or have begun to be investigated, or have been 
implemented since the report was written. 

Accordingly, it is difficult to separate those recommendations that are entirely new, so 
the author’s intention is to support work that is already being done by EBOP and 
provide an ‘adaptive management’ and ‘systems’ context to assist EBOP in its further 
management initiatives and working with the community. 

EBOP is to be commended on its leadership and overall approach to managing the 
Rotorua lakes and this excellent approach is summarised in the body of the report.  
EBOP is also to be commended for the way it has partnered with the Maori people at 
the highest levels and with the RDC, which has an important role to play in the 
management of the Rotorua Lakes. 

Significance of the Rotorua Lakes 

Rotorua is the most visited tourist destination in New Zealand and the lakes are a 
focal point for tourists and locals for recreation and trout fishing.  Lakes Rotorua and 
Rotoiti are especially important being the two biggest lakes with the most settlement 
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around them.  Lake Rotoiti is famous for the large ‘trophy’ trout that are caught and is 
a favourite place for holiday homes. 

Thus, the blue-green algal blooms, which closed Lake Rotoiti for several weeks in 
early 2003, were seen as a real indication that the lake was in trouble and many local 
people called for an urgent response from the ‘authorities’.  There is no doubt that 
these lakes are very important for New Zealand and are of national significance. 

Leadership and responsibility for lakes management – Environment Bay of 
Plenty and Rotorua District Council 

Environment Bay of Plenty (EBOP) is one of 16 regional councils in New Zealand 
charged with integrated management of land and water resources under the 
Resource Management Act 1991.  Rotorua District Council (RDC) is the local 
government body for the Rotorua district where the lakes are situated.  These two 
bodies together have the responsibility for management of the lakes with EBOP 
providing overall leadership and coordination. 

EBOP has taken a strategic approach to its leadership role, establishing a series of 
policies and plans which set out the basis for protection and management of the 
Rotorua lakes.  These are briefly summarised below and set out in more detail in the 
body of the report. 

1) The Proposed Regional Water and Land Plan sets out how EBOP will 
collaboratively manage the land and water resources of the region.  It addresses 
issues relating to the adverse environmental effects of the use and development 
of land, water and geothermal resources that are within the scope of EBOP’s 
functions and responsibilities under the Resource Management Act 1991. 

 Considerable attention is paid to the strong relationship that the Maori people 
have with the land and the concepts of kaitiakitanga (guardianship) and mauri 
(life force or spirit).  This is important because the Maori people need to be fully 
involved in all stages of the investigations and implementation of any 
management measures. 

 The Water and Land Plan sets Trophic Level Index (TLI) targets for each lake, 
which are a useful measure of the trophic status (level of nutrient enrichment and 
plant growth) for the lakes.  Each TLI target provides a good goal for the 
community to work together and aim for.  The current TLI levels and targets for 
each lake are shown in Appendix 2. 

2) The next level of policy and planning is for the Rotorua lakes as a whole and is 
contained in the Strategy for the Lakes of the Rotorua district - ‘Te Kaupapa 
mo Nga Taonga o Rotorua’ (Protecting the Jewels in the Crown of the Lakes 
of the Rotorua district).  This important document, which was developed and 
adopted by EBOP, RDC and the Te Arawa Maori Trust Board, sets out a vision, 
goals and priorities for protection and restoration of the Rotorua lakes. 

 The vision for the lakes is:  

 The lakes of the Rotorua district and their catchments are preserved and 
protected for the use and enjoyment of present and future generations, 
while recognising and providing for the traditional relationship of Te Arawa 
with their ancestral lakes. 
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 Fourteen key goals are set under the headings of Protection, Use, Enjoyment and 
Management Goals, and the Strategy contains a ‘Schedule of Tasks’ for each 
goal.   

 Overall coordination and direction for the Strategy is vested in the Lakes Strategy 
Joint Committee comprising the Chair of the Te Arawa Maori Trust Board, the 
Chair of Environment Bay of Plenty and the Mayor of RDC, plus a further 
representative from each of the three organisations.  This key body ensures all of 
the work is done cost effectively and collaboratively.  Paul Dell from EBOP has 
been appointed as the Coordinator. 

3) Implementation is being coordinated through the Rotorua Lakes Restoration 
and Protection Programme, which is shown in Figure 2 in the report.  This 
brings together the large number of elements that are being undertaken, from 
ongoing research to education and communication.  Currently, it is a ‘work in 
progress’ as work is added and changed, but it would be useful if the Rotorua 
Lakes Restoration and Protection Programme was documented to show the 
practical side of EBOP’s overall approach and how the community, the research 
organisations and government are working together. (Recommendation 1) 

4) Lake Action Plans are the next step where the current TLI exceeds the target 
TLI.  These Action Plans bring the community together to identify the preferred 
management options.  Each Action Plan defines the existing catchment nutrient 
budget, determines what level of nutrient inputs are sustainable, identifies agreed 
nutrient reduction targets and determines actions to achieve the agreed targets. 

 Lakes Rotorua and Rotoiti will have a single Action Plan because of the way they 
are inextricably linked by the Ohau Channel. 

5) Tracking the health of the Rotorua lakes is through EBOP’s ‘Water Quality 
Monitoring Programme’, which started in 1990 and builds on previous 
monitoring and studies that began in the late 1960s.  The results of the 
programme to 2002 are summarised in a valuable document, Rotorua Lakes 
Water Quality 2002 (Ref 3), which shows the different parameters that have been 
measured, including oxygen levels, total phosphorus and nitrogen, chlorophyll a, 
algal species in the lakes, and nutrient loads and concentrations from the 
catchments.  Lake Quality Indicators, including the TLI and oxygen levels, are 
used to report on the health of the lakes each year, but additional water quality 
indicators that are more closely linked to the processes causing algal blooms 
would be useful to complement the longer-term health indicators. 
(Recommendation 2) 

The condition of Lakes Rotorua and Rotoiti 

Appendix 2 shows that the five worst lakes according to their TLI are Okaro, Rotorua, 
Rotoehu, Rotoiti and Okareka and these are EBOP’s priority for action.  Professor 
David Hamilton, who holds the EBOP chair of Lakes Management and Restoration at 
Waikato University, has analysed all of the historical data and classified the lakes into 
four categories based on mixing regimes and dissolved oxygen as shown in Table 2 
in the report. 

This analysis has shown that there has been a steady decline over the last 30 to 40 
years in a number of the lakes as shown by the depletion of oxygen in the bottom 
layers.  Lakes Okaro and Rotoiti are the worst but Lake Rotorua is also in poor 
condition, and because it is shallower, it contributes significant inputs of nutrients to 
Lake Rotoiti during periods of stratification and destratification over summer. 
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Thus it is not surprising that both Lakes Rotorua and Rotoiti are suffering problems 
and that Lake Rotoiti is showing the greatest signs of stress. 

Whole systems, understanding and adaptive management 

Appendix 3 is a foldout diagram, which attempts to portray a whole systems 
approach by showing the way the inputs of nutrients and other materials from a 
catchment interact in Lake Rotorua and are carried through the Ohau Channel to 
Lake Rotoiti.  While this report is primarily about short-term management measures 
to tackle the blue-green algal blooms, it is important to first look at how the whole 
system works and whether there is enough understanding of the various interactions 
to move to management. 

Appendix 3 shows that two levels of understanding are needed; an understanding of 
the processes in the catchments that cause the nutrient inputs to the lakes and an 
understanding of the processes in the lakes that mobilise the nutrients and cause the 
algal blooms.  This does not mean that every process has to be understood in great 
detail, but rather that there is enough understanding to give confidence that 
management measures can be trialled and tested. 

This process of adaptive management is a powerful way to work and move forward.  
In the case of Lakes Rotorua and Rotoiti, there are aspects where the understanding 
is good enough to begin trialling management options, while in other cases there are 
critical gaps in understanding where short-term investigations are needed before it is 
safe to begin management. 

The discussion and recommendations in section 7 cover both aspects and clearly 
identify where urgent studies are required and where short-term management 
measures can begin. 

A short history of monitoring and investigations 

There have been studies and monitoring of Lakes Rotorua and Rotoiti since the late 
1960s when problems of algal growth first emerged.  All of this work has been 
elegantly brought together in a paper being prepared for EBOP by Dr Kit Rutherford 
from NIWA, on ‘Lake Rotorua Nutrient Targets’ (Ref 4).  The author is grateful to Dr 
Rutherford and EBOP for making the draft report available as it helped identify many 
of the key management issues. 

Section 6 in this report sets out a summary of the investigations from the late 1960s 
to the present, including the historical catchment target loads that have been set for 
total phosphorus and total nitrogen.  The latter are set out in Table 3 and more fully in 
Appendix 4, which is a detailed foldout table of the ‘Rotorua Nutrient Inputs and 
Water Quality – Loads and Targets’ adapted from two tables in Dr Rutherford’s draft 
report. 

From this work a number of ‘key issues for management’ are identified and these are 
detailed in section 6 and briefly listed below: 

• determining whether the Rotorua Land Treatment Site (RLTS), where the 
treated sewage is sprayed, can continue to strip nutrients so they do not leak 
into Lake Rotorua 

• support for connecting a number of smaller urban areas around the lakes to 
reticulated sewage where septic tanks are leaking nutrients into the lakes 
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• continuing the work begun by EBOP to define a suite of water quality 
indicators that can be used to measure the impact of management measures 
on lakes water quality, and the frequency and severity of algal blooms 

• the need to more accurately characterise the nutrient inputs in the Lake 
Rotorua catchment streams to identify possible ‘point’ sources that could be 
reduced by appropriate management measures in the short to medium term 

• the need to better understand the relationship between deeper groundwater, 
which emerges as springs, and the land uses in the recharge areas.   A 
concerning trend is that while riparian retirement and catchment revegetation 
has reduced particulate nutrients, soluble nitrogen in the form of nitrate in 
deeper older groundwater (50 to 70 years old) has increased, negating the 
gains made by diverting the treated sewage to the RLTS.  Work has begun to 
test younger groundwater to determine if the upward nitrate trend is 
continuing 

• clarification of whether storm-flows, which only contribute 10% of the 
nutrients, cause algal blooms by introducing relatively large ‘slugs’ of nutrients 
at times of the year which favour undesirable algal blooms 

• further work on the total nutrient loads and concentrations in the lakes when 
blooms are likely to occur to determine the N:P ratio, because if this is less 
than about 22:1, blue-green nitrogen fixing and blue-green non-nitrogen fixing 
blooms will be favoured 

• further investigations to determine the size and role of internal nutrient loads 
in both lakes, which could be at least as high as half the external nutrient 
loads.  This is particularly important at those times of the year that the blue-
green algal blooms occur 

• further urgent investigations to better understand where the Ohau Channel 
flows in Lake Rotoiti, as it has both a beneficial role in supplying oxygenated 
water and an adverse role in bringing large amounts of nutrients into Lake 
Rotoiti, especially into the surface waters in summer when blue-green algal 
blooms are favoured.  This work will be critical for any management 
measures 

• a better understanding of the dynamics and succession of algal blooms to aid 
in the introduction of algal risk prediction and short-term cosmetic 
management measures. 

Recommendations for short-term management measures and vital 
investigations 

Detailed discussion and recommendations for short-term management and vital 
investigations to support short-term management are set out in section 7. A full 
summary of the recommendations follows this Executive Summary.  A summary of 
the key issues that lead to the recommendations and the recommendation number is 
set out below. 

The recommendations are split into short-term understanding and then short-term 
management, firstly for the catchments and then for the lakes.  Finally there is a sub-
section on ‘other management issues and options’, which do not readily fall into the 
earlier sub-sections. 
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Understanding the catchments 

EBOP and RDC accept that there are key aspects to better understand catchment 
processes to move to the short-term management options that are summarised 
below. 

1) Quantifying the nutrient sources in the catchments and relating them as far as 
possible to land uses and point sources.  Some of the inputs are ‘natural point 
sources’ like some of the springs, which have relatively high phosphorus levels 
and at least one geothermal input, with a high soluble nitrogen level.  Identifying 
these inputs will lead to short-term management measures that can be applied 
using existing technologies and methods.  (Recommendation 3) 

2) Monitoring the catchments to quantify nutrient inputs from different land uses and 
land types, and to measure the results of often expensive management 
measures.  Using the monitoring results and other information to build simple 
catchment models that can be used to work with landowners to show how they 
contribute to nutrient reductions across the catchment and how their 
management efforts are working.  (Recommendations 4 & 5) 

3) Quantifying the levels of nutrients in the deeper groundwater, especially nitrate 
levels, that appear to be rapidly increasing, is an important step for management.  
Monitoring of the deeper groundwater, where it emerges as springs, has shown it 
is aged between 50 to 70 years, so that the high nitrate concentrations are due to 
land uses and land-use changes that occurred 50 to 70 years ago.  EBOP has 
begun work to measure nutrient levels in younger groundwater and it is important 
to continue this work as the deeper groundwater could be the most significant 
source of nutrients for the foreseeable future.  (Recommendation 6) 

4) Understanding the role that storm flows have in promoting ‘event driven’ algal 
blooms as they may trigger undesirable blooms at certain times of the year.  If 
this is the case, short-term management measures could be put in place 
relatively quickly.  (Recommendation 7) 

Short-term catchment management options 

5) EBOP has been investigating materials like alum for stripping nutrients from 
catchment inputs and has imported a quantity of a new efficient material for 
stripping phosphorus, Phoslock TM, from Western Australia.  EBOP should 
continue this work and consider forming a closer working relationship with the 
Western Australian Department for the Environment, which is conducting similar 
trials.  A number of local soils may also be useful for nutrient stripping and as a 
substrate for the rare earth used in Phoslock.  (Recommendations 8 & 9) 

6) Several springs that enter streams in the Lake Rotorua catchments have 
relatively high concentrations of phosphorus and these are essentially natural 
point sources of nutrients.  Hence, there is an opportunity to manage them in the 
short-term to strip phosphorus using the type of materials discussed for the 
previous recommendations.  (Recommendation 10) 

7) At least one geothermal input has a relatively high level of soluble nitrogen by the 
time it enters the Waiohewa stream and EBOP and RDC are considering 
diversion to the reticulated sewerage when it is extended.  This is good 
short-term management option and should be pursued as a priority. 
(Recommendation 11) 
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8) Diversion of the treated sewage from Rotorua to the Rotorua Land Treatment Site 
in 1991 was initially successful in reducing nutrients in Lake Rotorua, but 
intensive spraying subsequently caused leakage of nutrients via the Puarenga 
Stream.  Changes to the spraying regime appear to have initially been effective in 
stopping the leakage but resilience needs to be built into the system to cope with 
future increases in loads.  Also, as this is a relatively cost-effective method of 
removing nutrients from Lake Rotorua, the load targets for phosphorus and 
nitrogen should be reduced to zero.  (Recommendations 12, 13, 14 &15) 

9) Previous studies and monitoring have shown that 90% of the catchment flows 
come in stream base-flows, bringing with them the majority of the nutrients.  
EBOP has characterised the high nutrient input streams so that short- and 
medium-term opportunities for wetland stripping of nutrients can be identified. 
(Recommendation 16) 

10) Once point sources of nutrients have been identified and prioritized, ‘Best 
Management Practices’ (BMPs) can be identified and applied to particular point 
sources like dairy sheds.  EBOP is already applying BMPs and with better 
identification of point sources, they can be prioritised for short-term management. 
(Recommendation 17) 

Understanding the links between the catchments and the lakes – nitrogen and 
phosphorous loads and the N:P ratio 

11) Current estimates of the annual catchment nutrient loads to Lake Rotorua are 35 
tonnes of total phosphorus (compared to a target of 37 tonnes) and 692 tonnes of 
total nitrogen (compared to a target of 435 tonnes).  These figures do not include 
septic tank inputs and internal loadings in the lakes, and as stated earlier, the N:P 
ratio in the lakes is also important in determining what type of blooms occur.  
Therefore, it is believed more work needs to be done to clarify the relationships 
between catchment nutrient loads and lake nutrient dynamics, to set a range of 
targets for nutrients entering the lakes and in the lake waters.  The aim for these 
targets is to minimise unwanted algal blooms and focus both short-term and 
longer-term management measures.  (Recommendations 18 & 19) 

12) As discussed earlier, the nitrogen to phosphorus ratio (N:P ratio) is critical in 
determining the types of algae that will bloom.  The priority for Lakes Rotorua and 
Rotoiti, at least for the next few years, will be to eliminate toxic blue-green algal 
blooms and therefore the in-lake N:P ratio should be kept above 22:1 if possible, 
especially over late spring, summer and autumn.  Therefore, short-term 
investigations should focus on ways to manipulate the N:P ratio, by both 
reductions in catchment nutrient inputs and in-lake management to change the 
ratio to greater than 22:1.  (Recommendation 20) 

Understanding the lakes 

13) A major issue for short-term management is to determine the role of internal lake 
nutrient loads in promoting algal blooms.  In Rotorua, these loads could be at 
least half the catchment loads and they occur at the worst time of the year for 
blue-green algal blooms, caused by stratification and destratification events 
during summer.  Equally important is a better understanding of how soluble and 
particulate nutrients are mobilised in Lake Rotorua and transported through the 
Ohau Channel into Lake Rotoiti.  Information from short-term intensive monitoring 
to build on work already done could then be used for hydrodynamic modelling to 
quantify the transport and fate of these nutrients.  This work is critical to underpin 
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management options involving diversion of the Ohau Channel. 
(Recommendations 21 & 22) 

14) It is well known that there are a number of geothermal inputs into Lake Rotoiti but 
their contributions of nutrients and energy and how they modify transport 
processes and residence times are not well known.  A better understanding of 
these ‘hot’ inputs is vital for short-term management measures involving diversion 
of the Ohau Channel or in-lake management measures like oxygenation.  
(Recommendation 23) 

15) While algae samples have been collected monthly and there is a more regular 
sampling programme for blue-green algae, little is known about the succession 
and cycling of phytoplankton in Lakes Rotorua and Rotoiti.  In other systems this 
knowledge has often been vital in testing management options, and data to 
develop the necessary understanding is collected by monitoring at weekly or 
fortnightly intervals.  It would be wrong to be prescriptive for Rotorua and Rotoiti, 
but it is important that EBOP considers more frequent monitoring, especially 
during periods when blue-green algal blooms are expected.  (Recommendation 
24) 

16) A critical issue that has already been mentioned is the role of the Ohau Channel 
in transporting nutrients into Lake Rotoiti.  One of the main management options 
for Lake Rotoiti could be whole or partial diversion of the Ohau Channel, but 
unfortunately there is not enough information on the hydrodynamics and 
circulation patterns in Lake Rotoiti to confidently make management 
recommendations.  Therefore, short-term investigations and hydrodynamic 
modelling are vital and discussions indicate suitable models can be developed in 
6 to 12 months.  (Recommendation 25) 

Short-term lake management options 

17) A significant source of nutrients that flow into Lake Rotoiti through the Ohau 
Channel come from resuspended sediments, especially when the wind is in the 
western quarter.  An earlier recommendation was to carry out investigations and 
modelling to better understand how these resuspension events interact with 
internal nutrient loadings from stratification and destratification, but this should not 
stop short-term management to trap the resuspended material.  EBOP and RDC 
are investigating the construction of groynes each side of the entrance to the 
Ohau Channel and this work should be strongly supported.  Initially, the groynes 
should not be built out to the deeper water in Lake Rotorua until the flow of water 
(and nutrients) from the deeper water is better understood, but this could be done 
at a later date.  (Recommendation 26) 

18) Clearly diversion of the Ohau Channel will be a significant short-term 
management option, including the possibility of using part of the flow to flush 
Okawa Bay, but as stated earlier, some short-term investigations are vital to 
provide the level of understanding necessary to trial preferred diversions.  But, 
this must not stop parallel engineering investigations into the best diversion 
techniques for trialling as soon as possible.  Monitoring and investigations can 
then continue as the trials proceed to give the best ongoing management options, 
a truly adaptive approach.  (Recommendations 27 & 28) 

19) EBOP is planning to trial nutrient stripping with alum in Lake Okaro in the near 
future and is also considering oxygenation trials.  Phoslock could also prove 
beneficial with, and without, oxygenation.  It is likely that direct oxygenation of 
Rotorua over the short periods when it is stratified and longer-term oxygenation of 
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Lake Rotoiti in combination with diversion of the Ohau Channel will prove 
beneficial for both lakes.  Therefore, it is important that EBOP continues, and is 
supported in carrying out trials of nutrient stripping materials and oxygenation to 
develop these important management tools.  (Recommendations 29 & 30) 

20) Cosmetic measures have been used to trap and remove algal blooms in other 
parts of the world by using floating booms to concentrate the blooms and ‘sucker’ 
trucks to remove dense concentrations.  Booms may also be able to contain a 
bloom in an embayment.  While such measures do not stop blooms, they can be 
used to remove or trap dense accumulations and show the community that some 
action is being taken.  (Recommendation 31) 

21) Herbicides are already being used in the Rotorua Lakes to control nuisance 
build-up of invasive aquatic ‘weeds’ and in other places to selectively control 
aquatic weed infestations.  Herbicides have also been used to kill blue-green 
blooms in farm dams, but it is a big step to use herbicides to control blue-green 
blooms in natural systems.  Nevertheless, herbicides as a control measure could 
be investigated, particularly ‘Roundup’ which has a short half life in water bodies. 
(Recommendation 32) 

22) It is often valuable to predict when certain types of algal blooms may occur, to 
warn the public and to prepare any management measures that may be 
appropriate.  From discussions with NIWA, it appears that a longer-term 
prediction - say three months ahead - could be made using NIWA’s climate 
models and, shorter-term predictions - say ten days or less - could be made 
based on more frequent monitoring and shorter-term weather forecasts.  EBOP 
should investigate whether such a capacity would be worthwhile. 
(Recommendation 33) 

Other management issues and options 

In addition to the recommendations made above, there were a few issues that did not 
fit simply into catchment or lake management to tackle short-term management of 
algal blooms and these issues are summarised below together with 
recommendations. 

23) It became apparent during meetings and discussions that there is a significant 
amount of work on management of lakes occurring in New Zealand.  EBOP is 
aware of the extensive work on Lake Taupo and has established a working 
relationship with Environment Waikato.  ‘Cross regional cooperation and learning’ 
should reduce the cost of investigations and the trialling of management options 
and should be pursued wherever possible.  (Recommendation 34) 

24) Another issue that became apparent in discussions is the apparent lack of 
consistent coordination of the research and science that underpins lakes 
management.  This is not to belittle the very good work that EBOP is doing, but it 
is apparent that some of the science could be better coordinated towards focused 
management outcomes.  It is not for the author to say how this should be done, 
but it would be useful for EBOP to consider this aspect as part of its overall 
leadership role.  (Recommendation 35) 

25) Trout fishing is a very important part of the tourist attractions of the Rotorua 
district and the economy.  Unfortunately, the problems in Lake Rotoiti appear to 
be having an adverse effect on the trout fishery, with the average size of fish 
falling over the last few years. Fish and Game New Zealand are working with the 
University of Waikato and EBOP to investigate the reasons for the decline, 
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including how the food webs may be changing.  While this work is not directly 
applicable to this report it should continue to be supported, as it is one of the 
‘public faces’ of the health of the lakes.  (Recommendation 36) 

26) Consideration of the broader ecosystem health of the lakes is also not directly 
part of this report, but it must be the ultimate aim of any management.  Some 
very good work has been done on developing broader ecosystem health 
indicators, based on the health of native aquatic plants and the degree of impact 
by invasive weed species.  EBOP has been supporting this work and the 
development of broader ecosystem indicators and targets complements the TLI 
and other water quality targets.  (Recommendation 37)    

Priority recommendations 

All of the recommendations in this report should be considered by EBOP for 
short-term (1 to 2 years) and medium-term (2 to 4 years) management measures, 
recognising that many management options will require resource consent approvals 
that may delay their implementation.   

In this context, some recommendations are considered to be of a higher priority for 
either direct implementation of management measures or for urgent studies to 
improve understanding of the lakes that will lead to short-term management 
measures.  These ‘high priority’ recommendations are reproduced below, in addition 
to being in the full Summary of Recommendations. 

Recommendation 3: That as far as practicable, monitoring should be extended 
into the catchments and sub-catchments with the highest nutrient inputs to 
characterise any ‘point’ sources that may become a priority for management. 

Recommendation 10: That EBOP urgently investigate options to strip 
phosphorus from streams that have high levels of phosphorus coming from 
springs and other sources, starting with the Waingaehe, Hamurana and 
Awahou streams. 

Recommendation 11: That EBOP and RDC divert the flow from the Tikitere 
geothermal field to the Rotorua District Sewage Treatment Plant as a high 
priority. 

Recommendation 12: That EBOP and RDC establish a zero target for nutrient 
inputs from the Rotorua Land Treatment Site to Lake Rotorua. 

Recommendation 16: That EBOP identifies opportunities for constructed and 
enhanced natural wetlands to strip nutrients in the catchments and on the 
foreshores of Lake Rotorua and, as a high priority, construct or enhance such 
wetlands where there are opportunities to intercept high nutrient level base-
flows. 

Recommendation 18: That EBOP continues to support investigations that are 
aimed at clarifying the relationships between catchment and internal lake 
nutrient loads, lakes water quality and algal blooms. 

Recommendation 20: That EBOP focuses as a priority in the short-term on 
studies and investigations leading to management measures that reduce lake 
total nitrogen and lake total phosphorus concentrations and produce a high 
N:P ratio of 20-22:1 or greater in Lakes Rotorua and Rotoiti, especially during 
the late spring, summer and autumn period.  
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Recommendation 21: That EBOP focuses in the short-term on monitoring of 
the stratification and destratification, and sediment resuspension events over 
the most common meteorological conditions in Lake Rotorua, including 
concurrent monitoring of the Ohau Channel to provide critical data for 
management. 

Recommendation 22: That EBOP uses the data collected from implementation 
of Recommendation 21 to interactively carry out hydrodynamic modelling to 
quantify the quantities and timing of nutrients and phytoplankton transport 
through the Ohau Channel into Lake Rotoiti. 

Recommendation 25: That EBOP continues to pursue as a high priority further 
monitoring and hydrodynamic modelling of the flow of the Ohau Channel into 
Lake Rotoiti as the basis for short-term management decisions on 
manipulation of this flow to improve the health of the lake and reduce or 
eliminate blue-green blooms. 

Recommendation 26: That EBOP and RDC initiate engineering design and 
construction of temporary groynes on either side of the entrance of the Ohau 
Channel to minimise transportation of suspended material into Lake Rotoiti.  
Permanent structures can be constructed when the best configuration to 
minimise transport of suspended material is determined. 

Recommendation 27: That EBOP and RDC begin engineering investigations 
and designs for trial structures to divert the Ohau Channel to the Kaituna 
and/or Okawa Bay as soon as possible, and interactively with the monitoring 
and modelling work that has been recommended in Recommendations 24 and 
25, so that work on trial structures can begin as soon as resource consent 
approvals have been obtained. 

Recommendation 28: That EBOP builds temporary structures to test the 
favoured options for diversion of the Ohau Channel to the Kaituna River and/or 
Okawa Bay when resource consent approvals have been obtained, and monitor 
the trials to further refine the hydrodynamic models for the channel flows and 
the western end of Lake Rotoiti before building any more permanent diversion 
structures. 

Recommendation 29: That EBOP continues trials with nutrient stripping 
materials such as Alum and Phoslock and begins trials with direct oxygenation 
separately and in combination, to determine the best methods of using these 
methods to reduce nitrogen and phosphorus in the lakes and manipulate the 
N:P Ratio. 

Recommendation 30: That the use of oxygenation and nutrient stripping 
materials be built into the modelling proposed in Recommendation 27 so as to 
inform any trials and help predict the best options for using these management 
methods individually and together in Lakes Rotorua and Rotoiti. 

Recommendation 31: That EBOP and RDC investigate the use of oil pollution 
booms to contain and concentrate the worst algal blooms, and the use of 
‘suction trucks’ to remove the worst of the accumulations. 
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SUMMARY OF RECOMMENDATIONS 

Recommendation 1: That the Rotorua Lakes Restoration and Protection 
Programme is written up as a brief document to explain how all of the 
elements, from Research and Monitoring to Regulations, are brought together 
to produce and implement the best management options through Lakes Action 
Plans. 

Recommendation 2: That Environment Bay of Plenty (EBOP) considers 
developing supplementary Lake Quality Indicators to focus on the factors that 
cause algal problems in the Rotorua Lakes that will complement the Trophic 
Level Index. 

Recommendation 3: That as far as practicable, monitoring should be extended 
into the catchments and sub-catchments with the highest nutrient inputs to 
characterise any ‘point’ sources that may become a priority for management. 

Recommendation 4: EBOP should work with the Western Australian 
Department of the Environment to investigate the use of its catchment 
monitoring system in the Lake Rotorua Catchments to measure the efficacy of 
catchment management measures. 

Recommendation 5: EBOP should consider developing a simple catchment 
model that can be cooperatively used by landowners and community groups to 
see how nutrients move through their catchments as an aid to understanding 
how they can be managed. 

Recommendation 6: EBOP should consider carrying out hydrogeological 
investigations to determine the chemistry of the younger deeper groundwater 
and use this and other information to develop a ‘mid-level catchment model’, to 
enable land managers to estimate how proposed land use changes and/or 
mitigation measures will modify nutrient concentrations in the deeper 
groundwater. 

Recommendation 7: EBOP and Rotorua District Council (RDC) should carry out 
more detailed monitoring of storm-flows into Lake Rotorua, especially in the 
late spring, summer, autumn period to determine if these ‘events’ are initiating 
or prolonging blue-green blooms. 

Recommendation 8: That EBOP approaches the Western Australian 
Department of the Environment to form a partnership to jointly trial and 
develop Phoslock for nutrient stripping in catchments and water bodies, 
separately and in conjunction with other nutrient management methods. 

Recommendation 9: EBOP should investigate the use of Allaphanic soils and 
related clays for use in stripping phosphorus and as a substrate for 
preparation of Phoslock. 

Recommendation 10: That EBOP urgently investigate options to strip 
phosphorus from streams that have high levels of phosphorus coming from 
springs and other sources, starting with the Waingaehe, Hamurana and 
Awahou streams. 

Recommendation 11: That EBOP and RDC divert the flow from the Tikitere 
geothermal field to the Rotorua District Sewage Treatment Plant as a high 
priority. 
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Recommendation 12: That EBOP and RDC establish a zero target for nutrient 
inputs from the Rotorua Land Treatment Site to Lake Rotorua. 

Recommendation 13: Repeat studies of the nutrient stripping processes and 
pathways at the Rotorua Land Treatment Site should be undertaken under the 
new spray regime to determine the nutrient stripping effectiveness.   

Recommendation 14: Wetlands within and below the Rotorua Land Treatment 
Site should be modified if necessary to strip any residual nutrients ‘leaking’ 
from the spray irrigation areas. 

Recommendation 15: The RDC should continue to monitor nutrient levels 
above and below the Rotorua Land Treatment Site to measure its efficiency at 
stripping nutrients as spray volumes are increased to cope with increasing 
population. 

Recommendation 16: That EBOP identifies opportunities for constructed and 
enhanced natural wetlands to strip nutrients in the catchments and on the 
foreshores of Lake Rotorua and, as a high priority, construct or enhance such 
wetlands where there are opportunities to intercept high nutrient level base-
flows. 

Recommendation 17: EBOP and RDC could consider the use of certified and 
contractually managed Alternative Treatment Units with nutrient stripping 
capacity in nutrient sensitive areas where reticulated sewerage is too costly or 
too difficult. 

Recommendation 18: That EBOP continues to support investigations that are 
aimed at clarifying the relationships between catchment and internal lake 
nutrient loads, lakes water quality and algal blooms. 

Recommendation 19: That EBOP focuses in the short-term on investigations 
that will set clear targets for: 

• An annual total catchment load for Lake Rotorua for phosphorus and 
nitrogen that builds in capacity for future development around the lake. 

• Annual catchment phosphorus and nitrogen load targets for each of the 
main Lake Rotorua catchments. 

• Internal lake phosphorus and nitrogen load targets for Lakes Rotorua 
and Rotoiti. 

• Annual average stream phosphorus and nitrogen concentration targets 
for each of the nine Lake Rotorua catchments. 

• Annual average lake water quality phosphorus and nitrogen 
concentration targets for Lakes Rotorua and Rotoiti. 

Recommendation 20: That EBOP focuses as a priority in the short-term on 
studies and investigations leading to management measures that reduce lake 
total nitrogen and lake total phosphorus concentrations and produce a high 
N:P ratio of 20-22:1 or greater in Lakes Rotorua and Rotoiti, especially during 
the late spring, summer and autumn period.  
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Recommendation 21: That EBOP focuses in the short-term on monitoring of 
the stratification and destratification, and sediment resuspension events over 
the most common meteorological conditions in Lake Rotorua, including 
concurrent monitoring of the Ohau Channel to provide critical data for 
management. 

Recommendation 22: That EBOP uses the data collected from implementation 
of Recommendation 21 to interactively carry out hydrodynamic modelling to 
quantify the quantities and timing of nutrients and phytoplankton transport 
through the Ohau Channel into Lake Rotoiti. 

Recommendation 23: That EBOP initiates studies to characterise the 
geothermal inputs to Lake Rotoiti, especially to determine if they contribute 
nutrients and how they interact with other hydrodynamic processes to cause 
algal blooms. 

Recommendation 24: EBOP should work with NIWA and Professor David 
Hamilton to establish a more frequent monitoring regime for Lakes Rotorua 
and Rotoiti to gain a better understanding of the processes that cause algal 
blooms, especially blue-green blooms, as a basis for management measures 
that will best eliminate or reduce them. 

Recommendation 25: That EBOP continues to pursue as a high priority further 
monitoring and hydrodynamic modelling of the flow of the Ohau Channel into 
Lake Rotoiti as the basis for short-term management decisions on 
manipulation of this flow to improve the health of the lake and reduce or 
eliminate blue-green blooms. 

Recommendation 26: That EBOP and RDC initiate engineering design and 
construction of temporary groynes on either side of the entrance of the Ohau 
Channel to minimise transportation of suspended material into Lake Rotoiti.  
Permanent structures can be constructed when the best configuration to 
minimise transport of suspended material is determined. 

Recommendation 27: That EBOP and RDC begin engineering investigations 
and designs for trial structures to divert the Ohau Channel to the Kaituna 
and/or Okawa Bay as soon as possible, and interactively with the monitoring 
and modelling work that has been recommended in Recommendations 24 and 
25, so that work on trial structures can begin as soon as resource consent 
approvals have been obtained. 

Recommendation 28: That EBOP builds temporary structures to test the 
favoured options for diversion of the Ohau Channel to the Kaituna River and/or 
Okawa Bay when resource consent approvals have been obtained, and monitor 
the trials to further refine the hydrodynamic models for the channel flows and 
the western end of Lake Rotoiti before building any more permanent diversion 
structures. 

Recommendation 29: That EBOP continues trials with nutrient stripping 
materials such as Alum and Phoslock and begins trials with direct oxygenation 
separately and in combination, to determine the best methods of using these 
methods to reduce nitrogen and phosphorus in the lakes and manipulate the 
N:P Ratio. 
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Recommendation 30: That the use of oxygenation and nutrient stripping 
materials be built into the modelling proposed in Recommendation 27 so as to 
inform any trials and help predict the best options for using these management 
methods individually and together in Lakes Rotorua and Rotoiti. 

Recommendation 31: That EBOP and RDC investigate the use of oil pollution 
booms to contain and concentrate the worst algal blooms, and the use of 
‘suction trucks’ to remove the worst of the accumulations. 

Recommendation 32: That EBOP and the RDC, in liaison with the appropriate 
authorities, investigate the potential use of herbicides to control blue-green 
algal blooms. 

Recommendation 33: That EBOP considers working with NIWA to develop an 
algal bloom risk prediction capacity for both longer periods (three months) and 
shorter periods (10 days or less). 

Recommendation 34: That EBOP continues to work with Environment Waikato, 
and other organisations carrying out lake investigations, to share information 
and contribute to joint studies and management trials where appropriate. 

Recommendation 35: That EBOP considers ways of better coordinating and 
focusing the scientific investigations that will underpin the preferred short- and 
longer-term management measures. 

Recommendation 36: That EBOP continues to work with Fish and Game New 
Zealand and the University of Waikato to support investigations into the impact 
of the decline of Lakes Rotorua and Rotoiti on the trout fishery. 

Recommendation 37: That EBOP works with other organisations, such as the 
Department of Conservation and the Ministry for the Environment, to develop 
readily measurable lake ecosystem health indicators as an aid to measure the 
success of short- and longer-term management measures. 
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A REVIEW OF SHORT-TERM MANAGEMENT OPTIONS FOR LAKES 
ROTORUA AND ROTOITI 

1 PURPOSE AND METHODOLOGY 

Dr Hamilton was engaged to evaluate the range of current, proposed and potential 
actions to manage the short-term symptoms and causes of water quality problems, 
particularly in Lakes Rotorua and Rotoiti, and provide a written report to the 
Secretary for the Environment.  This work follows considerable concern about 
relatively large blooms of toxic blue-green algae which closed Lake Rotoiti from 
around 20 January to 15 March 2003.  Only a few bays were closed in Lake Rotorua, 
but this was still enough to add to the community concern. 

The work was undertaken by liaising closely with management, technical and 
scientific staff in Environment Bay of Plenty (EBOP), Rotorua District Council (RDC), 
University of Waikato, the National Institute of Water and Atmospheric Research and 
relevant central government agencies.  Valuable advice and information was 
obtained through this methodology, which enabled this report to be written. 

A number of the recommendations in the report were underway or being considered, 
or have begun to be implemented during preparation of the report.  This occurred in 
part because of the close working relationship that was developed between the 
author and officers from EBOP, especially Paul Dell, the Lakes Project Coordinator. 

As a result, it is difficult to say which recommendations are entirely new and, 
accordingly, it is not the author’s intention to try and separate each recommendation 
into a category of ‘newness’.  Rather, it is intended that this report and its 
recommendations support and extend EBOP’s excellent approach to management of 
Lakes Rotorua and Rotoiti, and introduce the concepts of ‘adaptive management’ 
and a ‘systems’ approach. 

2 WELCOME TO ROTORUA 

Rotorua is the most visited tourist destination (1.2 million visitors per year) in New 
Zealand and its lakes are prized for recreation and fishing.  Lake Rotoiti is said to be 
the second most important lake for trout fishing, and is important for trophy fishing.  
The district is 2708 square kilometres with a population of around 69,000 (European 
65%, Maori 30% and other 5%).   

Rotorua has a mild climate with an average summer temperature of 24.7 and an 
average winter temperature of 12.5 degrees Celsius respectively.  The rainfall is an 
average of 1421 millimetres annually with the wettest months in June, July and 
August. 

The city and district of Rotorua take their name from the lake that dominates them.  
Rotorua is a Maori word that means second lake (roto: lake and rua: two).  The full 
name given to the lake is Rotorua-nui-a-kahu, the Big or Great Second Lake of Kahu.  
It was the second lake to be discovered by Ihenga who named it after his father-in-
law, Kahu-mata-momoe. 

The countryside around Lake Rotorua was originally settled around AD 1350 by the 
descendants of the Polynesian voyagers, who came to New Zealand from the 
traditional homeland of Hawaiki, in a canoe called ‘Te Arawa’.  Their principal 
settlements were at Ohinemutu and Whakarewarewa. 
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With European settlement Rotorua became a destination for visitors wanting to relax 
and improve their health in the mineral waters that ‘bubbled’ from the ground, 
although these benefits were well known to the first settlers.  Now, host to some of 
the world’s most incredible earth forces, Rotorua boasts an array of ‘icon’ 
experiences, which together encapsulate the spirit of this remarkable country. 

With the Europeans came more intensive agriculture and much of the area around 
the lakes now boasts some of the most productive and efficient sheep and dairy 
farming in the world.  Sadly, it is this intensification of land uses, together with urban, 
and tourist development, that is now causing the problems for the lakes that is the 
focus of this report. 

Even so, there is still enveloping warmth, an undeniable spirit and a deep sense of 
history that comes from the Maori experiences and their close relationship with the 
land and the lakes.  This sensation, called manaakitanga, is both a challenge and a 
responsibility for all of us.  It charges us with guardianship over the land, the lakes, 
the treasures, and all of the people. 

3 LEADERSHIP AND RESPONSIBILITY FOR LAKES MANAGEMENT – 
ENVIRONMENT BAY OF PLENTY AND ROTORUA DISTRICT COUNCIL 

New Zealand is a leader in natural resource management having recognised early, 
by world standards, that effective management of our precious natural resources 
(land, soils, water, lakes, rivers, estuaries, oceans, vegetation and animals) needs a 
coordinated and integrated approach.  Through its Resource Management Act, New 
Zealand has established a number of processes to achieve this approach, including 
the establishment of 16 regional councils to achieve integration at the regional level. 

Environment Bay of Plenty (EBOP) is the council charged with overall water quality 
and catchment management of the Rotorua Lakes as part of its broader role in 
sustainably managing all of the natural resources in the Bay of Plenty region.  The 
Rotorua District Council (RDC) plays an important role in land use planning and 
management, including certain specific aspects such as sewerage and urban 
storm-water management. 

3.1 Regional Management Framework – The Proposed Regional Water and 
Land Plan 

Management of the Rotorua Lakes, and especially Lakes Rotorua and Rotoiti, come 
under the Regional Water and Land Plan.  This is nearly completed after an 
extensive public consultation period although the decisions of the Council will still be 
open to appeal.  This comprehensive plan covers management of land and water 
resources under the Resource Management Act 1991, including: 

• Land and Water Integration 

• Discharges to Water and Land 

• Beds of Rivers, Streams and Lakes 

• Geothermal Resources 

• Wetlands 

• Regional Rules 

• Financial Contributions 

• Information to be Submitted with resource consent Applications 

• Anticipated Environmental Results 

• Cross Boundary Issues 

• Plan Review Process. 
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Figure 1. Rotorua Lakes and Their Catchments 

 

 

The Proposed Regional Water and Land Plan (the Water and Land Plan) covers all 
the area in the Bay of Plenty Regional Council boundary, excluding the coastal 
marine area, the areas covered by the Operative Rotorua Geothermal Regional Plan 
and the proposed Regional Plan for the Tarawera River Catchment, which is shortly 
to be made operative. The Water and Land Plan covers land (including soil), water 
(including rivers, streams, lakes, wetlands, modified watercourses and groundwater) 
and geothermal resources in the Bay of Plenty.  It addresses issues relating to the 
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adverse environmental effects of the use and development of land, water and 
geothermal resources that are within the Scope of EBOP’s functions and 
responsibilities under the Resource Management Act 1991. 

The Purpose of the Plan is to achieve the following aims: 

a) promote the sustainable management of land, water and geothermal 
resources 

b) achieve the integrated management of land and water resources 

c) maintain or improve environmental quality in the Bay of Plenty Region 

d) protect existing high quality environment and resources 

e) protect sensitive receiving environments 

f) sustain the life-supporting capacity of soil, water and ecosystems 

g) maintain or enhance the heritage values of land, water and geothermal 
resources 

h) establish appropriate environmental standards to achieve c) to f) 

i) address the adverse environmental effects of the use and development of 
land, water and geothermal resources 

j) take a permissive approach to the use and development of land, water and 
geothermal resources where it is consistent with a) to g). 

The links between the identified Values and Environmental Standards are set out in a 
useful figure on page 4 of the Proposed Plan.   

Considerable attention is paid to the strong relationship of the Maori people to the 
land and waters and the concepts of kaitiakitanga and mauri.  section 2 of the 
Proposed Plan begins with a quote of the Maori aphorism, “Mankind perishes, the 
land remains eternal”, as this epitomises Maori beliefs on kaitiakitanga or 
guardianship of the land and its resources. 

Broadly speaking kaitiakitanga involves a wide set of practices based on a world and 
regional environmental view that includes the ideas and principles of: 

• guardianship 

• care 

• wise management 

• that the condition of the natural resources indicates the state of their own 
mauri 

• maintenance of the spiritual and cultural aspects of the natural resources 

• protection, enhancement and restoration of the mauri 

• appropriate development of resources where necessary. 

As mentioned earlier, mauri is the life force present in all animate and inanimate 
objects.  It binds one resource to every other element in a natural order, both 
physical and spiritual, and pervades and influences all that we do. 

Thus the Regional Land and Water Plan will contain an iwi and pakeha view of 
integrated natural resource and ecosystem management, which is consistent with, 
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and embraces the best approaches in the world.  These deeply held views and 
proposed approaches in the Land and Water Plan provide a very good framework for 
consideration of how the Rotorua Lakes can be better protected, restored and 
managed. 

While the Proposed Land and Water Plan goes into considerable detail on the 
methods and processes that are proposed to be used, it is important to now set the 
specific context for protection and restoration of the Rotorua Lakes. 

3.2 Strategy for the lakes of the Rotorua district – ‘Te Kaupapa mo Nga 
Taonga o Rotorua’ (Protecting the Jewels in the Crown of the Lakes of the 
Rotorua district) 

This important document, which was developed and adopted by Environment Bay of 
Plenty, Rotorua District Council and the Te Arawa Maori Trust Board, sets out a 
Vision, Goals and Priorities for protection and restoration of the beautiful Rotorua 
Lakes.  It was preceded by a public discussion document entitled Towards a Te 
Arawa Lakes Strategy, which identified a significant range of concerns and interests 
in the long-term welfare of the lakes.  To quote from the Forward: 

 “This strategy is not a statutory document under either the Resource Management Act or the 
Local Government Act or any other Act.  Our aim is rather to identify and address the 
problems arising from a lack of coordination between many interests in management of the 
lakes and then to consider how the law and those concerned can work together to solve those 
problems effectively and efficiently as possible.  We see the Lakes Management Strategy as 
being an ongoing process with regular review and accountability for achieving key goals that 
will make a difference and protect the lakes. 

We acknowledge that various authorities are carrying out a variety of ongoing activities aimed 
at protecting the lakes.  However, we believe that there is a pressing need to unite efforts and 
resources to achieve sustainable lake and catchment management, so that this and future 
generations can continue to use and enjoy the lakes.  For the most effective use of 
community resources, we believe that it is essential to establish and maintain an overview 
group with a mandate to ensure accountability and action.  We seek not only to identify what 
needs to be done but also to identify the costs involved and that the greatest benefit can be 
achieved for each dollar spent in meeting these goals.” 

The Vision for the lakes is: 

“The lakes of the Rotorua district and their catchments are preserved and 
protected for the use and enjoyment of present and future generations, while 
recognising and providing for the traditional relationship of Te Arawa with their 
ancestral lakes.” 

Fourteen key goals are set out: 

Protection 

1) address the causes of lake water pollution 

2) deal with pollution from septic tanks 

3) determine the extent of pollution from storm-water runoff 

4) define and refine lake water quality standards 

5) examine the status and future of the catchment bank protection scheme 
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6) address plant and animal pest problems 

7) determine present and future reserve areas 

Use  

8) establish an urban development policy 

9) establish a rural development policy 

Enjoyment 

10) develop a recreation strategy 

11) monitor and report on recreation activities 

12) define esplanade reserve areas to ensure public access to each lake 

Management Goals 

13) establish in partnership with Te Arawa a co-management framework that 
achieves the best integrated management 

14) establish meaningful and binding working relationships with the iwi/hapu and their 
ancestral lakes. 

The aspects covered in the Strategy as set out in the ‘Parts’ are: 

I. Establishing a Community Vision 

II. The Elements of the Vision 

III. Key Goals to Achieve the Vision 

IV. Targeting Lake Priorities 

V. Meeting the Costs 

VI. Ensuring Accountability 

VII. Putting it All Together 

Appendix A contains a ‘Schedule of Tasks’ for each of the 14 Key Goals.  Appendix 
B provides a summary for each of the lakes covering a description of the lake and its 
catchment, a vision for the lake and its catchment, issues facing the lake, possible 
options for addressing the issues, analysis of options and recommended actions.  It 
was useful to review these sections for Lakes Rotorua and Rotoiti in the light of this 
report. 

Overall coordination and direction for the Strategy is vested in the Lakes Strategy 
Joint Committee, comprising the Chair of the Te Arawa Maori Trust Board, the Chair 
of Environment Bay of Plenty and the Mayor of Rotorua District Council plus a further 
representative from each of the three organisations.  This is a key body bringing the 
three responsible stakeholders and organisations together to ensure all of the work is 
done cost effectively and to achieve the goals that have been set.  Paul Dell of 
Environment Bay of Plenty has been appointed as the Coordinator for 
implementation of the strategy by the three organisations. 
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The management structure provides for direct involvement of the Maori people at the 
highest level and this will be important in view of the special relationship that the Te 
Arawa have with the lands surrounding the lakes and the lakes themselves.  It will be 
especially important in the early identification of sites that will be affected by 
management measures that are significant for Te Arawa. 

3.3 Rotorua Lakes Restoration and Protection Programme 

As can be seen from sections 3.1 and 3.2, there is a strong strategic, legal and policy 
framework in place for protection, restoration and management of the Rotorua lakes.  
A more detailed programme for all of the supporting information and processes that 
will be needed is currently being developed and has been well summarised in papers 
presented by Paul Dell and John McIntosh at the Rotorua Lakes 2003 Symposium 
held in Rotorua on 9-10 October 2003 (Refs 1 & 2). 

These papers summarise the overall approach through the Strategy for the Lakes of 
the Rotorua district and the Water and Land Plan.  As well as the aspects of these 
two documents summarised above, the following aspects are important: 

The Strategy identifies seven key projects: 

• Water quality 

• Catchment and riparian protection 

• Reserves and recreation 

• Urban and rural growth management 

• Water recreation 

• Co-management 

• Iwi liaison 

The Water and Land Plan sets Trophic Level Index (TLI) targets for each lake.  The 
TLI, which is discussed further below, integrates measures of key nutrients and algal 
production over a year through averaging of the following measurements: 

• Chorophyll a, which is a measure of the density of micro algae or 
phytoplankton blooms 

• Seechi Disc Depth, which is a measure of water clarity 

• Total Phosphorus, which is a measure of the nutrient phosphorus in its 
various forms that may be available for plant and algae growth 

• Total Nitrogen, which is a measure of the nutrient nitrogen in its various forms 
that may be available for plant and algae growth. 

The TLI is a useful measure of the trophic status (level of nutrient enrichment and 
plant growth) for each lake and provides a good target for the community.  It is not 
such a good indicator for overall ecosystem health or to understand the causes of 
particular events, such as the blue-green algal blooms in Lakes Rotorua and Rotoiti 
last summer.  EBOP clearly understands these distinctions and is taking them into 
account in the development of Lake Action Plans and implementation of the agreed 
management options. 

In this context, the Rotorua Lakes Restoration and Protection programme has not 
been fully documented as it is a ‘work in progress’.  It is well summarised in Figure 2 
on page 15, which is taken from the Dell paper (Ref 1).  As can be seen from Figure 
2 there are a large number of elements that need to be brought together to 
implement the Water and Land Plan and the ‘Lakes Strategy’, including: 
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1) reviews of completed research and monitoring to identify information that 
improves the understanding of processes in the catchments and lakes, that in 
turn will lead to viable management options 

2) ongoing research and monitoring that is targeted towards understanding 
key processes and supporting the best management options 

3) action plans for each lake that will set out the best management options for 
implementation 

4) identification of the funding requirements, including economic analyses to 
determine the most cost-effective approaches and negotiations to determine 
the best sources of funding 

5) identification of the works that will be needed to implement the best 
management options, including the investigations to determine how to best 
implement them 

6) identification of the ‘best management practices’ that can be used to reduce 
or eliminate nutrient inputs from the various land uses and practices in the 
catchments, and how these can best be implemented in collaboration with 
landowners and managers 

7) education and communication to keep the community fully informed and 
appropriately involved at all stages 

8) use of regulations as part of a ‘toolbox’ of management options to 
complement and strengthen the management approach when appropriate 
and needed. 

While all of the work that makes up the Rotorua Lakes Restoration and Protection 
programme is evolving over time, it would be useful to write the programme up as a 
document that explains the purpose of each element, how each element builds on 
and implements the Water and Land Plan and Lakes Strategy, how each element is 
being done, who is involved and how all of the elements are brought together in the 
action plans. 

Recommendation 1: That the Rotorua Lakes Restoration and Protection 
programme is written up as a brief document to explain how all of the 
elements, from research and monitoring to regulations, are brought together to 
produce and implement the best management options through lakes action 
plans. 

3.4 Lake action plans  

A key step in implementing the Water and Land Plan and Lakes Strategy for the 
lakes of the Rotorua district is the development in close consultation with all 
stakeholders, of action plans for each lake where the current TLI exceeds the target 
TLI.  These are typically preceded by ‘Draft Working Papers’, to set out the issues 
and options and then a process, including a full SWOT analysis with the community, 
to identify the preferred management options.  The result is the lake action plan, 
which is then progressively implemented. 
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Each action plan will: 

• define the existing Catchment Nutrient Budget 

• determine what level of nutrient inputs is sustainable 

• identify agreed nutrient reduction targets 

• determine actions to achieve the agreed targets. 

These processes are led by a working party made up of local stakeholders and 
representatives of relevant organisations.  Perhaps the most advanced action plan is 
that for Lake Okareka where four main management options have been identified: 

1) reticulated sewerage to eliminate nutrient inputs from septic tanks 

2) retirement and revegetation of stream and lake foreshores to reduce nutrient 
inputs and improve ecosystem health 

3) use of enhanced natural wetlands and artificial wetlands to reduce nutrient 
and sediment inputs 

4) ‘in lake’ treatments such as dosing with alum and oxygenation to reduce the 
internal availability of nutrients and frequency of low oxygen conditions. 

These action plans will be an important step involving all of the key stakeholders, 
including the community, in identifying and then implementing the best management 
options for each lake.   

A single action plan for Lakes Rotorua and Rotoiti is being developed, because of the 
way they are strongly linked by the Ohau Channel, and should be ready early in 
2004. 
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Figure 2. Rotorua Lakes Restoration & Protection Programme (Updated October 2003) 
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3.5 Lakes water quality – Environment Bay of Plenty strategic and policy 
approach 

While section 6 provides a fuller summary of the historical monitoring and 
investigations that have been carried out in Lakes Rotorua and Rotoiti, it is important 
to first summarise the basis that EBOP uses to set water quality targets.  This is well 
done in EBOP’s publication, Rotorua Lakes Water Quality 2002 (Ref 3), which is 
briefly summarised here. 

The introduction of the Executive Summary of the report usefully sets out the basis 
for EBOP’s monitoring, which has been undertaken since 1990, and how this leads to 
the targets set for each lake.  This is reproduced below: 

 “The Natural Environment Regional Monitoring Network (NERMN) is Environment Bay of 
Plenty’s programme for general ‘state of the environment’ monitoring.  The programme is 
divided into modules with lake monitoring budgeted as a separate module.  Lake monitoring 
results are reported annually because of their relevance to lake management issues. 

The major thrust in reporting the lakes results is calculation of an annual figure for the Trophic 
Level Index (TLI).  This is composed of four interrelated factors that come together and form a 
sensitive indicator of lake water quality.  The four factors are total phosphorus, total nitrogen, 
Secchi disc depth (clarity) and chlorophyll a (amount of algae). 

In the Proposed Regional Water and Land Plan (PRW&LP), the TLI has been used as one 
method of assessing lake quality in the classification of waters.  A baseline quality has been 
set for each lake at a specific TLI level.  A trigger has been proposed using the baseline, so 
that land management options for reducing nutrient inputs can be evaluated when a lake is 
definitely deteriorating.” 

EBOP also considers the Percent Annual Change, which is the average annual rate 
of change of the Secchi depth, Chorophyll a, total nitrogen, total phosphorus and the 
oxygen depletion rate (HVOD).  Both measures have been used to document 
changes in all of the lakes as set out in Tables 1 and 2 in Rotorua Lakes Water 
Quality 2002, which are reproduced as Appendix 1 and 2 in this report.  The shaded 
area in Table 2 in Appendix 2 shows the lakes that are most severely degraded and 
are priorities for development of action plans. 

Table 1 shows the annual average TLI values and Water and Land Plan Targets for 
Lakes Rotorua and Rotoiti as presented at the Rotorua Lakes 2003 Symposium (Ref 
3). 

Table 1.  Current and Management Target Trophic Level Indices for Lakes 
Rotorua and Rotoiti 

 

Lake TLI in Objective 10 Current TLI (at 2002) 

Rotorua 4.2 4.6 

Rotoiti 3.5 3.9 

 

As can be seen in Appendices 1 and 2, no overall trend has been detected in the TLI 
over the reporting periods.  But the Rotorua Lakes Water Quality 2002 document 
also provides graphical summaries of the Secchi disc, Chorophyll a, total nitrogen 
and total phosphorus concentrations for all of the monthly monitoring from 1990 to 
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2002.  This is valuable data and even a cursory examination shows a number of 
cause and effect relationships between the four parameters. 

Cause and effect relationships, especially between nitrogen, phosphorus and 
Chlorophyll a, are important because they indicate ‘events’ that have caused 
particular algal blooms.  An understanding of these events is vital if targeted 
management measures are to be put in place and this is discussed further in  
section 6. 

EBOP is aware that the TLI measurements are just one way of representing the 
condition of the lakes and are to be commended on the detailed monitoring it is doing 
and reporting.  Another useful method for characterising the state of the Rotorua 
lakes has been developed by Professor David Hamilton of Waikato University and 
this is summarised below. 

3.6 Anoxia as a measure of lake health 

Professor David Hamilton, who holds the Environment BOP Chair in Lakes 
Management and Restoration, has analysed all of the available data on the Rotorua 
lakes (paper in production) and developed four categories based on mixing regimes 
and dissolved oxygen.  Professor Hamilton’s work is presented in this section as it is 
part of EBOP’s strategic approach to managing and restoring the lakes, including the 
creation of the Waikato University Chair to carry out key research to support the 
development of management options. 

The four categories and the lakes that fall into these categories are shown in Table 2. 

Professor Hamilton’s analysis, as shown in Table 2, clearly shows that Lakes Okaro 
and Rotoiti are degraded and that conditions in them, especially from late spring 
through to autumn, are likely to cause algal blooms and stress fish and other aquatic 
fauna.  Lake Rotorua is a shallower lake that is eutrophic and, during periods of 
stratification, significant amounts of nutrients are released from the sediments and 
become available for algal blooms.  Professor Hamilton is leading other studies that 
will aid in lakes management and these are discussed further in section 7. 
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Table 2. Classification of the Rotorua lakes according to their mixing regimes 
and levels of dissolved oxygen 

 

ROTORUA LAKES CATEGORY LAKES WITHIN CATEGORIES 

Lakes that undergo seasonal stratification 
of temperature and moderate levels of 
oxygen depletion. 

These lakes show trends of reduced levels of 
oxygen in the bottom waters compared to 
previous years. 

Okareka 

Tikitapu 

Okataina 

Lakes that show a strong seasonal 
stratification of temperature but where 
oxygen levels in bottom waters rarely 
decline below 50% of saturation. 

These lakes have remained relatively stable 
through time, especially with respect to the 
duration and extent of seasonal decline in 
oxygen. 

Tarawera 

Rotoma 

Rotomohana 

 

Lakes that are strongly stratified but 
undergo severe seasonal decline in oxygen 
to the extent that the entire bottom layer 
(hypolimnion) is anoxic early in the 
stratified period. 

These lakes are eutrophic and were originally 
well oxygenated over the full year but have 
suffered severe declines in oxygen in their 
bottom waters over the last 30 to 40 years.  

Okaro 

Rotoiti 

Lakes that are shallower that do not stratify 
seasonally but rather, intermittently, on 
time scales of a few hours to several days. 

These lakes are mesotrophic to eutrophic and 
the deoxygenation events contribute 
significant inputs of nitrogen and phosphate to 
the water column, that over a year are likely to 
exceed those arising from point and diffuse 
sources in the catchments. 

Rotorua 

Rotoehu 

Rerewhakaaitu 

3.7 Lake quality indicators 

While the TLI is a useful indicator for targeting overall lakes water quality, it has 
limitations and, as identified by EBOP, needs to be supplemented by other measures 
to present a full picture of the condition of the lakes and hence the priorities for 
management.  Based on Professor Hamilton’s recent work and consideration of other 
factors such as the concentrations of nutrients coming from the catchments and 
broader ecosystem health, it would be desirable to have additional ‘lake quality 
indicators’ to represent the key factors that affect lake quality.  Such indicators could 
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include shorter-term concentrations of nutrients in the water column at critical times 
for algal blooms and the N:P Ratio. 

Initially, any indicators that are developed should focus on the factors that cause 
algal problems in the lakes, but consideration should be given in the near future to 
broader ecosystem indicators. 

Recommendation 2: That Environment Bay of Plenty (EBOP) considers 
developing supplementary lake quality indicators to focus on the factors that 
cause algal problems in the Rotorua Lakes that will complement the Trophic 
Level Index. 

4 WHOLE SYSTEMS UNDERSTANDING AND ADAPTIVE MANAGEMENT 

Even though the focus of this report is to recommend on short-term management 
options to address the symptoms of algal blooms in Lakes Rotorua and Rotoiti, it is 
important to place this work in the context of a ‘whole systems’ approach.  This is 
because in complex natural systems many factors interact with each other and it is 
important to understand how changing one aspect could affect another aspect. 

Equally it is important to look at all of the issues and processes in a system, even 
when considering just ‘short-term’ aspects so that any short-term management 
measures that are being considered are placed in the range and sequence of all of 
the proposed management measures. 

It is also vital to understand all of the elements and interactions of the system that will 
be important for management.  There are many examples around the world where 
incomplete understanding has led to costly and environmentally damaging mistakes. 

Finally, it is important to get in and manage those issues that can be managed in the 
short-term because there is enough understanding to provide confidence that the 
proposed management will succeed.  These three important principles or processes 
are discussed in more detail below in relation to the problems in Lakes Rotorua and 
Rotoiti. 

4.1 Whole systems and understanding 

Appendix 3 is a foldout graphic which shows a ‘whole system’ approach for Lakes 
Rotorua and Rotoiti.  This diagram and the processes that interact between and 
within the lakes and the catchments lead to both the understanding that is necessary 
for management, and the prioritising of management options over the short (1 to 2 
years), medium (2 to 4 years) and longer term (more than 4 years).  In particular, 
they lead to the recommendations for short-term studies where there are critical gaps 
in understanding and the recommendations for short- and medium-term management 
measures that are set out in section 7. 

Lakes Rotorua and Rotoiti are closely interconnected by the Ohau Channel and 
some 50% to 80% of the nutrients going into Lake Rotoiti  come from Lake Rotorua.  
Lake Rotoiti’s catchments are relatively small and there are relatively low levels of 
intensive land use, whereas Lake Rotorua has nine major catchments with 
significantly more intensive land uses.  Thus for short- and medium-term 
management measures the focus needs to be on Lake Rotorua and its catchments. 

Appendix 3 shows that two levels of understanding are needed; an understanding of 
the processes in the catchments that cause the nutrient inputs to the lakes and an 
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understanding of the processes in the lakes that mobilise the nutrients and cause the 
algal blooms.  These processes are discussed in more detail in section 7 as they 
lead to the specific recommendations in that section. 

Research and investigations are normally tailored to provide the level of 
understanding necessary to trial or implement management options.  The role of the 
responsible manager is to ensure that limited public funds are focused and used 
wisely to produce the required level of understanding, and EBOP is doing a good job 
in this respect, although a recommendation for some fine tuning is made in section 7. 

Whether or not further research is done to more completely understand particular 
systems is a matter for negotiation and availability of funding.  Often management 
specific applied research is carried out as part of a larger package of broader 
research, with multiple funding to develop a much fuller understanding of the system.  
This is valuable and can lead to better goals and targets for parts of the system, but 
the prime concern of the manager will always be to understand the system enough to 
sustainably manage it for agreed goals and outcomes. 

4.2 Adaptive management 

Adaptive management is a process by which understanding of systems is iteratively 
used to apply and test management approaches until the best set of management 
options is reached.  It is based on the principle that in most cases there will never 
(within reasonable costs and timeframes) be a ’complete’ understanding of complex 
systems and that it is much better to build understanding by a combination of 
targeted investigations and adaptive trials of management approaches.  Or, to put it 
crudely, it is very much the ‘suck it and see’ approach, but never jumping so far 
ahead that real problems occur. 

In the case of Lakes Rotorua and Rotoiti, the steps for adaptive management could 
be: 

1) Understanding – do we know enough to understand a process or set of 
processes – within reason? 

2) Management – do we have enough confidence to test some management 
options and measure how they perform? 

3) Trial Management – where we carry out larger scale trials and measure the 
effects and responses 

4) Sustainable Management – when the agreed management option is 
implemented, but is then monitored and fine-tuned if necessary. 

Using this process and agreeing on the best management options over time as 
adequate understanding is developed, will result in a sequence of management 
decisions and implementation of agreed management measures over the short, 
medium and longer term. 

The recommendations in this report for short-term management options to tackle the 
symptoms of the recent algal blooms must be seen in this context as part of a whole 
system approach, and not just a knee-jerk reaction to a problem over one summer.  It 
is also vital that short-term management options are not seen as an excuse for 
delaying or avoiding longer term and possibly harder measures that need to be 
undertaken to restore and manage the lakes to agreed water quality and ecological 
standards.  
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5 A SHORT HISTORY OF MONITORING AND INVESTIGATIONS AND THE 
IMPLICATIONS FOR MANAGEMENT 

This summary of monitoring and investigations in Lakes Rotorua and Rotoiti is largely 
taken from a more extensive draft paper on ‘Lake Rotorua Nutrient Load Targets’.  
This is being prepared for EBOP by Dr Kit Rutherford who is based at NIWA in 
Hamilton (Ref 4).  This important paper refers to a large number of references, which 
are not cited in this report, covering work from the late 1960s up until the present. 

It is important to summarise this work as it sets the scene for the recommendations 
covering gaps in understanding and the recommendations for short-term 
management options in section 7. 

5.1 A list of monitoring and investigations 

During the 1970s it was recognised that water quality was deteriorating in Lake 
Rotorua as a result of increased nutrient loads, mainly from the discharge of 
secondary treated sewage into the lake and catchment inputs from streams draining 
pasture and other land uses.  The resulting water quality problems included: 
excessive growth of large invasive exotic plants (macrophytes) which smothered the 
native water plants; unwanted blooms of microscopic algae (phytoplankton) which 
reduced water clarity and were sometimes toxic; de-oxygenation during summer 
stratification leading to more frequent periods of anoxia; and more frequent releases 
of nutrients from the lake bed. 

Public concerns led to a number of studies and management actions, which are 
listed below: 

1) Fish studied water quality and measured stream nutrient loads from 1968 to 
1970. 

2) Taupo Research Laboratory (DSIR) conducted bioassay studies to determine 
nutrient limitation and measured ‘internal loads’ and lake quality during the 
1970s and 1980s. 

3) Lake water quality was monitored from the mid 1970s by Fisheries Research 
Division (MAF), Taupo Research Laboratory, Hamilton Science Centre and  
EBOP. 

4) RDC has consistently monitored nutrient inputs from the Rotorua sewage 
treatment plant. 

5) Hoare conducted detailed stream nutrient load studies in 1976-1977. 

6) During the 1970s and 1980s, several catchment management measures were 
implemented through the Upper Kaituna Catchment Control Scheme to 
reduce nutrient inputs to Lake Rotorua. 

7) Williamson et al  undertook a detailed study of flows and nutrient 
concentrations in the Ngongotaha catchment from 1987 to 1989 to assess the 
effectiveness of riparian retirement undertaken as part of the Kaituna 
Catchment Control Scheme. 

8) Vincent, Gibbs and Spigel have studied the effects of the flow from the Ohau 
Channel into Lake Rotoiti in the 1980s. 
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9) Aquatic weed problems have been studied by the Aquatic Weeds section of 
MAF (now part of NIWA, Hamilton). 

10) More recently Rutherford et al  have investigated the use of artificial and 
natural wetlands to strip nutrients. 

11) Rutherford, Elliot et al have also developed land use and catchment models 
to characterise nutrient losses from individual land uses and catchments, and 
this work is continuing. 

It can be seen from this brief list that a large amount of work has been done to 
understand the processes that are causing the nutrient enrichment and algal 
problems in Lakes Rotorua and Rotoiti.  This provides a firm foundation for the 
current work that EBOP is doing and many of the management measures that are 
now being contemplated. 

5.2 Historical lake and nutrient targets 

EBOP adopted lake water quality targets in the 1980s based, in the case of Lake 
Rotorua, on the acceptance that the water quality in the 1960s did not give rise to 
significant public concern.  At the same time, the decision was made to divert treated 
sewage away from the lake as it was contributing 50% and 25% of the total (sewage 
plus catchment) load of total phosphorus (TP) and total nitrogen (TN) respectively.  

The nutrient targets that were set are shown in Table 3 with the assumption that the 
catchment nutrient loads would remain steady. 
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Table 3.  Total Phosphorus and Total Nitrogen Annual Load Targets for Lake 
Rotorua 1985 

Nutrient Sources Total Phosphorus Target 
(Tonnes P per Year) 

Total Nitrogen Target 
(Tonnes N per year) 

Sewage Loads 3.0 30.0

Catchment Loads 34.0 405.0

Total Target Loads 37.0 435.0

 

As well as absolute targets, it is important to consider the N:P ratio as this can 
determine the type of algal blooms that can occur.  Current thinking (Professor David 
Hamilton pers comm) is that this ratio should be greater than 22:1 in the water body 
to prevent N limitation and the formation of nitrogen fixing blue-green algal blooms.  
This can be compared to an N:P ratio of about 1:12 for the catchment load targets in 
Table 3.  The current N:P ratio in the lakes and its significance is discussed later. 

These load targets are for both nitrogen and phosphorus and as discussed later it is 
important for both of these nutrients to be reduced, as well as managing the N:P 
ratio.  This is because in phosphorus-limited systems - and at various times during 
the year even in nitrogen-limited systems - other algae blooms such as diatoms and 
dinoflagellates can occur and cause problems like reduced water clarity. 

Targets for the Trophic Level Index have already been discussed in section 3.5 and 
are 4.2 for Lake Rotorua and 3.5 for Lake Rotoiti. 

5.3 Key issues for management 

A number of key issues for management arise from the monitoring and investigations 
that have been undertaken for Lakes Rotorua and Rotoiti and these are summarised 
below. 

Sewage disposal 

Since 1991, sewage disposal has been by spray irrigation on pine forest in the 
Whakarewarewa Forest at the headwaters of the Waipa Stream.  Monitoring of the 
stream since 1992 showed that N and P levels gradually rose to about 4 tonnes per 
year of total P and about 55 tonnes per year of total N in late 2001, exceeding the 
targets in Table 3. 

It was originally intended that wetlands in the spray irrigation area would strip 
nutrients, but it appears that the spraying was too intense in each sub-area and the 
residence times too short in the wetlands for the nutrient stripping to be effective.  
Changes to the spray irrigation to reduce the time of application in each sub-area to 
160 minutes appear to have markedly reduced the inputs of P and N into the Waipa 
Stream and hence into Lake Rotorua. 

The implications for short-term management are discussed in section 7. 
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Septic tanks 

Many lakeside settlements and holiday homes have septic tanks that have been 
shown to leach nutrients via groundwater into the lakes.  This can cause localised 
nutrient enrichment and problems in some bays and lakeside areas. 

These problems have been recognised by EBOP and RDC and priority areas will be 
connected to reticulated sewerage for treatment. 

Lake water quality 

As noted in section 3.5 and as shown in Kit Rutherford’s paper (Ref 4), the TLI for 
Lake Rotorua does not show an overall increasing or decreasing trend from 1970 to 
2002.  It has not changed significantly since 1970, although some short-term 
variations can be seen with changes in sewage disposal and a long period of 
stratification in the lake over the summer of 1969-70.  This is in contrast to public 
perceptions that water quality is steadily decreasing and indications that lake total 
nitrogen and total phosphorous concentrations are steadily increasing.  On the other 
hand, David Hamilton’s analysis of the long-term monitoring data using anoxia as an 
indicator does show a decreasing trend in water quality over a period of 50 years, 
especially in Lake Rotoiti. 

Stream nutrient concentrations 

Williamson et al showed in 1996 that the Kaituna Catchment Control Scheme had 
resulted in a decrease in total P and particulate N, but that total N had not changed 
because of an increase in soluble N (nitrate).  This trend is supported by the 
monitoring of streams in the other Lake Rotorua catchments from the late 1960s to 
2003, although as Rutherford points out (Ref 4), some caution must be observed in 
comparing the data from the various studies. 

The overall conclusion from Rutherford’s analysis is that stream nitrate 
concentrations in eight of the nine Lake Rotorua catchments have steadily increased, 
while total P concentrations have remained relatively steady.  This increase of nitrate 
relates predominantly to base-flow, which a number of studies have shown 
contributes approximately 90% of the flow and a large proportion of the nutrient 
inputs to Lake Rotorua.  Rainfall and stream-flow variations have been considered 
but further work may be needed to fully quantify the variations in the nutrient 
concentrations they cause.   

Table 4 taken from Rutherford shows the stream names, monitoring sites, codes and 
base-flows for each of the nine catchments. 

       40

628 of 1008



Table 4.  Stream names, codes and mean base-flow 

 

Stream Site Code Fish 

1968-
1970 

m3/s 

Hoare 

1976 

m3/s 

Williamson 

1987-89 

m3/s 

EBOP 

1991-
2003 

m3/s 

Awahou Hamurana 
Road Bridge 

AWA 1.79 1.66  1.57 

Hamurana Hamurana 
Road Bridge 

HAM 2.96 3.08  2.48 

Ngongotaha Town Bridge NGO 2.29 1.98a 1.38 1.94 

Puarenga Forest 
Research 
Institute 

PUA 1.92 2.05  1.89 

Utuhina Lake Rd Bridge UTU 2.22 2.04  1.77 

Waiohewa Rangiteaorere 
Road Bridge 

WHE .48 .41  .33 

Waingaehe Walkbridge at 
SH 30 

WNG .29 .27  .24 

Waiteti Arnold Street 
Walkbridge 

WTT 1.51 1.39  .96 

Waiowhiro Aquarius Drive 
Recorder 

WWH ND .41  .32 

a1.79 m3/s over the whole study 1976-78 

The Waiohewa is a ‘hot’ stream receiving geothermal flow from the Tikitere 
geothermal field.  It has historically been characterised by high ammonium 
concentrations that are progressively oxidised to nitrate between Tikitere and the 
lake, and provides an opportunity for short-term management which is discussed in 
section 7.   

Springs flowing into the Waingaehe, Hamurana and Awahou Streams have relatively 
high concentrations of phosphorus and also provide opportunities for short-term 
management, but similar springs flow into most of the other main streams.  
Hamurana is especially significant for short-term management as it contributes nearly 
25% of the total phosphorus load. 

Rutherford’s draft report shows that phosphorus loads have not varied significantly 
over the period of monitoring, but that there are relatively high Dissolved Reactive 
Phosphorus loads in the Waingaehe, Hamurana and Awahou streams.  This form of 
phosphorus is readily available for algal growth and reductions in concentrations in 
these streams provide opportunities for short-term management. 
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Rutherford’s draft report also shows the high ammonium concentrations in the 
Puarenga Stream, which have been discussed earlier, and the increasing trend in 
nitrate in all but the Waiohewa Stream, which is of real concern and has significant 
management implications. 

Groundwater and its relationship to nutrient concentrations 

Groundwater plays a dominant role in transporting nutrients from the catchments into 
the lakes, mostly via supply to the streams.  Some of the volcanic soils are quite 
porous, so that water flows off land uses like dairying and can move down into the 
soil from recharge areas into relatively deep aquifers.  These often reappear years 
later as springs flowing into streams or directly into lakes. 

Aging of these deep groundwater flows shows they are up to 50 to 70 years old, 
indicating that the high nitrate concentrations in the streams have come from 
changes in land uses 50 to 70 years ago.  EBOP is undertaking work to identify 
younger groundwater to determine the nitrate concentration trend for more recent 
land-use changes.  This is important work that has significant implications for the 
medium- and longer-term management measures that focus on changing or 
modifying existing land uses. 

Shallow groundwater generally flows laterally to the nearest stream and can also 
carry nutrients, especially nitrate.  Together, these two groundwater flows provide 
nearly all of the stream base-flows and hence a significant fraction of the total 
nutrient inputs to the two lakes. 

Storm-flows 

While storm-flows appear to only contribute about 10% of the total flows and are 
more difficult to manage than base-flows, they may be important in causing algal 
blooms because of a relatively large input of nutrients over a short period.  
Subsequent weather conditions, especially in late spring, summer and autumn with 
sunshine and low wind speeds, could cause algal blooms including toxic blue-greens. 

These ‘event’ driven blooms are common in other water bodies around the world and 
may occur in Lakes Rotorua and Rotoiti, but there is not enough information to 
determine if this is the case.  Storm-flows may also be comparatively important in 
transporting sediment-bound phosphorus to the lakes. 

Catchment nutrient loads, lake water quality and the N:P ratio 

Rutherford (Ref 4) has used data from a number of the studies and the trends in the 
nitrate concentrations to estimate nutrient loads to Lake Rotorua. 

Rutherford’s draft report clearly shows the increasing trend in total nitrogen and a 
steady trend in total phosphorus.  The former is concerning and has significant 
implications for management.  The latter must not be ignored as it will be important to 
reduce both phosphorus and nitrogen. 

The total load of nitrogen is about 700 tonnes per year and that of phosphorus is 
about 35 tonnes per year.  This produces an N:P ratio for catchment inputs of about 
20:1, although this is somewhat artificial as it is the ratio of N:P in the water column 
when an algal bloom occurs that is important. 
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Rutherford (Ref 4) elegantly analyses the effect of nutrient concentrations on lake 
water quality, particularly chlorophyll a and observes that some of the variations from 
model predictions could be due to factors other than catchment inputs, such as 
internal nutrient loads and nutrient cycling. 

Rutherford has a figure in his draft report showing the ratio of annual average total N 
to total P in Lake Rotorua from 1970 to 2002.  The N:P ratio is around 10 although 
there are some higher values from 1996 to 1999.  As noted earlier, the N:P ratio in 
the water column at the time of an algal bloom may be more important than an 
annual average. 

The difference between the catchment inputs may reflect inflows that have not been 
gauged but is more likely to reflect preferential loss of nitrogen from the lake, 
presumably through denitrification of oxidised nitrogen.  This is important as it 
suggests that the denitrification process may play a key role in the proportion of 
blue-green algal blooms. 

Internal nutrient loads 

Internal nutrient loads may be similarly as important to algal blooms as external 
loads, especially over the summer period when stratification of Lake Rotorua 
happens and blue-green blooms are more likely to occur.  In an average year, Lake 
Rotorua stratifies for periods of two to 10 days on several occasions each summer, 
although in the unusually calm and hot summer of 1969-70, it stratified for 20 to 40 
days.  Lake Rotorua is generally well mixed for the remainder of the year being 
relatively shallow (20 metres in the deeper basin with a mean depth of 8.9 metres) 
when compared to Lake Rotoiti (40 to 90 metres with a mean depth of 33 metres).  
The fold-out diagram in Appendix 3 shows these differences in depth along a 
transect of both lakes. 

Lake Rotoiti is strongly stratified from about November to March and, as discussed 
earlier, the bottom layers are severely de-oxygenated (anoxic).  During these 
stratification events, nutrients, particularly phosphorus, are released from the 
sediments and may become available for algae growth.  This aspect is not well 
understood, particularly as to the amount of nutrients that may move out of the 
hypolimnion to become available for algal growth.  This is a key question that needs 
further understanding for both short- and longer-term management. 

In Lake Rotorua the nutrients and algae can be transported through the Ohau 
Channel into Lake Rotoiti and add to the nutrients and algae already in that system. 

Rutherford (Ref 4) has graphed the data for internal loads in Lake Rotorua from the 
existing monitoring data, which on limited data, suggests annual average loads of 
total phosphorus in the range of 10 to 15 tonnes and of total nitrogen of around 150 
tonnes.  Rutherford estimates that the internal loads will continue to supply nutrients 
for at least 20 years even if the external loads were reduced to the targets. 

Professor Hamilton and a PhD student have been carrying out further work on this 
important topic and believe the internal loads could be considerably higher in Lake 
Rotorua perhaps around one half of the external loads.  In other work, Professor 
Hamilton has shown that a significant fraction of the soluble nitrogen released from 
the lake bed in Lake Rotoiti is denitrified and lost from the system, thus lowering the 
N:P ratio. 
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Rutherford (Ref 4) reports the ratio of N:P from internal loads in Lake Rotorua as 4-
5:1, which is quite low when compared to the ratio of about 22:1 to minimise or 
eliminate blue-green blooms.  When coupled with the denitrification occurring in Lake 
Rotoiti, there is a clear disposition towards N limitation and nitrogen-fixing algal 
blooms in Lake Rotoiti over summer. 

A better understanding of these processes is essential for management of algal 
blooms and this is discussed further in section 7. 

The Ohau Channel and flows into Lake Rotoiti 

It has already been stated that Lake Rotoiti is closely linked to Lake Rotorua with 
greater than 70% of the nutrients, along with sediments and algae, flowing through 
each year.  Some work has been done on the fate of these flows as noted at the 
beginning of this section, but more work is needed to reach the necessary  
understanding to trial management options involving diversion of the channel. 

Work by Vincent, Gibbs and Spigel, particularly in 1981-82, has shown that in winter 
(for approximately two-thirds of the year) the colder Lake Rotorua water flows into the 
bottom of Lake Rotoiti bringing oxygen, nutrients and particulates.  It is believed that 
this winter ‘underflow’ has a benefit by bringing oxygen-rich water into the bottom 
waters of Rotoiti, particularly when the lake is stratified in spring and autumn, and 
therefore that any diversion during this period should be very carefully considered. 

In summer, the limited evidence (primarily the studies using dye tracers in 1981-82) 
is that the warmer ‘overflow’ predominantly flows into the western arm of Lake Rotoiti 
and into the Kaituna River.  More recent ideas are that there may be other warmer 
water flows into the surface layers (interflows) of Lake Rotoiti with concurrent 
transport of nutrients and algae at the best times for blue-green algal blooms (Max 
Gibbs, Noel Burns and Paul Scholes – pers comm). 

A further complication is that the Ohau inflow is generally two to three degrees 
Celsius warmer when Lake Rotorua stratifies and hence is likely to be a surface 
overflow rather than an interflow. 

Diversion and/or management of the Ohau Channel is a management option that has 
been considered for a number of years, but the lack of an adequate understanding of 
the processes discussed above is a major block to any trials. 

Algal dynamics and succession 

Rutherford’s report (Ref 4) and the Rotorua Lakes Water Quality 2002 report both 
show considerable variations in chlorophyll a levels in Lakes Rotorua and Rotoiti.  
Some of the variations can be explained by the sewage diversion and increases in 
catchment nitrate loads, but other peaks are clearly related to shorter-term events 
(like stratification and destratification episodes) causing nutrient peaks in Lake 
Rotorua, which may be transported to Lake Rotoiti.   

Depending on the time of the year and the weather conditions, these ‘events’ will 
provide opportunities for particular algae to bloom.  In summer, especially in Lake 
Rotoiti, the result may be toxic blue-green algal blooms.   These event-driven algal 
blooms are common in other parts of the world and effectively managing them 
requires an understanding of the events and processes that cause them. 

In turn, this usually requires detailed monitoring of the processes and the succession 
of algae that bloom over the seasons.  More intensive studies may also be needed to 

       44

632 of 1008



understand particular processes or interactions.  So, for example, the blue-green 
algal blooms may have started from bottom sediment spores or living cells carried 
from Lake Rotorua, which bloomed in the western end of Lake Rotoiti and were then 
transported to the eastern end of the lake by wind or water currents. 

Unfortunately, there is not adequate monitoring data to determine what happened, 
although there is good anecdotal evidence that the main blooms started in the 
western end of Lake Rotoiti.  A better understanding of these processes is needed to 
focus management measures, but even with the existing knowledge some cosmetic 
management measures could be trialled. 

6 RECOMMENDATIONS FOR SHORT-TERM MANAGEMENT MEASURES 
AND BETTER SYSTEMS UNDERSTANDING 

In a number of cases, there is enough information available to start investigating 
management options now, although in most cases there will need to be engineering 
evaluations and design.  In other cases, there is not enough information available to 
support short-term management options and recommendations are made for urgent 
monitoring and investigations to fill critical information gaps. 

Based on the detailed discussions and information provided to the author, there are a 
number of short-term and medium-term (one to four years) management options that 
can be implemented, some within one to two years and some, which will depend on 
further vital information in two to four years.  There are also some cosmetic 
management measures that can be implemented if further blue-green blooms occur. 

Most of the recommended management measures support the ideas and directions 
that are already being pursued by EBOP and RDC.  Hopefully, this report will help 
prioritise and programme these management measures and any new ones that are 
recommended.  It should also be noted that a number of management measures will 
require formal resource consents and that these processes will lengthen the time in 
which they can be implemented.  

6.1 A whole systems approach 

Appendix 3 is a fold-out diagram which shows Lakes Rotorua and Rotoiti in cross 
section and an idealised catchment flowing into Lake Rotorua.  Processes by which 
nutrients flow from the catchment into the lake are shown as well as the processes 
by which the nutrients cycle within the lakes and become available for macrophyte 
and phytoplankton growth.   

It is important to consider and understand all of these processes in so far as they 
lead to the most cost-effective and efficient management measures.  Building 
understanding and implementing management measures should be adaptive, so as 
sufficient understanding is gained, management measures are trialled and then 
implemented. 

Each stage is a learning process where understanding and management is 
improved.  Management of complex natural systems can never be left with the 
expectation that it will work ‘forever’.  Even when successful and resilient 
management is implemented, it must be monitored and fine-tuned if needed.  If 
significant changes occur in the natural system, through climate or other influencing 
processes, larger changes or alterations to management may be needed. 
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Taking a whole-systems approach also helps all of the stakeholders and partners see 
their part, when they need to be involved and why certain things are being done at 
different times.  In particular, the various stages of moving to management, including 
when studies need to be done to improve understanding, can be set into a ‘project 
management’ and time sequence.   

This helps all stakeholders understand that some things can be done relatively 
quickly but that other things will take a while because they are more complex or 
difficult.  The more organised amongst us can prepare flow charts and Gant charts to 
show the sequencing and timing of the different steps to reach agreed goals, outputs, 
targets and outcomes. 

It is this context into which the recommendations for short-term understanding and 
management fit.  The recommendations are divided up into understanding and 
managing the catchments, and understanding and managing the lakes. 

6.2 Understanding the catchments 

Understanding the nutrient sources 

As discussed earlier, considerable work in the form of monitoring and investigations 
has been done on Lakes Rotorua and Rotoiti over the last 35 years.  Even so, there 
is still an incomplete understanding of some key processes, including a more detailed 
understanding of particular nutrient sources. 

It is clear that there are a number of springs that contribute relatively high levels of  
phosphorus and/or nitrogen from various land uses and natural sources.  At least 
three springs contribute significant loads of phosphorus, namely Waingaehe, 
Hamurana and Awahou. As well, there are geothermal inputs that contribute 
significant amounts of nutrients, such as the Tikitere geothermal field.   

There will be other specific sources of nutrients such as leakage from the sewage 
spray irrigation area, septic tanks and dairy sheds.  All of these nutrient sources 
should be characterised so that those that are ‘point sources’ are identified.  These 
will be the easiest to tackle as opposed to the more diffuse sources such as fertiliser 
leakage and nutrients coming from grazing stock. 

A general rule in catchment management is to tackle the easiest and highest level 
nutrient sources first.   

Recommendation 3: That as far as practicable, monitoring should be extended 
into the catchments and sub-catchments with the highest nutrient inputs to 
characterise any ‘point’ sources that may become a priority for management. 

Monitoring and modelling the catchments  

Catchment monitoring can be expensive, but it is generally much less expensive than 
implementation of management measures.  It is therefore important to have 
monitoring systems in place that show with statistical validity and good confidence 
levels whether the management measures are working or not, especially in the 
catchments and sub-catchments that are contributing the most nutrients.  These type 
of monitoring systems also allow shorter-term targets to be set that communities can 
see are being achieved and which can then be celebrated.  Such a monitoring 
system has been developed by the Western Australian Department of the 
Environment in partnership with the US Geological Survey and should be tested for 
its suitability in the Lake Rotorua catchments. 
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Recommendation 4: EBOP should work with the Western Australian 
Department of the Environment to investigate the use of its catchment 
monitoring system in the Lake Rotorua Catchments to measure the efficacy of 
catchment management measures. 

Catchment modelling can be useful in transferring understanding of catchment 
processes between similar land uses and land types, and in calculating nutrient 
losses from various land uses where the processes are well understood and the 
nutrient losses have been accurately calibrated.  They can be used at different scales 
from a single farm to sub-catchments to full catchments, and if used well, can save 
considerable resources and time. 

NIWA has developed a good model for nutrient loss management at the farm level 
for the Rotorua lakes, and has developed sub-catchment and catchment models for 
other situations.  NIWA (Ref 5) is also involved in a project to develop ‘a new 
catchment model for use by non-specialists’. 

Recommendation 5: EBOP should consider developing a simple catchment 
model that can be cooperatively used by landowners and community groups to 
see how nutrients move through their catchments as a aid to understanding 
how they can be managed. 

Another very important issue for catchment management in the Lake Rotorua 
catchments is the increasing levels of nitrate in most of the streams coming from 
deeper groundwater that is 50 to 70 years old.  It is not clear, with more recent 
changes in land use, whether these concentrations will continue to increase or reach 
a plateau.  Equally, if changes are made to reduce nitrate losses, it is not clear how 
quickly stream concentrations will decrease and what the new equilibrium 
concentrations will be. 

While consideration of this aspect is not strictly to do with short-term management, it 
is seen as so important that some comment should be made.  While EBOP has 
started work on aging younger groundwater in streams it would be useful to build on 
work that is being done for Lake Taupo to develop a ‘mid-level catchment model’. 
This ‘model’ should be relatively simple and would enable managers to estimate how 
land-use changes in the past have affected stream nutrient concentrations (a reality 
check) and how proposed land-use changes and/or mitigation measures will affect 
them in the future.  

A parallel benefit would be that some hydrogeological work would need to be done to 
check the age and chemistry of the deeper groundwater to calibrate the model.  This 
would be of considerable benefit in its own right as it would throw light on the issue of 
nitrate concentrations (and other nutrient concentrations) in the younger 
groundwater. 

Recommendation 6: EBOP should consider carrying out hydrogeological 
investigations to determine the chemistry of the younger and deeper 
groundwater and use this and other information to develop a ‘mid-level 
catchment model’, to enable land managers to estimate how proposed 
land-use changes and/or mitigation measures will modify nutrient 
concentrations in the deeper groundwater. 

Storm-flows 

While storm-flows do not carry as much of the nutrient load to the lakes as the 
stream base-flows they can carry significant quantities of nutrients over short periods.  
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Work in Western Australia has shown that the heaviest nutrient and carbon loads are 
typically found at the beginning of a stormflow and during summer and autumn 
periods when there is little rainfall and flow in streams and drains.  These summer-
autumn ‘events’ often cause algal blooms, with the severity depending on the exact 
nature of the event. 

No clear patterns of nutrient inputs have been determined for storm-flows into Lake 
Rotorua although there have been several studies that have considered storm-flows.  
Therefore, it is not clear if storm-flows, especially in late spring, summer and autumn 
cause algal blooms, but they may play a role along with internal loads of nutrients, in 
causing particular blooms.  It may be important to clarify whether storm-flows during 
these times have any causative role in initiating or prolonging the blue-green blooms. 

If this is the case, there are a number of well-proven management measures, such 
as stormflow diversions and wetland detention basins, that may be used to manage 
these events, and EBOP and RDC have considerable experience with these types of 
measures. 

Recommendation 7: EBOP and RDC should carry out more detailed monitoring 
of storm-flows into Lake Rotorua, especially in the late spring, summer, 
autumn period to determine if these ‘events’ are initiating or prolonging blue-
green blooms. 

6.3 Short-term catchment management options 

Tools for nutrient management – Phoslock and other ‘benign’ nutrient stripping 
materials 

There are a number of tools for reducing nutrients that will have application in the 
catchments and in the lakes.  These include the use of alum, calcium carbonate, and 
various minerals to absorb or modify nutrients.  EBOP is trialling a number of these 
substances.  This is to be applauded and should be continued to add to the number 
of tools in the ‘nutrient management toolbox’. 

Another useful material that has been developed in a partnership between the 
Western Australian Department of the Environment and the CSIRO is Phoslock, a 
patented, modified clay that irreversibly absorbs phosphorus in virtually all natural 
situations, and requires relatively small quantities to be effective.  EBOP has already 
obtained small quantities of Phoslock and is proposing to trial it when the 
Environmental Risk Management Authority (ERMA) approval has been granted and 
resource consents obtained. 

Trials in Western Australia in freshwater systems have proved promising and when 
used in conjunction with oxygenation, Phoslock has changed some N limited systems 
to P limited and eliminated blue-green blooms.  It therefore seems appropriate for 
EBOP to form a closer partnership with the Western Australian Department of 
Environment to conduct joint trials and exchange information and ideas.  Phoslock in 
various forms could be used to cost-effectively strip phosphorus in stream 
base-flows, springs and artificial and enhanced wetlands. 

Recommendation 8: That EBOP approaches the Western Australian 
Department of the Environment to form a partnership to jointly trial and 
develop Phoslock for nutrient stripping in catchments and water bodies, 
separately and in conjunction with other nutrient management methods. 
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A number of allophanic soils in the Rotorua area are similar to the bentonite clays 
used as the substrate for Phoslock and have strong phosphorus retention 
characteristics.  These soils should be tested for use in wetlands and other situations 
(along with other benign materials for phosphorus stripping) tested for their suitability 
as a substrate for the rare earth used in Phoslock. 

Care should be taken with the use of such materials that release of nutrients does 
not occur under anoxic conditions.  EBOP is already testing these types of materials 
and recommendation 10 supports continuation of this work as a key measure for 
short- and longer-term management. 

Recommendation 9: EBOP should investigate the use of allophanic soils and 
related clays for use in stripping phosphorus and as a substrate for 
preparation of Phoslock.  Work should continue on the use of other benign 
materials such as alum. 

High phosphorus springs 

As noted earlier, a number of deep groundwater springs contain elevated levels of 
phosphorus, which enter Lake Rotorua in a number of the main streams.  These are, 
in effect, ‘natural point sources’ and an earlier recommendation was that all of the 
deep groundwater springs should be characterised as to their nutrient inputs. 

Three streams in particular contribute higher levels of phosphorus from the springs 
that enter them: Waingaehe, Hamurana and Awahou.  It is understood that EBOP is 
considering phosphorus stripping from these streams and this should be treated as a 
high priority short-term management measure. 

Recommendation 10: That EBOP urgently investigate options to strip 
phosphorus from streams that have high levels of phosphorus coming from 
springs and other sources, starting with the Waingaehe, Hamurana and 
Awahou streams. 

Geothermal nutrient inputs 

Geothermal waters enter both the catchments and the waters of Lakes Rotorua and 
Rotoiti and could add significant amounts of nutrients.  An earlier recommendation 
was that the catchment geothermal flows be characterised to quantify their nutrient 
inputs.  As noted earlier, the Tikitere geothermal field injects about 30 tonnes of 
nitrogen, mainly as nitrate, into Lake Rotorua via the Waiohewa stream.  It is 
understood that EBOP and RDC intend to divert this flow into the reticulated 
sewerage when it is extended.  This will quickly and easily reduce a significant 
source of nitrogen and should be implemented as a high priority. 

Recommendation 11: That EBOP and RDC divert the flow from the Tikitere 
geothermal field to the Rotorua District Sewage Treatment Plant if practicable, 
or to some other suitable location such as the Kaituna River if acceptable. 

Rotorua Land (Sewage) Treatment Site (RLTS) 

As noted earlier, changes to the spray irrigation of treated sewage onto pines in the 
Whakarewarewa Forest appear to have initially been effective in reducing nutrient 
inputs to Lake Rotorua via the Puarenga Stream.  However, it is not known what 
effect increased volumes of effluent from increasing populations and extension of the 
reticulated sewerage scheme will have. 
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Previous NIWA work at the Rotorua Land Treatment Site (RLTS) under the higher 
spray regime showed springs formed and the short soil-water contact times and 
preferential pathways through the wetlands markedly reduced the nutrient stripping 
capacity, especially removal via denitrification.  NIWA has also done work (Refs 6 & 
7) to show how the RLTS and other wetlands could be made more efficient at 
nutrient stripping simply and at relatively low cost. 

The RLTS is a good way to reduce nutrients entering Lake Rotorua and, given the 
likely relatively low cost of nutrient removal, load targets of zero should be set for 
nitrogen (N) and phosphorus (P), rather than the existing targets of three tonnes of 
total P per year and 30 tonnes of total N per year.  Repeat studies should be done of 
the nutrient stripping processes under the new spray regime and, if necessary, the 
wetlands within and downstream of the RLTS should be modified to increase their 
nutrient stripping capacity. 

Recommendation 12: That EBOP and RDC establish a zero target for nutrient 
inputs from the RLTS to Lake Rotorua. 

Recommendation 13: Repeat studies of the nutrient stripping processes and 
pathways at the Rotorua Land Treatment Site should be undertaken under the 
new spray regime to determine the nutrient stripping effectiveness.   

Recommendation 14: Wetlands within and below the Rotorua Land Treatment 
Site should be modified if necessary to strip any residual nutrients ‘leaking’ 
from the spray irrigation areas. 

Recommendation 15: The RDC should continue to monitor nutrient levels 
above and below the Rotorua Land Treatment Site to measure its efficiency at 
stripping nutrients, particularly if spray volumes are increased to cope with 
increasing population or inputs from newly reticulated areas. 

Wetlands and stream base-flows 

Previous work, as discussed earlier, has shown that stream base-flows carry about 
90% of the nutrients into Lake Rotorua.  NIWA, in work for EBOP, has studied the 
use of constructed and ‘enhanced’ natural wetlands to strip nutrients (see, for 
example, Ref 8) and has developed methodologies for using these wetlands in the 
catchments of the Rotorua lakes.  An earlier recommendation was that all of the 
catchment nutrient inputs be characterised and prioritised for management. 

All opportunities to use wetland stripping in the Lake Rotorua catchments should be 
identified, especially where there are streams with high nutrient base-flows.  As 
EBOP has identified the streams entering Lake Rotorua that have high levels of 
nutrients, a further step for short- and medium-term management is to identify the 
best opportunities for wetland stripping. 

Recommendation 16: That EBOP identifies opportunities for constructed and 
enhanced natural wetlands to strip nutrients in the catchments and on the 
foreshores of Lake Rotorua and, as a high priority, construct or enhance such 
wetlands where there are opportunities to intercept high nutrient level base-
flows. 
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Best management practices for point sources 

An earlier recommendation covered the need to characterise the higher nutrient 
sources in the catchments, especially ‘point sources’.  Another recommendation was 
the use of constructed and enhanced natural wetlands to strip nutrients from the 
base-flow in streams with high nutrient loads.  There are a number of ‘Best 
Management Practices’ (BMPs) for stripping nutrients from other point sources such 
as dairy sheds and piggeries.  In the longer term, such BMPs will need to be used for 
diffuse sources such as pasture and stock and EBOP is already using a number of 
BMPs such as riparian retirement. 

In the short-term useful reductions of nutrients may be achieved by the use of proven 
BMPs for smaller point sources.  A particular BMP that is widely used in Australia for 
sites that are difficult or too costly to provide sewage reticulation are Alternative 
Treatment Units (ATUs) to replace septic tanks and leach drains.  Where nutrients 
are a problem, nutrient stripping modules are added to the ATU. 

Compliance is guaranteed by certification and registration of particular ATU systems 
by state authorities, and approvals and management contracts through local 
government authorities for installation and maintenance.  These ATUs should not be 
seen as replacement for reticulated sewage in the areas already identified by EBOP 
and RDC but they could be considered in sensitive areas where reticulated sewage 
is too costly or too difficult. 

Recommendation 17: EBOP and RDC could consider the use of certified and 
contractually managed Alternative Treatment Units with nutrient stripping 
capacity in nutrient sensitive areas where reticulated sewerage is too costly or 
too difficult. 

6.4 Understanding the links between the catchments and the lakes – nitrogen 
and phosphorus loads and the N:P ratio 

Nitrogen and phosphorus loads and targets, and the concept of resilience 

Work by NIWA for EBOP by Rutherford (Ref 4) has summarised previous studies 
and produced target loads for nitrogen and phosphorus from the catchments of Lake 
Rotorua.  Two of Rutherford’s tables have been combined in Table 5 in this report 
and this table is reproduced as a fold out in Appendix 4 for ease of reference.  In 
summary, Rutherford estimates that the 2002 annual catchment input is 35 tonnes of 
phosphorus (compared to a target of 37 tonnes) and 692 tonnes of nitrogen 
(compared to a target of 435 tonnes). 

However, this does not include raw sewage, presumably from septic tanks and 
internal loads in Lake Rotorua, which Professor Hamilton estimates could be at least 
half of the catchment loads.  It also assumes that the inevitable growth around the 
lakes will not contribute any more nutrients so that little or no resilience (or capacity 
for the systems to cope with change) is built into the targets.  Further, it does not take 
into account the processes and internal loads in Lake Rotoiti which add to the loads 
from Lake Rotorua to produce problems like the blue-green blooms. 

It must be said however, that Dr Rutherford’s paper that has kindly been made 
available for this report, is a draft and his conclusions and recommendations could 
change.  Nevertheless, further work should be done to improve the understanding of 
the relationship of the Lake Rotorua catchment and internal nutrient loads to Lake 
Rotoiti’s nutrient concentrations over the year, but especially over the late spring, 
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summer and autumn period when blue-green blooms appear.  This is discussed 
further in the next sections and specific recommendations are made. 

Even without this fuller understanding of the processes that cause algal blooms in the 
lakes the approach in the short-term should be to reduce both phosphorus and 
nitrogen, so that interim catchment targets below those in Table 5 should be set.  It is 
hard without the necessary further studies that are recommended in this report to set 
firm figures, but a 25% reduction for both nutrients should not cause any problems in 
the short-term. 

Recommendation 18: That EBOP continues to support investigations that are 
aimed at clarifying the relationships between catchment and internal lake 
nutrient loads, lakes water quality and algal blooms. 

Recommendation 19: That EBOP focuses in the short-term on investigations 
that will set clear targets for: 

• an annual total catchment load for Lake Rotorua for phosphorus and 
nitrogen that builds in capacity for future development around the lake 

• annual catchment phosphorus and nitrogen load targets for each of the 
main Lake Rotorua catchments 

• internal lake phosphorus and nitrogen load targets for Lakes Rotorua 
and Rotoiti 

• annual average stream phosphorus and nitrogen concentration targets 
for each of the nine Lake Rotorua catchments 

• annual average lake water quality phosphorus and nitrogen 
concentration targets for Lakes Rotorua and Rotoiti.  

The nitrogen to phosphorus ratio 

As discussed earlier, the ratio of nitrogen to phosphorus (N:P ratio) is critical in 
determining the types of algae that will bloom in most types of water bodies, from 
oceans to estuaries, rivers and freshwater lakes.  Current thinking is that the N:P 
ratio should be above about 22:1 to prevent blue-green booms. 

This is because below this ratio the system becomes ‘nitrogen limited’ and 
phytoplankton, like blue-green algae that can fix nitrogen from the air, are therefore 
favoured.  Furthermore, most species of blue-greens are more efficient at utilising 
nitrogen, hence even non nitrogen-fixers such as Microcystis are favoured at low N:P 
ratios. 

If the ratio is greater than 22:1 there is more than adequate nitrogen and the system 
becomes phosphorus limited.  This favours phytoplankton that are less efficient at 
utilising nitrogen, typically diatoms and green algae.  Some of these algae can also 
cause severe problems, so just shifting a system from nitrogen limited to phosphorus 
limited is not always the best solution, although it must initially be a priority in Lakes 
Rotorua and Rotoiti. 

The situation in many water bodies becomes more complex because they can ‘flip’ 
from being nitrogen limited to phosphorus limited during a year, so any management 
measures need to be tailored to both situations.  In Lakes Rotorua and Rotoiti it is 
known that the N:P ratio varies between 5 to 15:1 although it has gone as high as 
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19:1.  The current target for the N:P ratio is 15:1(John McIntosh pers comm.), which, 
according to Professor Hamilton, may be too low to prevent blue-green blooms.   

There is not enough information to say whether the lakes flip from being nitrogen 
limited to phosphorus limited during the year, but the situation in both lakes puts 
them in a category where either nitrogen or phosphorus could be limiting.  This subtle 
balance makes it difficult to say whether one or the other nutrient is truly limiting 
without bioassay studies. 

Thus, it is most important to reduce excess levels of both phosphorus and nitrogen, 
and manage the N:P ratio to prevent blooms of phytoplankton that cause problems.  
In the case of Lakes Rotorua and Rotoiti, the priority should be on reducing or 
eliminating blue-green blooms, so the N:P ratio should be about 20-22:1 or greater, 
especially over the late spring, summer and autumn period. 

While such ‘numerical’ targets are important, the overall water quality and state of the 
lakes must not be forgotten through ‘lake health’ indicators like the TLI, which cover 
water clarity as well as nitrogen and phosphorus levels. 

Recommendation 20: That EBOP focuses as a priority in the short-term on 
studies and investigations leading to management measures that reduce lake 
total nitrogen and lake total phosphorus concentrations and produce a high 
N:P ratio of 20-22:1 or greater in Lakes Rotorua and Rotoiti, especially during 
the late spring, summer and autumn period.  

6.5 Understanding the lakes 

Internal loads from sediment resuspension events 

Many of those who have studied the lakes have emphasised the importance of the 
internal nutrient loads that are released when the lakes stratify and destratify.  
Recent work by Professor Hamilton and a PhD student is showing that these loads 
could be quite high, at least half of the catchment loads.  Dr Rutherford in his most 
recent work concludes that the internal loads have always been, and will remain, a 
feature of the lake.  However, if external loads can be reduced then internal loads 
can be expected to become less frequent and smaller, although it could take at least 
20 years for such reductions to become apparent in Lake Rotorua based on known 
release coefficients and modelling. 

The situation is complicated with Lake Rotoiti because it gets a lot of its nutrients 
from Lake Rotorua through the Ohau Channel as well as nutrients from internal 
loadings during stratification, which are recycled during  destratification.  Lake Rotoiti 
also has geothermal inputs, which are discussed below. 

Another important factor in Lake Rotorua is resuspension of the sediments by 
stronger winds, which can then be transported through the Ohau Channel especially 
with the dominant summer westerly winds.  There needs to be a better understanding 
of both the frequency of stratification-destratification and resuspension events in 
Lake Rotorua to focus short-term management measures.  This can best be 
achieved by further monitoring and hydrodynamic modelling of both the 
deoxygenation-nutrient release and sediment resuspension events for a range of 
meteorological conditions. 
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Recommendation 21: That EBOP focuses in the short-term on monitoring of 
the stratification and destratification, and sediment resuspension events over 
the most common meteorological conditions in Lake Rotorua, including 
concurrent monitoring of the Ohau Channel to provide critical data for 
management. 

Recommendation 22: That EBOP uses the data collected from implementation 
of Recommendation 21 to interactively carry out hydrodynamic modelling to 
quantify the quantities and timing of nutrients and phytoplankton transport 
through the Ohau Channel into Lake Rotoiti. 

Geothermal inputs 

It is well known that there are a number of geothermal inputs into Lake Rotoiti but 
their contributions of nutrients and energy, and how they modify transport processes 
and residence times are not well known.  These ‘hot’ inputs need to be better 
understood as part of developing a better understanding of the hydrodynamic 
processes that move nutrients and cause algal and blue-green blooms in Lake 
Rotoiti. 

Recommendation 23: That EBOP initiates studies to characterise the 
geothermal inputs to Lake Rotoiti, especially to determine if they contribute 
nutrients and how they interact with other hydrodynamic processes to cause 
algal blooms. 

Baseline monitoring and phytoplankton succession 

Very useful monitoring has been carried out over many years in Lakes Rotorua and 
Rotoiti.  Since 1990, this has been done systematically by EBOP and much valuable 
data has been collected as shown in the Rotorua Lakes Water Quality Report 2002 
(Ref 3).  But a more complete understanding of a complex interconnected system like 
Lakes Rotorua and Rotoiti will need more frequent monitoring for a number of 
parameters.  This will provide a firm foundation on which to build more intensive 
studies to quantify particular processes.   

The current EBOP monitoring regime for both lakes consists of monthly profiles and 
samples taken at three to four stations on each lake.  Profiles are taken with a 
Seabird CTD probe, which gives cm-resolution of conductivity, temperature, 
dissolved oxygen and chlorophyll fluorescence.  These data are then post-processed 
to give 1-metre depth resolution of these parameters. 

The other monthly data include an integrated surface mixed layer sample and a near- 
bottom sample of nutrients (phosphate, nitrate, ammonium, total nitrogen and total 
phosphorus).  Samples for phytoplankton identification and enumeration are taken 
only intermittently as part of the routine monitoring.  These data are pooled over the 
course of a year, to produce an annual ‘snapshot’ of phytoplankton species 
composition. 

There is a separate blue-green algal monitoring programme, which involves 
collection of samples, mostly around the foreshores and bays, for identification and 
enumeration of blue-green cell counts at intervals corresponding to public health 
standards. 

Discussions have been held with scientists at NIWA and Professor Hamilton, and the 
consensus is that monitoring needs to be stepped up to at least two weekly and 
possibly even weekly, given the importance of the lakes and the potential costs of 
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management.  One to two additional deep water samples could be required for Lake 
Rotoiti.  More frequent monitoring should include all algal species that are present to 
gain a better understanding of the succession of algal blooms as an aid to 
determining the best management measures.  More intensive studies would need 
even more intensive monitoring tailored to meet the needs of the study. 

It would be wrong to be prescriptive on the detail of more frequent monitoring as this 
should be determined by EBOP working with NIWA and Professor Hamilton to 
determine the best regime to suit the agreed aims and objectives, and data needs for 
modelling and management.  More frequent monitoring of blue-green blooms will 
also provide better information for the public and how the blooms progress along the 
lakes and intensify in bays.  The latter understanding will aid cosmetic management 
measures which are suggested below. 

Recommendation 24: EBOP should work with NIWA and Professor David 
Hamilton to establish a more frequent monitoring regime for Lakes Rotorua 
and Rotoiti to gain a better understanding of the processes that cause algal 
blooms, especially blue-green blooms as a basis for management measures 
that will best eliminate or reduce them. 

The Ohau Channel and hydrodynamic processes 

The Ohau Channel flow has been, and will be, a major focus for management of 
algal blooms in Lake Rotoiti given the large amount of nutrients and other material it 
transports into the lake.  As discussed earlier in this report, there is good evidence 
that the channel flow falls into the deeper parts of Lake Rotoiti as an ‘underflow’ in 
winter and into the western arm of the lake and down the Kaituna River as an 
‘overflow’ some of the time in summer. 

Recent analysis of a range of data has led to thoughts that other intermediate flows 
or ‘interflows’ could occur under various conditions (Burns, Scholes and Gibbs pers 
comm.).  These ‘interflows’ may not always flow into the Kaituna River and could be 
entering the surface waters in the western end of Lake Rotoiti and be a contributing 
cause of algal blooms (see the foldout diagram in Appendix 3) 

Longer-term climate information shows that the Rotorua district has been warmer 
than average for about 20 years and that, as a consequence, there has been an 
average 1 degree Celsius rise in the average water temperature of the Rotorua 
lakes.  This may also be having an effect on the flow from Lake Rotorua to Lake 
Rotoiti. 

For all of these reasons, it is vital that there is a better understanding of the 
hydrodynamics of the flow of the Ohau Channel water into Lake Rotoiti and its fate 
once it enters the lake.  This will be important for the whole lake, but will be 
especially important in managing areas like Okawa Bay and other parts of the lake’s 
western end that have experienced bad blue-green blooms and are quite degraded.  
This understanding will be critical for any management measures that might be tried, 
including diversion of the Ohau Channel for all or part of the year, using part of the 
flow to flush Okawa Bay, or building groynes to channel the water from the deeper 
parts of Lake Rotorua into the channel. 

From discussions, it is clear that appropriate hydrodynamic modelling could be done 
relatively quickly with simpler models being available in less than six months and a 
more sophisticated model available in 12 months.  Some additional monitoring would  
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be needed, such as a temperature sensor in the Ohau Channel and a thermistor 
chain in Lake Rotoiti.  This modelling would provide a number of benefits, including: 

• simulations of the flow path or mixing of Ohau Channel water in Lake Rotoiti 
and circulation patterns induced by the inflow 

• residence times in various bays and lake areas that are subject to algal 
blooms 

• assessment of the sensitivity of Ohau Channel underflow/interflow/overflow to 
air-temperature changes or channel diversions 

• assessment of the impact of full or partial diversion of the Ohau Channel on 
circulation in the western bays of Lake Rotoiti 

• simulation of the effects of engineering structures on flows and therefore 
clarification of the best engineering structures to trial management options 

• simulation of the path of algal blooms blown or carried from specific areas 

• assessment of typical wind-driven circulation patterns and connectivity 
between the western and eastern ends of Lake Rotoiti.  

EBOP is aware that this work is urgently needed and is moving to have it 
commenced.  Thus the recommendation below is strong reinforcement of an action 
that is already underway.  Both NIWA and Professor Hamilton have strong modelling 
capabilities and it may be advantageous to have cross collaboration for this important 
work (see also Recommendation 26). 

Recommendation 25: That EBOP continues to pursue as a high priority further 
monitoring and hydrodynamic modelling of the flow of the Ohau Channel into 
Lake Rotoiti as the basis for short-term management decisions on 
manipulation of this flow to improve the health of the lake and reduce or 
eliminate blue-green blooms. 

6.6 Short-term lake management options 

Groynes in Lake Rotorua 

It is clear that one of the main sources of nutrients, sediment and possibly algae in 
Lake Rotoiti is the resuspension and transport through the Ohau Channel of 
sediments from the shallows of Lake Rotorua.  Given that much of the movement of 
this suspended material is from the shallows on each side of the entrance of the 
Ohau Channel, a quick way to reduce the amounts is to build groynes on each side 
of the entrance. 

This should trap the majority of the suspended material, which may have to be 
removed from time to time.  Initially the groynes should not be built all the way to the 
deeper water as not enough is known about the importance of the flows of deeper 
Lake Rotorua water into Lake Rotoiti.  The groynes could be extended later when the 
modelling work recommended earlier provides sufficient understanding of the best 
way to manage the deeper water flows. 

It would be prudent to build temporary groynes first until the best configuration to 
minimise transport of suspended material is determined.  Engineering investigations 
and design will be needed to determine the best length and position for the groynes 
but work should be able to be commenced relatively quickly. 
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Recommendation 26: That EBOP and RDC initiate engineering design and 
construction of temporary groynes on either side of the entrance of the Ohau 
Channel to minimise transportation of suspended material into Lake Rotoiti.  
Permanent structures can be constructed when the best configuration to 
minimise transport of suspended material is determined. 

Ohau Channel 

As stated earlier, diversion of the Ohau Channel for all or part of the year has been 
considered a number of times and is still being assessed, but as discussed in section 
7.5 this should not be trialled until the flow regime into Lake Rotoiti is better 
understood as recommended above.  The monitoring and modelling needed to 
provide this understanding should not take long, 12 months at most.  

Engineering designs for temporary structures to trial favoured diversions of the Ohau 
Channel, whether into the Kaituna River or to flush Okawa Bay, should be 
commenced as soon as possible in an interactive process as modelling results 
become available.  Trials can then begin quickly and the models can be tested and 
tuned against real world data.  In time, more permanent structures can be built, but 
because of the dynamic nature of the Ohau Channel flow and the hydrodynamic 
processes in Lake Rotoiti, ongoing monitoring and adjustments may be needed. 

In addition, there are water level control gates at the head of the Okere Falls on the 
Kaituna River and any management measures that are trialled for the Ohau Channel 
should take these gates into account as some manipulation of water levels and flows 
at the gates may be beneficial. 

Recommendation 27: That EBOP and RDC begin engineering investigations 
and designs for trial structures to divert the Ohau Channel to the Kaituna 
and/or Okawa Bay as soon as possible, and interactively with the monitoring 
and modelling work that has been recommended in Recommendations 24 and 
25, so that work on trial structures can begin as soon as resource consent 
approvals have been obtained. 

Recommendation 28: That EBOP builds temporary structures to test the 
favoured options for diversion of the Ohau Channel to the Kaituna River and/or 
Okawa Bay when resource consent approvals have been obtained, and monitor 
the trials to further refine the hydrodynamic models for the channel flows and 
the western end of Lake Rotoiti before building any more permanent diversion 
structures. 

Oxygenation and nutrient stripping in the lakes 

Oxygenation has been used successfully in several large waterways (for example, 
the Thames River) and smaller-scale trials have been successful in improving 
oxygen levels and reducing nutrients in several smaller waterways in the south west 
of Western Australia.  When used in combination with Phoslock in smaller freshwater 
systems in Western Australia (Ref 9), dominated by blue-green algal blooms, similar 
nutrient reductions were obtained and, in at least one case, the blue-green blooms 
were eliminated and replaced by less dense, green phytoplankton blooms. 

EBOP is trialling a number of chemical and mineral additives to strip nutrients (for 
example, alum in Lake Okaro) and is investigating the use of oxygen to improve 
oxygen levels in several stressed lakes.  EBOP is also aware of the benefits of 
Phoslock and is in the process of obtaining ERMA approval for its use in New 
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Zealand.  An earlier recommendation was for EBOP to form a partnership with the 
Department for the Environment in Western Australia to jointly trial Phoslock and this 
would also apply to the joint use of oxygenation and Phoslock. 

It is likely that direct oxygenation of Lake Rotorua over the short periods when it is 
stratified and longer-term oxygenation of Lake Rotoiti in combination with diversion of 
the Ohau Channel will prove beneficial for both lakes.  Clearly, smaller oxygenation 
trials (for example in Lake Okaro or parts of Lake Rotoiti) and investigations of the 
best way to carry out oxygenation of the larger lakes would be needed before any 
large-scale work could begin.  

Phoslock could be used in conjunction with oxygenation where it would be useful in 
stripping phosphorus from the water column and locking it up in the sediments.  
Trials in Western Australia indicate an amount the equivalent of 1 mm depth 
coverage of the sediment will achieve this (Ref 9).  If no new sediment is being 
introduced this could be a cost-effective method of modifying at least some of the 
conditions that cause algal blooms.  

Another bonus is that direct oxygenation and nutrient stripping with Phoslock or other 
materials, could be used in combination to manipulate the N:P ratio and thus 
eliminate or significantly reduce blue-green blooms.   

Recommendation 29: That EBOP continues trials with nutrient stripping 
materials such as Alum and Phoslock and begins trials with direct oxygenation 
separately and in combination, to determine the best methods of using these 
methods to reduce nitrogen and phosphorus in the lakes and manipulate the 
N:P Ratio. 

Recommendation 30: That the use of oxygenation and nutrient stripping 
materials be built into the modelling proposed in Recommendation 25 so as to 
inform any trials and help predict the best options for using these management 
methods individually and together in Lakes Rotorua and Rotoiti. 

Trapping and removing algal blooms 

Blue-green blooms are buoyant and in light-wind conditions float to the surface and 
can be blown into bays or inlets.  This certainly occurred in Lake Rotoiti last summer 
and high densities were measured in a number of locations.  Oil pollution booms 
have been used in other places to contain similar blooms and even concentrate them 
further.   

Suction trucks using hoses with skimmer heads can then be used to remove the 
worst accumulations.  While this is mainly a cosmetic management measure it can 
help to allay public concern and remove the worst concentrations. 

Given the observation that most of the blooms started in the western end of Lake 
Rotoiti  and sometimes in bays and inlets, oil pollution booms may be able to be used 
to contain the spread of some blooms.  The Department of the Environment in 
Western Australia have had experience with these techniques and could be 
contacted for advice. 
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Recommendation 31: That EBOP and RDC investigate the use of oil pollution 
booms to contain and concentrate the worst algal blooms, and the use of 
‘suction trucks’ to remove the worst of the accumulations 

Use of herbicides – a wild card 

Herbicides are rarely used in natural water bodies to kill algae because of the danger 
of adverse effects on aquatic life.  However, in some situations, targeted spraying, 
even in narrow waterways has proved effective. 

There is currently treatment of large aquatic weeds with herbicide when they become 
a nuisance in some of the Rotorua lakes, including Lake Rotoiti.  Thus there is 
experience with the use of herbicides and this could be extended to careful trials on 
blue-green blooms, but extreme care would need to be taken to minimise any 
adverse effects on aquatic life, especially the prized fish. 

Recommendation 32: That EBOP and the RDC, in liaison with the appropriate 
authorities, investigate the potential use of herbicides to control blue-green 
algal blooms. 

Algal bloom risk prediction 

While not a direct short-term management measure, the ability to predict blooms 
would be beneficial to keep the public informed and allow EBOP to be prepared with 
short-term management measures, such as herbicide spraying and containment of 
blooms with booms, if these methods prove feasible and environmentally acceptable. 

Blooms caused by buoyant algae can appear suddenly, usually associated with 
periods of calm weather in summer when a phytoplankton community circulating 
through the mixed layer accumulates on the surface and is blown into bays.  Adverse 
publicity invariably follows, particularly when the blooms are those of toxic species. 

Discussions with NIWA indicate that risk prediction could operate at two relevant time 
scales; up to three months ahead and up to 10 days ahead. 

1) The risk of a summer bloom up to three months ahead may be derived from 
current lake phytoplankton information, a knowledge of the previous lake 
history and the probabilities, derived from NIWA’s climate models, of (say) an 
impending above average summer temperature and above average number 
of summer calm days. 

2) For shorter periods of 10 days or less, information gained from more frequent 
phytoplankton monitoring of the mixed layer (as recommended earlier) 
should show if the species composition is dominated by potentially buoyant 
algae.  Monitoring frequencies can then be increased so that the 
phytoplankton monitoring can be linked to 10 day (or less) forecasts of calm 
weather. 

NIWA could supply the longer-term weather forecasting and work with EBOP to 
combine this with the phytoplankton monitoring, to provide a high quality algal bloom 
risk prediction capacity. 
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Recommendation 33: That EBOP considers working with NIWA to develop an 
algal bloom risk prediction capacity for both longer periods (three months) and 
shorter periods (10 days or less). 

6.7 Other management issues and options 

Cross regional cooperation and learning 

From discussions with NIWA, Professor David Hamilton and staff from the Ministry 
for the Environment it became clear that similar problems to those in the Rotorua 
lakes are occurring in other waterways.  For example, considerable work has been 
done for Lake Taupo to identify the levels of nutrient reduction that are necessary to 
prevent the type of algal blooms that have occurred in Lake Rotoiti.  Much of this 
work is being carried out by the same organisations that are working with EBOP on 
the Rotorua lakes. 

In the case of Lake Taupo, the responsible authority is Environment Waikato and 
they were participants at the Rotorua Lakes 2003 Symposium.  It is understood that 
EBOP and Environment Waikato are collaborating and it is important that this 
continue, because lake and other waterway systems are complex and there needs to 
be pooling of knowledge and experience to get the best and most cost-effective 
management outcomes. 

In addition, various authorities can jointly contribute to studies and investigations that 
need to be done, that have applicability across a number of systems.  This is true for 
both catchment management and in-water management. 

Recommendation 34: That EBOP continues to work with Environment Waikato, 
and other organisations carrying out lake investigations, to share information 
and contribute to joint studies and management trials where appropriate. 

Science coordination 

While a number of good studies have been done on Lakes Rotorua and Rotoiti over 
the last 35 years, it is apparent that the science has not been coordinated as well as 
it might to produce a whole systems understanding that leads to the best 
management options.  EBOP is now doing a good job in coordinating the various 
science and management investigations, but it is the author’s view that this could be 
strengthened by bringing the scientists together to debate the science that is needed 
to best support the highest priority management options. 

Clearly this is a matter for EBOP to determine, but similar approaches in other parts 
of the world have helped to optimise the final management measures.  This is 
especially true of the critical investigations that have been referred to earlier, to 
support the short-term management measures that have been recommended. 

Recommendation 35: That EBOP considers ways of better coordinating and 
focusing the scientific investigations that will underpin the preferred short- and 
longer-term management measures. 

Trout fishing 

Trout fishing is an important part of the tourist economy for the Rotorua district and 
Lake Rotoiti is prized for its large ‘trophy trout’.  Lake Rotorua is also an important 
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lake for trout fishing.  Fish and Game New Zealand have a sophisticated monitoring 
and release strategy to optimise larger trout, especially in Lake Rotoiti. 

There is evidence that the average fish size in Lake Rotoiti is declining (Fish and 
Game New Zealand and Ted Boucher pers comm.) and this is concerning for the 
tourist industry and the economy of the district.  Recent studies by the University of 
Waikato are showing that marked habitat changes have occurred in Lake Rotoiti over 
the last decade (Chris G McBride, Brendan J Hicks and Michael van den Heuvel) and 
that the area of the lake habitable for fish over the summer months has decreased. 

While the exact cause for the decline in size is not clear, it is important that this work 
continues as it is valuable for the tourist industry and it provides another link in the 
relationship between the decline in the lakes and the responses of the biota. 

Recommendation 36: That EBOP continues to work with Fish and Game New 
Zealand and the University of Waikato to support investigations into the impact 
of the decline of Lakes Rotorua and Rotoiti on the trout fishery. 

Ecosystem targets and management 

While it is not directly part of this report, the overall health of Lakes Rotorua and 
Rotoiti must be considered and this is more than just the frequency and severity of 
algal blooms.  Important also is the overall ecological health of the lakes, including 
the aquatic plants, the native fish and the fringing vegetation.  Discussions with both 
EBOP and the Department of Conservation indicate considerable concern at the 
deterioration of the ecosystems in both lakes.  

This is exemplified by the decline in native aquatic plants which have been 
smothered by invasive exotic aquatic weeds.  NIWA (John Clayton and Tracey 
Edwards) supported by EBOP has developed ‘lake health indicators’ based on both 
the condition of native aquatic plants and the degree of impact by invasive weed 
species.  A combined index, the Lake SPI or lake ‘Submerged Plant Indicators’ is a 
new management tool that uses submerged plants from within lakes to indicate lake 
ecological condition. 

The results of this work for Lakes Rotorua and Rotoiti as set out in a poster 
presented by NIWA in 2003 are: 

Lake Rotorua 

• lake condition very poor 

• lake SPI Index increased slightly due to declining invasive species 

• blue-green algae covering plants 

• worst invasive weed (hornwort) present but having little effect 

• lake condition moderated by high exposure that helps to minimise invasive 
weed impact and water quality features. 

Lake Rotoiti 

• overall condition – very poor 

• lake SPI Index has decreased 

• blue-green algae smothering plants 

• invasive weed species close to maximum impact 

• worst rating weed (hornwort) dominant 

• native condition at only 18% of its potential. 
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Overall, this work supports the TLI measurements and Professor Hamilton’s work 
that shows the worst lakes are Lake Rotoiti, Lake Okaro and Lake Rotorua.  While 
the toxic blue-green algal blooms have taken the limelight because of their immediate 
public impact, it is the overall ecological health of the lakes that is most important.   

EBOP is to be commended for supporting the work to develop the Lake SPI Index 
and should continue to support this type of work to develop and refine broader 
ecological and ecosystem targets to aid management of the lakes.  The following 
recommendation is perhaps a fitting place to end this report as it is about overall 
ecosystem health, for this is what we all, iwi and pakeha alike strive for. 

Recommendation 37: That EBOP works with other organizations, such as the 
Department of Conservation and the Ministry for the Environment, to develop 
readily measurable lake ecosystem health indicators as an aid to measure the 
success of short- and longer-term management measures. 
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APPENDICES 

1. Table 1 taken from Rotorua Lakes Water Quality 2002, Environment Bay of 
Plenty, January 2003. 

2. Table 2 taken from Rotorua Lakes Water Quality 2002, Environment Bay of 
Plenty, January 2002. 

3. Lakes Rotorua and Rotoiti – System Dynamics and Adaptive Management. 

4. Table 5: Rotorua Nutrient Inputs and Water Quality – Loads and Targets 1965 – 
2002 (adapted from Kit Rutherford’s Draft Report, 3 November 2003, Ref 4 in this 
report). 
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Appendix 1 

 

Table 1 Comparisons of TLI values for the Rotorua district lakes 
     

Lake 
Observed TLI 

2001 
Observed TLI 

2002 PAC value 2002 Long-term Trend

     

 TLI units TLI units % per year 
In terms of TLI 

units 
     

Okaro* 5.72 ± 0.10 NS     

Rotorua  4.63 ± 0.07 4.66 ± 0.07 0.69 No change 

Rotoehu  4.67 ± 0.05 4.67 ± 0.05 1.03 No change 

Rotoiti NS 3.87 ± 0.05 0.27 No change 

Okareka 3.24 ± 0.09 3.23 ± 0.09 0.00 No change 

Rotomahana* 3.77 ± 0.09 NS   

Rerewhakaaitu 3.63 ± 0.11 3.60 ± 0.11 0.23 No change 

Rotoma* 2.36 ± 0.12 NS   

Okataina NS 2.70 ± 0.06 1.51 No change 

Tarawera NS 2.69 ± 0.06 0.75 No change 

Tikitapu NS 2.84 ± 0.13 0.94 
Probable 

degradation 

Rotokakahi** 3.25 ± 0.05    

          

* Not sampled in either the period 1 July 2000 to 30 June 2001 or the period 1 July 2001  

to 30 June 2002.     

     

** Historical data     
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Appendix 2 

 

Table 2 Yearly average TLI values for the Rotorua district lakes in 
comparison to the TLI values set in the Regional Water and 
Land Plan. 

      

Lake 

3 yearly 
average TLI 

to 2000 

3 yearly 
average TLI 

to 2001 

3 yearly 
average TLI 

to 2002 

Regional 
Water & 

Land Plan 
3 yearly 
Trend 

      

 TLI units TLI units TLI units TLI units 
In terms of 
TLI units 

      

Okaro 5.76 5.75   5.0 No change

Rotorua 4.62 4.61 4.63 4.2 No change

Rotoehu 4.67 4.66 4.67 3.9 No change

Rotoiti 3.86   3.87 3.5 No change

Okareka 3.24 3.24 3.24 3.0 No change

Rotomahana 3.79 3.78  3.9 No change

Rerewhakaaitu 3.65 3.65 3.63 3.6 No change

Rotoma 2.34 2.35  2.3 No change

Okataina 2.66  2.67 2.6 No change

Tarawera 2.65  2.67 2.6 No change

Tikitapu 2.78  2.80 2.7 No change

Rotokakahi* 3.25     

      

* Historical data collected from 1990 to 1996       
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Appendix 4 

Table 5.  Lake Rotorua Nutrient Inputs and Water Quality – Loads and Targets 
1965-2002 

 1965 1976-
77 

1981-
82 

1984-
85 

2002 Target Reduction 
from 2002 
to meet 
target 

Population 25,000 50,000 52,600 54,000  -  

Phosphorus 
input 

       

Raw sewage 
t/y 

5 18 30 47  -  

Treated 
sewage t/y 

5 7.8 20.6 33.8 1 3  

Stream t/ya 34 34 34 34 34 34  

Internal t/y ND 0 20 35  0b  

Total t/y 39 42 75 103 35 37 nil 

Nitrogen 
input 

       

Raw sewage 
t/y 

34 100 170 260  -  

Treated 
sewage t/y 

20 73 134 150 32 30 -2 

Stream t/ya 455 485 420 415 660 405 -255 

Septic tanks 
t/y 

50 80 15 10  0  

Internal t/y ND 0 140 >260  0a  

Total t/y 475 558 694 >825 692 435 -257 

Average lake 
quality 

       

Total 
phosphorus 
mg/m3

 23.8 47.9 72.6  20  

Total nitrogen 
mg/m3

 310 519 530  300  

Chlorophyll 
mg/m3

 5.5 37.8 22.6  10  

Peak 
chlorophyll 
mg/m3

 28 62 58  17-24  

Secchi disc m 2.5-3 2.3 1.9 1.7  2.5-3  

Deoxygenation 
g/m3/d 

 0.4 0.7 0.9  0.25  

a flood flow particulate P and N are excluded because they probably settle on the 
lakebed and are not ‘available’ to phytoplankton 

b internal loads may be non-zero even when external loads are reduced 
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Annexure M

Rutherford 2003- Lake Rotorua
nutrient load targets
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Executive Summary 

Sewage diversion in 1991 was followed by significant improvements in lake water clarity, nutrient and 
chlorophyll concentrations from 1993-95, but since then lake water quality has again deteriorated.  

A linear increasing trend in mean baseflow nitrate concentration has been identified in 8 of the 9 major 
streams from 1968-2002. Some evidence of increasing baseflow nitrate concentrations in the 
Ngongotaha Stream was found in an earlier study (Williamson et al. 1996) but this report shows the 
trend is widespread throughout the Rotorua catchment and has continued.  

The total stream nitrogen load is currently ~250 t-N/y higher than the target load for streams. Sewage 
nitrogen loads were high during the 1980s but currently comply with the target load for sewage. In 
terms of nitrogen loads to the lake, the benefits from sewage diversion have been negated by 
subsequent increases in nitrogen load in streams. Part of this increase is associated with ‘leakage’ from 
the land disposal site but the majority is associated with increasing nitrate in streams draining 
agricultural land. Total nitrogen loads would need to be reduced by ~250 t-N/y to comply with the 
target load established in the 1980s. 

Internal nutrient loads (viz., nutrient releases from the lakebed when the lake stratifies in calm, 
summer weather) may also be contributing to continued poor lake water quality and are likely to delay 
recovery if/when external nutrient loads (viz., from sewage and/or the catchment) are reduced and 
stabilised.  

In marked contrast with nitrate, there is no evidence of increasing baseflow soluble phosphorus 
concentration in the major streams. Stream phosphorus loads currently comply with the target load for 
streams. Sewage phosphorus loads were high during the 1980s but currently comply with the target 
load for sewage. 

When the decisions were made in the 1980s to divert sewage away from the lake it was believed that 
control measures put in place through the Kaituna Catchment Control Scheme would reduce 
catchment nutrient loads. These control measures have reduced the inputs of sediment, total 
phosphorus and particulate nitrogen, but have not controlled nitrate inputs.  

Recent work in Taupo has detected increasing trends for nitrate concentration in pasture streams 
draining catchments on the northern and western sides of the lake. It is believed that nitrate generated 
30-70 years ago by land clearance is only now finding its way into the streams via deep groundwater. 
It seems likely that similar land-use/groundwater linkages operate in the Rotorua catchment although 
not necessarily at the same timescales.  
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There is not sufficient knowledge of the ‘time delays’ in the Rotorua catchment to estimate whether 
the trends in stream nitrate identified in this study will continue, or the ‘equilibrium’ concentration 
likely to occur if the land-use remains unchanged. Neither is it possible, with currently available 
information, to estimate how quickly stream concentrations would respond if control measures 
reduced the amounts of nutrient being leached from pasture or transported in surface flow.  

In order to address such questions it will be necessary to improve our understanding of the pathways 
by which water and nutrients move from the land surface to the streams and springs, the time delays 
involved and any natural removal processes. Some information is available about the age of 
groundwater in the Rotorua region and current studies at Taupo are addressing a similar problem. It 
would be possible to develop a semi-quantitative, spatially-distributed nutrient model that considers 
not only nutrient yields for different land-uses but also the time-delays between land-use and stream 
concentration changes. With such a model it would be possible to determine where mitigation 
measures will, and will not, be effective; where opportunities might exist to intercept nitrate and 
prevent it entering the lake; and where land-use changes will be required to reduce nitrate losses from 
the land surface.  

Over the period 1967-2003 there is an increasing trend in lake TN concentration that follows the trend 
in external nitrogen load. Over the same period there is a statistically weak increasing trend in lake TP 
concentration but no consistent trend in external phosphorus load. Annual average lake chlorophyll 
concentration is only weakly correlated with annual average lake TN and TP concentrations indicating 
that the effects of nutrient enrichment on average phytoplankton abundance are complex and dynamic.  

There is no reason to revise the recommendation (made in the 1980s) that the most effective method to 
improve lake water quality control is to control the external loads of both nitrogen and phosphorus. 
The combination of low lake TN and TP concentrations and a high TN/TP ratio is desirable to make it 
more likely maximum phytoplankton biomass remains low and that diatoms and greens predominate 
over blue-greens.  

Recently the TN/TP ratio in the lake has fluctuated which makes it difficult to state with confidence 

what load reductions would be required to achieve a given N/P ratio in the lake. There is not a clear 

consensus about the desirable target N/P ratio for the lake and the external loads, although values of 

>12 and >20 for the lake have been suggested. We recommend further investigation of this matter. It is 

also desirable to conduct further nutrient bioassays and to examine the short-term dynamics of nutrient 

and chlorophyll concentrations to determine whether nitrogen or phosphorus (or both) currently 

control chlorophyll concentrations. 
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1. Introduction 

Environment B.o.P (email John McIntosh to Kit Rutherford, 18th September 2003). 
commissioned NIWA to: 

‘…determine the load of nitrogen and phosphorus from the 
catchment that will attain a TLI of 4.2 or less in Lake Rotorua…’  

A draft report was produced in mid-October 2003 and subsequently the study brief 
was altered to include the objective: 

‘…determine the reduction in catchment loads of nitrogen and 
phosphorus to attain the target loads of Table 1 in Rutherford et 
al. (1989)…’ 

and  

‘…estimate the catchment phosphorus load reduction that would 
result in an N:P ratio of >12 in Lake Rotorua…’ 

In this report: 

1. recent published studies on lake and stream water quality are reviewed,  

2. lake monitoring data are re-examined,  

3. recent stream monitoring data are analysed, which enables long-term trends in 
nutrient load from the rural catchment to be identified for the first time, 

4. model predictions are made of the relationship between changing nutrient 
loads and lake concentration,  

5. internal load estimates are reviewed, and suggestions made for further work.  

This study does not consider Lake Rotoiti in detail although findings are relevant to its 
water quality. This study formed the basis for a paper at the Rotorua Lakes Workshop, 
October 9-10th 2003. 
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2. Background 

2.1 Introduction 

During the 1970s it was recognised that water quality was deteriorating in Lake 
Rotorua as a result of increased nutrient loads notably from treated sewage, streams 
draining pasture and aerial top-dressing. The resulting water quality problems 
included: high chlorophyll concentrations (viz., high algal (phytoplankton) biomass), 
low water clarity, rapid de-oxygenation during summer stratification, more rapid 
deoxygenation leading to more frequent periods of anoxia (with adverse effects on 
aquatic organisms including fish), more frequent nutrient releases from the lakebed 
(termed ‘internal loads’), and sporadic blooms of nuisance blue-green algae. It was 
recognised that there was not a clear association between nutrient inputs and problems 
associated with rooted macrophytes (‘aquatic weeds’) although water clarity might 
have some effect. 

Public concerns about water quality prompted several scientific studies. 

1. Fish (1975) studied lake water quality and measured stream nutrient loads 
from 1968-1970; 

2. Taupo Research Laboratory, DSIR, conducted bioassay studies to determine 
nutrient limitation and measured ‘internal loads’ and lake quality during the 
1970-1980s. 

3. Lake water quality was monitored from the mid-1970s by:  

 Fisheries Research Division, MAF;  

 Taupo Research Laboratory, DSIR;  

 Hamilton Science Centre, MWD (now part of NIWA, Hamilton), and 

 Environment B.O.P.  

4. Rotorua District Council has consistently monitored nutrient inputs from the 
Rotorua sewage treatment plant. 

5. Hoare (1980a) conducted detailed stream nutrient load studies in 1976-1977. 

6. Williamson et al. (1996) undertook a detailed study of flows and nutrient 
concentrations in the Ngongotaha catchment from 1987-89 to assess the 
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effectiveness of riparian retirement conducted as part of the Kaituna 
Catchment Control Scheme, and  

7. Aquatic weed problems have been studied by the Aquatic Weeds Section, 
MAF, Hamilton (now part of NIWA, Hamilton). 

During the 1970-1980s several measures were put in place through the Upper Kaituna 
Catchment Control Scheme (commencing in the late 1970s) to reduce external nutrient 
loads: 

1. phosphorus stripping at the Rotorua sewage treatment plant prior to its 
 discharge to the lake (1973-1990); 

2. land disposal of treated sewage in the Whakarewarewa Forest (1991-
 present); 

3. fencing of stream margins to exclude stock, and 

4. retirement and/or planting of erosion prone land. 

2.2 Lake Rotoiti 

The outflow from Lake Rotorua enters Lake Rotoiti via the Ohau Channel. For many 
years it was thought that Ohau Channel water simply flowed through the western 
basin of Rotoiti and over the Okere Falls with minimal interaction with the (main) 
eastern basin of Rotoiti. However, during the 1970s it was demonstrated that a 
substantial proportion of the Ohau Channel flow mixes into the eastern basin of 
Rotoiti as a result of an intermittent density current that flows along the bottom of the 
western basin. This underflow explains the deterioration of water quality in Rotoiti 
that occurred during the 1970s (Vincent et al. 1984).  

In recent years there have been problems with nuisance bloom-forming blue-greens, 
notably in Okawa Bay but also in the main body of Lake Rotoiti. It is envisaged that 
improvements in the water quality of Lake Rotorua (as a result of sewage diversion 
and the Kaituna Catchment Control Scheme) will eventually result in an improvement 
in water quality of Lake Rotoiti. There have been no major concerns with blue-green 
blooms in Lake Rotorua since sewage diversion. 
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2.3 Targets for the lake and nutrient inputs 

During the 1980s lake water quality targets for Lake Rotorua were adopted by the 
regional council, the decision was made to cease direct discharge of treated sewage to 
the lake, and nutrient load targets were set for sewage-derived nutrients (Table 1). 
These decisions arose as a result of: 

1. acceptance that returning the lake water quality to that of the 1960s was 
desirable; 

2. evidence that in 1984-85 sewage-derived nutrients comprised 50% and 25% 
of the total (sewage + catchment) load of TP and TN respectively;  

3. consensus amongst scientists and engineers that restoration to 1960s quality 
was achievable provided that: 

 sewage nutrient loads could be reduced to 3 t-P/y and 30 t-N/y, and 

 catchment nutrient loads remained steady at about 34 t-P/y and 405 t-
N/y. 

When these targets were set the scientific advice was that:  

1. the nutrient load targets were consistent with the lake water quality 
 targets; 

2. internal loads were likely to delay the recovery in lake water quality for 
 several tens of years;  

3. as a result of measures put in place as part of the Kaituna Catchment 
Control Scheme, nutrient loads from rural land were expected to 
decrease, and 

4. macrophyte abundance might increase as a result of increased water 
 clarity. 

The load targets in Table 1 are those in Rutherford et al. (1989) referred to in the 
revised brief for this study.  
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Table 1. Lake Rotorua nutrient inputs and water quality 1965-1985. Source: Rutherford et al. 
(1989). 

 1965 1976-77 1981-82 1984-85 Target 
Population 25,000 50,000 52,600 54,000 - 
Phosphorus input      

Raw sewage t/y 5 18 30 47 - 
Treated sewage t/y 5 7.8 20.6 33.8 3 
Stream t/y a 34 34 34 34 34 
Internal t/y ND 0 20 35 0 b 

Total t/y 39 42 75 103 37 
Nitrogen input       

Raw sewage t/y 34 100 170 260 - 
Treated sewage t/y 20 73 134 150 30 
Stream t/y a 455 485 420 415 405 
Septic tanks t/y 50 80 15 10 0 
Internal t/y ND 0 140 >260 0a 

Total t/y 475 558 694 >825 435 
Average lake quality      

Total phosphorus 
mg/m3 

 23.8 47.9 72.6 20 

Total nitrogen mg/m3  310 519 530 300 
Chlorophyll mg/m3  5.5 37.8 22.6 10 
Peak chlorophyll 
mg/m3 

 28 62 58 17-24 

Secchi disc m 2.5-3 2.3 1.9 1.7 2.5-3 
Deoxygenation 
g/m3/d 

 0.4 0.7 0.9 0.25 

a flood flow particulate P and N are excluded because they probably settle on the lakebed and 

are not ‘available’ to phytoplankton 
b internal loads may be non-zero even when external loads are reduced 
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2.4 The trophic level index 

To aid the early detection of trends in lake water quality, Burns et al. (1999) 
developed the trophic level index (TLI). The TLI is a single numerical index 
calculated from four measured lake water quality parameters: total nitrogen (TN), total 
phosphorus (TP), and chlorophyll (CHLA) concentration, and secchi disc water clarity 
(SD) (see Appendix 1). The TLI is used by Environment B.o.P to monitor lake water 
quality and to help set goals for lake management (Burns, 1999; Gibbons-Davies 
2003). The goal for Lake Rotorua is a three-year average TLI = 4.2. This figure comes 
from inserting the lake water quality targets (Table 1) into the equations used to 
calculate the TLI (Appendix 1).  

Table 2: Lake Rotorua water quality targets and associated TLI.  

Date CHLA 
mg/m3 

SD 
m 

TP 
mg/m3 

TN 
mg/m3 

TLc TLs TLp TLn average 
TLI 

1960s 10 
2.5 
3 

20 300 4.76 4.23 4.02 3.85 
4.27 
4.21 
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3. Review of published studies 1987-2003 

3.1 Ngongotaha study 1987-89 

A study of the Ngongotaha Stream (Williamson et al. 1996) was conducted to assess 
the effectiveness of control measures effected as part of the Kaituna Catchment 
Control Scheme. Control measures included:  

1. fencing streams to exclude stock;  

2. replanting riparian zones to trap particulates in overland flow; and  

3. retirement and stabilisation of erosion prone land. 

Conventional wisdom during the 1970s when these control measures were considered 
was that they would reduce soil erosion and reduce the loads of nutrient associated 
with erosion, overland flow and stock in streams.  

The effectiveness of control measures was assessed by measuring stream flows, 
nutrient and sediment concentrations for two years after implementation (1987-89), 
during both baseflow and a selection of storms, and comparing yields with those 
measured prior to implementation (1976-78). The main findings were: 

1. the loads of sediment (-85%), particulate phosphorus (-27%) and soluble 
phosphorus (-26%) had all decreased significantly from 1976-78 to 1987-89; 

2. loads of particulate nitrogen (-40%) may have also decreased (although there 
were rather sparse data prior to implementation); 

3. the load of dissolved nitrogen (predominantly nitrate) had increased (+26%); 

4. this increase was at least partially due to an increase in concentration of the 
deep groundwater; 

5. it was noted that deep groundwater is 50-100 years old, which coincides with 
the start of agricultural development in the catchment; 

6. the increase in dissolved nitrogen offset the decrease in particulate nitrogen;  

7. when applied to the entire catchment, it was estimated that control measures 
had reduced total phosphorus loadings to Lake Rotorua by ~20%; 
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8. it was implied (but not explicitly stated) that the control measures had not 
altered the nitrogen loadings to Lake Rotorua.  

3.2 Waipa Stream monitoring 1991-2003 

Land disposal of treated sewage from Rotorua into the Whakarewarewa forest 
commenced in 1991. Intensive monitoring conducted by the Rotorua District Council 
has been used to determine the ‘additional’ nutrient loads in the Waipa Stream 
attributable to leakage from the Rotorua land treatment system (RLTS) (Park 2003).  

Sampling occurs at sites upstream (monthly) and downstream (weekly) of the 
irrigation area. The difference in mass loading is the quantity of nutrient lost from the 
irrigation area, which finds its way into Lake Rotorua. Prior to spray irrigation the 
concentrations of nutrients in the Waipa Stream were often lower at the downstream 
than the upstream sampling site, and when irrigation commenced it took ~2 years for 
any losses from the irrigation area to be detected.  

Nitrate concentration (NO3-N) at the upstream site remained constant from 1991-2003 
at an average of 0.29 ± 0.05 gN/m3 (mean ± SE). However, at the downstream site 
NO3-N increased steadily from 0.19 ± 0.08 gN/m3 in 1991-93 to 1.92 ± 0.15 gN/m3 
in 2001 before decreasing to 1.50 ± 0.12 gN/m3 in 2003. Total Kjeldahl nitrogen 
(TKN) concentration increased from 0.25 ± 0.07 gN/m3 in 1991-1993 to 0.70 ± 0.19 
gN/m3. Ammonium concentration increased slightly but was low at both sites and 
made little contribution to total nitrogen. Thus the increase in TKN occurred largely as 
a result of an increase in organic nitrogen. Dissolved reactive phosphorus 
concentration (DRP) showed no trends, and was lower at the downstream than the 
upstream site. Total phosphorus concentration (TP) increased from 0.09 ± 0.02 gP/m3 
in 1991-1993 to 0.24 ± 0.06 gP/m3 in 2001. As with TKN the increase in TP was 
largely the result of an increase in organic phosphorus. Chloride concentration has 
increased steadily since 1991 and has not shown the same decrease from 2001-2003 as 
the nutrients.  

The irrigation site can be conceptualised as containing a certain ‘storage’ volume of 
soil and groundwater. If the application rate of chloride to the irrigation area were 
constant, one would eventually expect to see chloride concentrations in the outlet 
reach a plateau. At this point the ‘storage’ volume would be saturated and the rate of 
chloride application would match the rate at which chloride was lost from the 
irrigation area. The fact that chloride concentrations are still increasing indicates that 
there is still unoccupied ‘storage’ within the soils and groundwater of the irrigation 
zone.  
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From 1993-2001 there was a steady increase in the ‘additional load’ of TN and TP in 
the Waipa Stream (Figure 1). From 1999-2003 the additional TN detected in the 
Waipa Stream exceeded the target of 30 t-N/y set for sewage-derived nitrogen while in 
2001 the additional TP also exceeded the target of 3 t-P/y.  

The trend of increasing nutrient loss from the spray irrigation area was reversed in 
2002-2003 by modifications at the treatment plant that led to reductions in the mass 
loadings of nutrient applied to the spray irrigation site, and changes to the irrigation 
routine that have decreased the duration of the spray cycle on each irrigation block.  

 

 

 

 

 

 

 

Figure 1: Increase in mass load (12 month running mean) of total nitrogen and total phosphorus 
in the Waipa Stream attributable to losses from the RLTS. Source: Park (2003). The 
‘target’ loads for sewage-derived nutrients are 3 t-P/y and 30 t-N/y. 

3.3 Lake water quality monitoring 1991-2003 

Monitoring of lake water quality has been conducted by Environment Bay of Plenty 
(1991-2003), NIWA (1991-95) and Waikato University (2002-03) to determine the 
response of Lake Rotorua to the reduction in external nutrient load.  

Three years after sewage diversion Hall et al. (1995) concluded that: 

1. clarity had improved with the target mean secchi disc depth of 2.5-3 m being 
achieved in 1991-93; 

2. mean chlorophyll a and total nitrogen concentrations were close to meeting 
the restoration targets of 10 and 300 mg/m3 respectively; 
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3. there was a trend of decreasing chlorophyll and total nitrogen concentrations 
but whether the targets would continue to be met in the future would depend 
on the amount of nutrient released from the sediments (and, although not 
stated by the authors, would also depend on the amount of nutrient entering in 
streams);  

4. mean total phosphorus concentration was almost double the target 
concentration of 20 mg/m3 and showed an increasing trend but this apparently 
had not enhanced phytoplankton growth;  

5. bioassay tests indicated that phytoplankton were strongly nitrogen limited, and  

6. it was suggested that the severity of nitrogen limitation of phytoplankton 
growth and the excess phosphorus concentrations in the lake could potentially 
lead to nitrogen-fixing blue-green blooms. 

Seven years after sewage diversion Burns (1999) examined trends in lake and stream 
water quality and found that:  

1. sewage inputs had diminished but RDC monitoring indicated that losses from 
the land treatment system had increased from zero in 1991-93 to 1 t-P/y and 
29 t-N/y in 1999; 

2. quoting Williamson et al. (1996):  

 total phosphorus and particulate nitrogen inputs in rural streams had 
decreased as a result of the Kaituna Catchment Control Scheme,  but 

 total nitrogen inputs had not changed because a decrease in particulate 
nitrogen input had been offset by an increase in soluble nitrogen 
(nitrate) input; 

3. the TLI for Lake Rotorua remained unchanged during the period 1991-1999 
indicating that lake water quality was not showing a clear response 
(improvement) to sewage diversion. 

Gibbons-Davies (2003) also reported that there was no significant change in the TLI 
for Lake Rotorua over the period 1991-2003. The target TLI for the lake is 4.21-4.27 
(see Table 2). The TLI over the period 1991-2003 averaged 4.66 ± 0.07 (n = 12) and 
the TLI trend line had a slope of –0.01 ± 0.02 which was not a significant trend (p = 
0.76).  
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4. Lake trophic state 

Figure 2 shows the variation in the annual mean TLI for Lake Rotorua over the period 
1967-2002, and the target TLI = 4.2. The TLI was high in 1970-71 when sewage loads 
were low because the lake stratified for a long period during the summer of 1969-70 
and there was a large nutrient release from the lakebed (internal load) (Fish 1975). 
TLIs were high from 1982-1985, which coincides with high nutrient loads from the 
sewage treatment plant associated with a low efficiency of nutrient stripping. 
Following the commencement of land disposal in 1991, the TLI approached the target 
value in 1996 and 1999, but in 1998, 2001 and 2002 was similar to pre-diversion 
values.  

It is worthy of note that the average TLI has not shown a permanent decreasing trend 
over the period 1967-2002. This is in contrast with the public viewpoint that water 
quality is steadily deteriorating. This perception may well be driven by problems 
associated with invasive plants (e.g., water-net) and blue-green algal blooms (notably 
those in Lake Rotoiti during the summer of 2002-2003) rather than by open-water 
water quality as measured by water clarity and annual average chlorophyll 
concentration. 

 

 

 

 

 

 

 

Figure 2: Annual average trophic level index (TLI) for Lake Rotorua over the period 1967-
2002. Also shown (dashed) is the target TLI (4.2) for the lake. Error bars are ± 1 
standard deviation of the four individual TLx values. 
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Figures 3-4 show time-series of annual mean values of the four water quality 
parameters that are combined within the TLI. There is evidence of: 

1. an increasing trend in TP, TN and CHLA, and decreasing SD, from 1967-
1985 associated with increasing sewage load (as described by Rutherford 
1984); 

2. a discernible ‘dip’ in TP, TN (1991-92) and CHLA (1991-94) associated with 
sewage diversion;  

3. an increasing trend in TN and CHLA from 1995-2002 (which is affected by a 
small number of high annual mean values), but high clarity;  

4. occasional high TP (notably 1993 and 1994) and TN (notably 1997 and 2000) 
possibly associated with release from the lakebed (internal loads), and  

5. an overall increasing trend in TP and TN concentration from 1967-2002.  

Sewage diversion in 1991 was expected to decrease lake TP and TN concentrations 
with associated benefits for other parameters of lake water quality. Figure 4 suggests 
that, although there was a significant decrease in lake TN concentration immediately 
after sewage diversion, subsequently there have been increasing trends in TN (1991-
2002) and CHLA (1991-2002). It should be noted, however, that the TN and CHLA 
trends are affected by high annual means in years 1997 and 2001 (CHLA) and 1997 
and 2000 (TN). Lake TP was unusually high in 1993 and 1994 immediately after 
sewage diversion (as discussed by Hall et al. 1995), decreased in 1995 and 1996 but 
shows an increasing trend from 1996-2002. Lake TP and TN concentrations are now 
approaching those during the mid-1980s when lake water quality was perceived to be 
poor. Two possible reasons, that are discussed in more detail below, are (1) the 
increasing trend in nitrogen loads from the catchment, and (2) internal loads.  

It is noteworthy that despite the overall increasing trend in TP and TN for the period 
1967-2002, no trend is apparent in TLI. The trends in the TP and TN data are lost 
when combined with the CHLA and SD data that show different trends. There are 
three likely reasons for this. First, Rotorua is shallow and SD can drop during windy 
conditions as a result of wave re-suspension of inert material on the lakebed, 
independently from any enrichment effects. Second, CHLA is correlated with TP and 
TN but only moderately (r = 0.34-0.40). Third, at times TP, TN and CHLA vary 
independently. For example, Hall et al. (1995) reported very high TP concentrations 
immediately following sewage diversion even though TN and CHLA were low. 
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Figure 3: Variation in annual average chlorophyll concentration and secchi disc clarity in Lake 
Rotorua over the period 1967-2002.  
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Figure 4: Variation in annual average total phosphorus and total nitrogen  concentrations in 
Lake Rotorua over the period 1967-2002.  

 

0

20

40

60

80

100

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

TP
  (

m
g/

m
3)

 .

0

100

200

300

400

500

600
19

65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

TN
  (

m
g/

m
3)

 .

676 of 1008



 

Lake Rotorua Nutrient Load Targets                                                                                                                                                                  15 
 

5. Nutrient inputs from sewage 

Figure 5 shows the variation in TP and TN input from domestic sewage during the 
period 1967-2002. Inputs from 1967-1973 are based on estimates of the population 
connected to the municipal septic tanks that operated in Rotorua at that time. Inputs 
from 1973-1991 are based on monitoring results from the Rotorua sewage treatment 
plant to which an estimate of the TN input from septic tanks has been added. The 
assumption is made that no TP enters the lake from septic tanks. Inputs from 1991-
2002 are estimated from monitoring results in the Waipa Stream below the Rotorua 
land treatment site (RLTS) in Whakarewarewa Forest (Figure 1).  

During the 1970-80s there was a steady increase in sewage nutrient load associated 
with reticulation in Rotorua City. This was partially offset by the introduction of 
phosphorus stripping at the sewage treatment plant commencing in 1973. The low 
phosphorus loads during 1976-78 and 1987-88 correspond with periods when 
phosphorus stripping was effective, while the peaks occurred in years when stripping 
was either suspended or had low efficiency. Land disposal in 1991 resulted in a 
significant reduction of sewage derived nutrient inputs from 1991-1993. However, 
nutrient losses from the spray irrigation site increased from 1994-2001 as was 
discussed earlier.  

 

 

 

 

 

 

 

Figure 5: Variation in nutrient loads from domestic sewage 1967-2002.  
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6. Nutrient concentrations in streams  

6.1 Introduction 

Stream nutrients have been monitored during five periods:  

1. Fish (1968-70) (eight major streams); 

2. Hoare (1976-77) (nine major plus several minor streams); 

3. Williamson et al. (1987-89) (Ngongotaha Stream only);  

4. Environment B.o.P (1991-95) (nine major plus several minor streams) and  

5. Environment B.o.P (2002-03) (focusing on three major streams).  

The comparison of stream nutrient concentrations and loads is hazardous for four 
reasons.  

First, laboratory analytical methods have evolved over time, and may have varied 
between laboratories and/or individual analysts. For example, it has long been felt that 
stream nitrate data from the first period of the Fish study are suspect because Fish 
(1975) reported a ~100% increase in nitrate yield in streams from 1968-69 but no 
difference from 1969-70. It is hard to conceive of a mechanism for such changes. 
However, it is beyond the scope of this study to assess in detail any methodological 
differences and the assumption is made that studies are comparable.  

Second, the concentrations of some constituents are correlated with flow. Hoare 
(1980a) found that the concentrations of particulate and total nutrient (viz., particulate 
phosphorus (PP), total phosphorus (TP = PP + DRP), total Kjeldal nitrogen (TKN) and 
particulate organic nitrogen (PON = TKN – NH4-N)) increased with flow in several of 
the streams draining into Lake Rotorua. Within an individual storm he was able to 
derive a regression relationship that described this relationship, but he found that the 
regression relationships were significantly different between storms even for the same 
stream. Williamson et al. (1996) also found that nutrient concentrations varied with 
flow in their study of the Ngongotaha Stream. It is impossible to sample every storm 
event and the normal practice is to sample ‘representative’ storms and use a 
continuous flow record to estimate long-term nutrient inputs. If there is wide 
variability in loads between storms then it is difficult to identify ‘representative’ 
storms and this approach has a high uncertainty.  
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Third, hydrological regimes may not be identical between studies. In their study of the 
Ngongotaha Stream, Williamson et al. (1996) set out to quantify the effectiveness of 
the Kaituna Catchment Control Scheme by comparing the nutrient yields that they 
measured in 1987-89 (post implementation) with those measured by Hoare (1980a) in 
1976-77 (pre-implementation). Williamson found that, compared with the pre-
implementation period, baseflow was lower, there were fewer large storms, but 
medium-sized storms were more frequent during their post-implementation study 
period. They state that  

‘...concentrations during the two surveys cannot be directly 
compared to quantify the effects of changing riparian and upland 
management because of differences in flow…’  

Williamson’s approach was to derive relationships between flow and concentration 
using results from the pre- and post-implementation studies and then to apply these 
relationships to a common 14-year flow record. The use of a 14-year record was 
intended to ‘smooth’ out any year-to-year variations in climate. This approach 
assumes that data gathered during the two studies were truly representative of pre- and 
post-implementation conditions, and that the relationships between instantaneous flow 
and concentration hold in the long term. 

Fourth, when relating measured stream loads with land-use patterns it is important to 
know how recently the land-use patterns were established and how quickly the 
catchment responds to changes in land-use. This is especially true for soluble nutrients 
(notably nitrate). The key is to know the age distribution of water in the streams. In 
catchments with a large aquifer it may take many years for water to percolate from 
below the root zone, mix with ‘old’ water in the aquifer and re-emerge into the stream. 
Water just below the root zone has a nutrient concentration closely related to current 
land-use but aquifer concentration reflects the past history of land-use. Deep 
groundwater in parts of the Rotorua catchment is estimated to be 50-100 years old, 
which coincides with the major period of conversion from native vegetation to 
pastoral land use. The observed increasing trend in stream nitrate concentration (which 
is discussed below in more detail) is likely to be the result of the whole past history of 
land-use in the catchment and not simply the result of recent intensification. An 
increasing trend in nitrate concentration has also been detected in several Taupo 
streams that contain a high proportion of ‘old’ groundwater. The increasing nitrate 
concentration in these streams may well be in response to land-use changes in the 
1920-50s. This has implications for a manager’s ability to reverse any increasing trend 
that might be detected in stream nutrient concentration associated with land-use 
intensification, and for the ability of stream monitoring to give early warning of the 
effects of land-use intensification. 
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6.2 Approach adopted 

Hoare (1980a) found that baseflow supplied >90% of the annual total inflow to Lake 
Rotorua and that soluble nutrient concentrations (viz., dissolved reactive phosphorus 
(DRP), nitrate (NO3-N), ammonium (NH4-N) and dissolved inorganic nitrogen (DIN 
= NO3-N + NH4-N)) showed no significant variation of concentration with flow. 
Williamson et al. (1996) found similar behaviour. This finding means that the annual 
input of soluble nutrient can be reliably estimated by multiplying mean flow rate by 
the mean concentration. The fact that soluble nutrient concentration is independent of 
flow also gives some assurance that the mean concentrations estimated for different 
studies are unlikely to be biased as a result of sampling at different flows.  

However, the fact that soluble nutrient concentration does not vary with flow rate in a 
given study does not necessarily mean that it is valid to compare average 
concentrations between two studies with significantly different flow regimes. This is 
because the effects of long-term variations in rainfall are not well understood. Imagine 
a catchment in which land-use has been stable for many years and which is studied 
during a wet and a dry period some years apart. It is conceivable that the ‘flushing’ of 
soluble nutrient from the catchments may be different in the two periods resulting in 
different mean concentrations. Thus caution must be exercised when interpreting any 
difference in mean soluble nutrient concentration between studies. 

In this report a comparison has been made between: 

1. all data from Fish (1975); 

2. baseflow concentrations from Hoare (1987); 

3. baseflow concentrations from Williamson et al. (1996), and 

4. baseflow concentrations from Environment B.o.P monitoring 1991-2003. 

Fish (1975) does not quantify the effects of flow on stream concentration and it is 
assumed his samples were all collected at baseflow. Hoare and Williamson both 
targeted a number of storms but they present baseflow and storm data separately and 
only the former are included in this analysis. Environment B.o.P sampling includes 
several storms but samples were excluded where instantaneous flow > 2 x mean flow.  

680 of 1008



 

Lake Rotorua Nutrient Load Targets                                                                                                                                                                  19 
 

6.3 Ngongotaha Stream 

The Ngongotaha is the best studied stream in the Lake Rotorua catchment. Figure 6 
compares mean baseflow nutrient concentrations. Table 3 summarises t-test 
comparisons of mean baseflow concentration between studies. Note that for these 
statistical comparisons, data from the two EBoP studies are pooled.  

Mean baseflow TKN concentration was higher in 1991-2003 than in either 1976-77 or 
1987-89 (p < 0.05). TKN (p < 0.07) and TP (p < 0.15) appear to have declined 
between 1976-77 and 1987-89, presumably as a result of the Kaituna Catchment 
Control Scheme as concluded by Williamson et al. (1996). DRP concentration also 
appears to have decreased between 1968-70 and 1976-77 (p < 0.12). Williamson 
reported a significant decrease in DRP yield between the 1976-77 and 1987-89 studies 
although we found only a moderate confidence level (p < 0.40) in the difference in 
mean DRP concentration between these two studies. DRP concentration appears to 
have increased in recent years (p < 0.07). NH4 concentrations are consistently low and 
soluble inorganic nitrogen inputs are dominated by NO3. 

The most striking feature of the dataset is that NO3 concentration has undergone a 
steady increase between studies (p < 0.001) from 300 ± 150 mgN/m3 in 1968-1970 to 
738 ± 125 mgN/m3 in 1991-2003. There is some debate about the reliability of the 
NO3 data measured in the first years of the Fish study. When 1968 data are ignored, 
the average NO3 concentration in the Fish study increases from 300 ± 150 mgN/m3 to 
364 ± 2 mgN/m3 and this change does not significantly affect either the slope or the 
significance of the increasing trend in NO3.  

Fish did not measure either TP or TKN in 1968-70 and Hoare made only a small 
number of measurements of TKN in 1976-77. Conclusions about TKN and TP may be 
affected by the small number of samples in the early studies and/or by differences in 
flow regime between studies. A more detailed analysis is desirable before making 
definitive statements about recent changes in TKN and TP.  
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Figure 6: Mean baseflow nutrient concentrations in the Ngongotaha Stream measured in 1968-
70 (Fish), 1976-77 (Hoare), 1987-89 (Williamson), 1991-95 (EBoP) and 2002-03 
(EBoP). Error bars are 1 standard deviation.  There are no TP and TKN data for 1968-
70. 
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Table 3: Statistical comparison of mean nutrient concentrations in the Ngongotaha Stream 
during four studies.  

 
Notes.  

1. The Students-t test is used to assess whether there has been an increase/decrease in mean 
concentration, assuming unequal variance.  

2. The p value represents the probability of getting the observed difference in means if the true 
means of the two populations were the same.   

3. Where p < 0.05 (shown in bold) there is a high level of confidence that there has been a change 
in mean concentration.  

 
 mean SD Num mean SD num t dof p 

 Fish 1968-70 Hoare 1976-77    

DRP 35 14 62 32 7 38 -1.2 98 0.12 

TP    56 19 38    

NH4 20 11 23 25 15 38 +1.4 59 0.09 

NO3 300 150 56 528 103 38 +8.2 92 0.00 

TKN    165 70 19    

 Hoare 1976-77 Williamson 1987-89    

DRP 32 7 38 26 149 26 -0.2 62 0.40 

TP 56 19 38 42 78 42 -1.1 78 0.15 

NH4 25 15 38 21 77 21 -0.3 57 0.35 

NO3 528 103 38 610 150 636 +3.3 672 0.00 

TKN 165 70 19 138 78 105 -1.4 122 0.07 

 Williamson 1987-89 EBoP 1991-2003    

DRP 26 149 26 41 21 203 +1.3 227 0.07 

TP 42 78 42 65 55 188 +2.2 228 0.01 

NH4 21 77 21 27 46 203 +0.5 222 0.30 

NO3 610 150 636 738 125 133 +9.2 767 0.00 

TKN 138 78 105 305 306 179 +5.5 282 0.00 

 Hoare 1976-77 EBoP 1991-2003    

DRP 32 7 38 41 21 203 +2.6 239 0.01 

TP 56 19 38 65 55 188 +0.9 224 0.15 

NH4 25 15 38 27 46 203 +0.3 239 0.40 

NO3 528 103 38 738 125 133 +9.5 169 0.00 

TKN 165 70 19 305 306 179 +2.0 196 0.01 

 

6.4 Major streams  

Hoare (1980a) identified the nine most important (termed ‘major’) streams that flow 
into Lake Rotorua (Table 4). Tables 5-8 summarise mean baseflow nutrient 
concentrations in these streams during the four study periods. Tables 9-11 show the 
differences in mean concentration between studies and whether or not the difference is 
statistically different from zero (Students t-test). Note that data from the two EBoP 
studies have been pooled for this statistical analysis. 

 

683 of 1008



 

Lake Rotorua Nutrient Load Targets                                                                                                                                                                  22 
 

Table 4: Stream names, codes and mean baseflow.  
 

Stream site code 
Fish 

1968-1970
m3/s 

Hoare 
1976 
m3/s 

Williamson 
1987-89 

m3/s 

EBoP 
1991-2003

m3/s 
Awahou Hamurana Road Bridge AWA 1.79 1.66  1.57 

Hamurana Hamurana Road Bridge HAM 2.96 3.08  2.48 

Ngongotaha Town Bridge NGO 2.29 1.98a 1.38 1.94 

Puarenga Forest Research Institute PUA 1.92 2.05  1.89 

Utuhina Lake Rd Bridge UTU 2.22 2.04  1.77 

Waiohewa Rangiteaorere Road Bridge WHE .48 .41  .33 

Waingaehe Walkbridge at SH 30 WNG .29 .27  .24 

Waiteti Arnold Street Walkbridge WTT 1.51 1.39  .96 

Waiowhiro Aquarius Drive Recorder WWH ND .41  .32 

 
a 1.79 m3/s over the whole study 1976-78 
 

There are differences in baseflow (Figure 7) and annual rainfall at Rotorua airport 
(Table 12) between studies. The studies are ranked in order of flow  

Fish > Hoare > EBoP > Williamson 

and rainfall 

Fish > Williamson > EBoP > Hoare  

These rankings do not coincide which illustrates the point made by Hoare (1980b) that 
annual mean flow is poorly correlated with annual rainfall in the Rotorua catchment. 
The reason is the large groundwater contribution to streamflow in several of the major 
streams. Groundwater levels and spring flows appear not to be affected by year-to-
year variations in rainfall but rather to vary over periods of 2-10 years in response to 
long-term rainfall patterns. Nevertheless, there is evidence that Fish studied inflows 
during a wetter period than either Hoare or EBoP, and that the Williamson study 
occurred during a dry period.  
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Table 5: Summary of mean nutrient concentrations measured in 1968-1970 (Fish 1975).  
 
Stream DRP SD N TP SD N NH4-N SD N NO3-N SD N TKN SD N TN SD N 

AWA .066 .021 62 .010 0 23 .640 .248 55 

HAM .081 .019 61 .000 0 23 .310 .111 56 

NGO .035 .014 62 .020 0 23 .300 .150 56 

PUA .090 .031 62 .100 0 23 .090 .114 56 

UTU .071 .024 62 .050 0 23 .410 .238 56 

WHE .059 .023 62 1.500 1 23 .650 .396 55 

WNG .110 .028 65 .030 0 23 .340 .162 56 

WTT .040 .015 62 

no data 

.020 .029 23 .490 .264 55 

no data no data 

 
 
Table 6: Summary of mean nutrient concentrations measured at baseflow in 1976-1977 (Hoare 1980a). 
 
Stream DRP SD N TP SD N NH4-N SD N NO3-N SD N TKN SD N TN SD N 

AWA .062 .006 38 .072 .010 38 .015 .008 38 .907 .064 38 .12 .06 19 

HAM .077 .008 38 .086 .010 38 .015 .008 38 .461 .039 38 .09 .05 19 

NGO .032 .007 38 .056 .019 38 .025 .015 38 .528 .103 38 .17 .07 19 

PUA .031 .009 38 .083 .016 38 .088 .033 38 .191 .051 38 .36 .10 19 

UTU .041 .008 38 .076 .025 38 .049 .017 38 .707 .201 38 .28 .32 19 

WHE .022 .009 38 .089 .026 38 1.569 .433 38 1.209 .178 38 2.11 .73 19 

WNG .092 .019 38 .129 .031 38 .026 .015 38 .673 .102 38 .19 .07 19 

WTT .033 .006 38 .056 .016 38 .025 .013 38 .786 .078 38 .16 .09 19 

WWH .037 .009 38 .058 .012 38 .055 .037 38 .987 .247 38    

no data 

 
 

685 of 1008



 

Lake Rotorua Nutrient Load Targets                                                                                                                                                                                          24 
 

Table 7: Summary of mean nutrient concentrations measured at baseflow in 1991-1995 (Environment B.o.P.) 
 
Stream DRP SD N TP SD N NH4-N SD N NO3-N SD N TKN SD N TN SD N 

AWA 0.078 0.011 64 0.078 0.025 64 0.014 0.020 67 1.133 0.093 21 0.130 0.202 57 1.194 0.122 7 

HAM 0.090 0.010 60 0.083 0.009 61 0.012 0.011 62 0.680 0.036 17 0.075 0.030 54 0.750 0.197 6 

NGO 0.038 0.012 90 0.063 0.051 91 0.028 0.054 90 0.721 0.072 32 0.313 0.311 83 0.960 0.060 7 

PUA 0.053 0.030 75 0.098 0.077 75 0.080 0.038 75 0.451 0.158 36 0.390 0.218 68 0.695 0.209 7 

UTU 0.055 0.019 69 0.070 0.023 70 0.041 0.013 70 0.732 0.142 25 0.267 0.165 62 1.106 0.237 6 

WHE 0.032 0.016 68 0.153 0.307 69 2.027 1.129 63 1.155 0.454 30 2.617 2.023 62 3.356 0.926 7 

WNG 0.125 0.057 77 0.194 0.283 77 0.023 0.025 79 1.013 0.159 31 0.509 1.001 68 1.140 0.106 9 

WTT 0.038 0.011 60 0.042 0.016 58 0.031 0.024 60 1.247 0.121 18 0.155 0.108 52 1.371 0.097 6 

WWH 0.069 0.075 88 0.101 0.123 88 0.052 0.047 87 0.837 0.213 42 0.417 0.467 82 1.089 0.301 6 
 
 
Table 8: Summary of mean nutrient concentrations measured at baseflow in 2002-2003 (Environment B.o.P.) 
 
Stream DRP SD N TP SD N NH4-N SD N NO3-N SD N TKN SD N TN SD N 

AWA 0.070 0.007 6 0.068  1 0.010 0.011 6 1.070 0.288 3 0.101  1    

HAM 0.093 0.008 10 0.086  1 0.011 0.006 10 0.643 0.167 8 0.007  1    

NGO 0.039 0.008 84 0.050 0.028 73 0.017 0.011 84 0.796 0.082 79 0.215 0.154 72    

PUA 0.046 0.009 79 0.068 0.026 64 0.073 0.018 79 0.891 0.194 77 0.320 0.137 63    

UTU 0.056 0.011 24 0.065 0.021 17 0.038 0.009 24 0.751 0.270 23 0.233 0.120 15    

WHE 0.035 0.011 8 0.047 0.028 4 1.276 0.356 8 1.416 0.148 5 1.007 0.173 2    

WNG 0.106 0.006 7 0.104  1 0.007 0.003 7 1.297 0.049 6 0.121  1    

WTT 0.039 0.005 6 0.071  1 0.021 0.009 6 1.250 0.042 4 0.370  1    

WWH 0.044 0.011 7 0.037  1 0.018 0.014 7 0.940 0.101 5       
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Table 9: Summary of change in mean baseflow nutrient concentrations from 1968-70 (Fish) to 1976-1977 (Hoare).  
 

Change from 1968-70 to 1976-77 

 flow t p DRP t p TP t p NH4 t p NO3 t p TKN t p DIN t p 

AWA -0.13 -5.6 0.00 -0.004 -1.4 0.06 0.01 2.5 0.01 0.27 7.6 0.00 0.27 6.3 0.00 

HAM 0.12 3.3 0.00 -0.004 -1.4 0.06 0.01 8.3 0.00 0.15 9.3 0.00 0.17 8.2 0.00 

NGO -0.31 -2.5 0.01 -0.003 -1.4 0.06 0.01 1.5 0.05 0.23 8.6 0.00 0.23 7.2 0.00 

PUA 0.13 1.7 0.04 -0.059 -14 0.00 -0.01 -1.1 0.10 0.10 5.8 0.00 0.09 3.0 0.01 

UTU -0.18 -2.0 0.02 -0.030 -8.9 0.00 0.00 -0.2 0.38 0.30 6.5 0.00 0.30 5.4 0.00 

WHE -0.07 -3.2 0.00 -0.037 -11 0.00 0.07 0.4 0.29 0.56 9.1 0.00 0.63 2.9 0.01 

WNG -0.02 -2.4 0.01 -0.018 -3.8 0.00 0.00 -0.8 0.16 0.33 12 0.00 0.33 9.3 0.00 

WTT -0.12 -7.2 0.00 -0.007 -3.2 0.00 

no data 

0.01 0.8 0.16 0.30 7.8 0.00 

no data 

0.30 6.0 0.00 

WWH no data 
 
 
Table 10: Summary of change in mean baseflow nutrient concentrations from 1976-1977 (Hoare) to 1991-2003 (EBoP). 
 

Change from 1976-77 to 1991-2003 

 flow t p DRP t p TP t p NH4 t p NO3 t p TKN t p DIN t p 
AWA -.10 -4.3 .00 .02 9.6 .00 .006 1.6 .04 .00 -.6 .19 .22 7.9 .00 .012 .4 .28 .24 10 .00 

HAM -.60 -17 .00 .01 7.9 .00 -.003 -1.7 .04 .00 -1.8 .03 .21 10 .00 -.019 -1.6 .05 .22 22 .00 

NGO -.04 -.4 .30 .01 4.5 .00 .001 .3 .32 .00 -.6 .18 .25 13 .00 .102 3.9 .00 .24 11 .00 

PUA -.16 -2.1 .02 .02 8 .00 .001 .2 .38 -.01 -1.9 .03 .56 20 .00 -.007 -.2 .36 .55 18 .00 

UTU -.27 -3.2 .00 .01 6.5 .00 -.007 -1.5 .05 -.01 -2.9 .01 .03 .8 .17 -.019 -.2 .35 .03 .7 .19 

WHE -.08 -3.9 .00 .01 4.4 .00 .058 1.6 .04 .37 2.5 .01 -.02 -.2 .37 .459 1.5 .05 .84 3.8 .00 

WNG -.03 -4.2 .00 .03 4.6 .00 .064 2.0 .03 .00 -1.1 .09 .39 11 .00 .315 2.6 .01 .38 11 .00 

WTT -.43 -26 .00 .01 3.2 .00 -.016 -5.5 .00 .00 .9 .14 .47 14 .00 -.017 -1.0 .12 .48 13 .00 

WWH -.09 -4.2 .00 .03 2.9 .01 .047 2.4 .01 .00 -.6 .21 -.15 -3.4 .00 no data -.14 -3.2 .00 
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Table 11: Summary of change in mean baseflow nutrient concentrations from 1968-70 (Fish) to 1991-2003 (EBoP).  
 

Change from 1968-70 to 1991-2003 

 flow t p DRP t p TP t p NH4 t p NO3 t p TKN t p DIN t p 

AWA -0.22 -9.9 0.00 0.01 3.8 0.00 0.00 1.2 0.08 0.49 11 0.00 0.51 11 0.00 

HAM -0.49 -13.9 0.00 0.01 3.5 0.00 0.01 6.3 0.00 0.36 14 0.00 0.39 19 0.00 

NGO -0.36 -2.8 0.01 0.00 1.6 0.04 0.00 0.6 0.21 0.47 21 0.00 0.47 17 0.00 

PUA -0.03 -0.4 0.28 -0.04 -9.3 0.00 -0.02 -2.3 0.01 0.66 21 0.00 0.64 17 0.00 

UTU -0.45 -5.1 0.00 -0.02 -4.4 0.00 -0.01 -2.0 0.02 0.33 7.4 0.00 0.33 6.2 0.00 

WHE -0.15 -7.0 0.00 -0.03 -7.8 0.00 0.44 2.0 0.02 0.54 5.9 0.00 1.47 5.3 0.00 

WNG -0.05 -6.5 0.00 0.01 1.8 0.03 -0.01 -1.5 0.05 0.72 19 0.00 0.71 17 0.00 

WTT -0.55 -33 0.00 0.00 -0.6 0.19 

no data 

0.01 1.1 0.08 0.77 16 0.00 

no data 

0.78 13 0.00 
WWH no data 
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There is no difference in mean DRP concentration between the Fish and EBoP studies, 
which is consistent across all streams. However, there are indications that mean DRP 
concentrations were lower during the Hoare study than during either the Fish or EBoP 
studies (Figure 8). Thus mean DRP concentration is ranked  

Fish ~ EBoP > Hoare  

There is no obvious land-use change between studies that could explain this cyclical 
pattern. The ranking of DRP concentration corresponds with the ranking of rainfall but 
not flow.  

There are no TP data for 1968-70 and rather few samples in several streams for 1976-
77 and 2002-03. TP appears to have been higher during 1991-95 than during the other 
studies. However, variability is high during this period because of a small number of 
samples in which TP, TKN, SS and E. coli concentrations are very high: suggesting 
local contamination (e.g., cattle in the stream or bed disturbance).  

In the eight ‘cold’ streams NH4-N concentrations are very low and do not make a 
significant contribution to TN concentration. There is a significant trend of decreasing 
NH4-N in the Utuhina, Puarenga and Waingaehe Streams (Figure 9), which may 
reflect reductions of septic tank and/or urban stormwater inflows. The Waiohewa is a 
‘hot’ stream receiving geothermal flow from the Tikitere geothermal field. It has 
historically been characterised by high NH4-N concentrations that are progressively 
oxidised to NO3-N between Tikitere and the lake. There is no consistent trend in mean 
baseflow NH4-N concentration across the four studies (Figure 9). 

TKN data are sparse in 1976-78 and 2002-03. As with TP, variability in TKN is high 
during 1991-95. As a result there are no trends in TKN that are consistent across all 
streams (Figure 10). However, in the Puarenga and Utuhina Streams there appears to 
have been a decrease in TKN (Figure 10) that coincides with the observed decrease in 
NH4-N (Figure 9).  

Figure 11 indicates a consistent increasing trend over time in NO3-N for eight of the 
nine major streams (the exception being the Waiowhiro). This is confirmed by the 
analysis of variance (Tables 9-11). The trend discussed previously in the Ngongotaha 
Stream is not confined just to that catchment, but also occurs in the other major 
inflows to Lake Rotorua. The most likely reason for the increase in NO3-N is the 
intensification of land-use.  
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Figure 7: Mean baseflow for the datasets compared.  
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Figure 8: Comparison of mean baseflow DRP and TP concentrations measured in 1968-
70 (Fish), 1976-1977 (Hoare) and 1991-2003 (EBoP). TP was not measured in
1968-70. 
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Figure 9: Comparison of mean baseflow NH4-N concentrations measured in 1968-70 

 (Fish), 1976-1977 (Hoare) and 1991-2003 (EBoP).  
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Figure 10: Comparison of baseflow TKN concentrations measured in 1968-1970 (Fish), 

1976-1977 (Hoare) and 1991-2003 (EBoP). 
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Figure 11: Comparison of baseflow NO3-N concentrations measured in 1969-1970 (Fish, 
1968 data omitted), 1976-1977 (Hoare) and 1991-2003 (EBoP). 

 
 
 

Table 12: Annual rainfall during the study periods.  
 

Study Year Annual total 
mm 

Average  
mm 

Fish 1967 1664  

Fish 1968 1503  

Fish 1969 1386  

Fish 1970 1641 1549 

Hoare 1976 1469  

Hoare 1977 1300  

Hoare 1978 1057 1275 

Williamson 1987 1169  

Williamson 1988 1573  
Williamson 1989 1497 1413 

EBoP 1992 1279  

EBoP 1993 964  

EBoP 1994 1335  

EBoP 1995 1823  

EBoP 2000 1294  

EBoP 2001 1563  

EBoP 2002 959 1317 
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7. Trends in catchment nutrient load 

The most complete and reliable estimate of the nutrient load on Lake Rotorua was 
made by Hoare (1980a) for the years 1976-77 (Table 13). Williamson et al. (1996) 
made load estimates but only for the Ngongotaha Stream. Fish (1975) made 
preliminary load estimates for the period 1968-70 but sampled only eight major 
streams and did not include organic or particulate forms of nitrogen and phosphorus. 

Hoare found that: soluble nutrients (DRP, NO3-N and NH4-N) comprised a 
substantial fraction of the total load (see Table 13), the concentration of soluble 
nutrients did not vary systematically with flow, and the concentration of soluble 
nutrients remained fairly constant over time.  

By contrast particulate nutrient concentrations (and hence TP and TN concentrations) 
were significantly higher during storms and were highly variable within and between 
storms. Hoare sampled ~20 storms and was able to quantify storm loads with 
moderate precision. There were few large storms during the Williamson study, which 
prevented him from directly assessing whether or not the Kaituna Catchment Control 
Scheme had reduced stormflow nutrient and sediment loads. Fish (1975) did not 
sample stormflows, and there are very few high flow samples in the recent EBoP 
datasets. There are insufficient stormflow samples to make reliable estimates of trends 
in stormflow load over the period 1968-2003. There are also rather sparse data on 
particulate nutrients (viz., TP and TKN). Consequently reliable estimates of total 
nutrient load in the streams flowing into Lake Rotorua cannot be made with the 
available data.  

However, we do have clear evidence of significant increases in baseflow NO3-N 
concentration in the major streams (Figure 11). We know from Hoare (1980a) that 
soluble nutrients make a large contribution to the total nutrient load (Table 13). Our 
approach, therefore, was to use the trend in baseflow NO3-N to estimate the trend in 
total nutrient load. Thus we ‘scaled’ the estimates of total nitrogen load made by 
Hoare for the period 1976-78 by the observed trend in NO3-N concentration over the 
period 1968-2003. The details of the nitrogen load scaling method are as follows.  

First, we calculated the weighted-average baseflow NO3-N concentration in the major 
streams during each study period. The flow-weighting was done using the mean flow 
in each stream reported by Hoare (1980b) for 1976. Note that we did not allow for any 
changes in mean flow between studies that may have some (likely small) effect on the 
flow-weighting. The main reason for adopting this approach was that a complete flow 
record is not available for all the major streams. 
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Second, for each study we calculated the ratio of the flow-weighted NO3-N 
concentration to that measured during the Hoare study. Figure 12 shows that this ratio 
was 0.78, 1.34 and 1.39 in 1968-70, 1991-95 and 2002-03 respectively.  

Third, we scaled the catchment (non-sewage) nutrient load reported by Hoare (1980a) 
(see Table 13) by the ratio shown in Figure 12. We assumed that only the soluble 
inorganic load (DIN) increased and that the organic and particulate loads remained 
constant (lower-bound). Since there is no evidence of trends in either baseflow DRP or 
TP concentration, we assumed that stream loads of phosphorus have not changed over 
the period 1967-2003. Figure 13 shows the estimated nitrogen and phosphorus loads 
over the period 1967-2003.  

The stream nitrogen load shows a significant increasing trend, reflecting the observed 
increasing trend in baseflow nitrate concentration. Total nitrogen load also shows a 
significant increasing trend. Superimposed on this, however, is a dip during the early 
1990s, which corresponds with sewage diversion to the RLTS. It is noteworthy that 
the decrease in nitrogen load that occurred at the commencement of the land disposal 
of sewage has been offset by the increase in nitrogen load in streams during the last 
ten years.  

For phosphorus a different pattern occurs. In contrast to nitrogen, there is no clear 
evidence of increasing phosphorus concentrations in the major streams between 1967-
2003. Consequently, we make the assumption that the catchment phosphorus load has 
remained constant, and as a result the total load follows the well-documented changes 
in sewage load. Figure 13 indicates that sewage diversion has reduced external 
phosphorus loads to slightly lower levels than in the early 1970s. 

Table 13: Phosphorus and nitrogen loads to Lake Rotorua. Source: Hoare (1980a). 

  base flow floods  
 DRP PP+DOP PP+DOP Sewage 

1976 25.9 9.0 10 a 7.5 
1977 24.8 8.8 10 a 8.0 

 TIN+DON PN PN Sewage 
1976 437 60 60 68 
1977 412 50 50 64 

units = tonne per year 
a in Table 1 flood flow particulate P and N are omitted from the stream load because they 
probably settle on the lakebed and are not ‘available’ to phytoplankton  
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Figure 12: Trend over time in flow-weighted baseflow nitrate concentration expressed as a ratio 
of the value reported by Hoare for 1976-77. 
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Figure 13: Estimated sewage, stream and total load on nitrogen and phosphorus to Lake Rotorua 
over the period 1967-2003. For nitrogen both upper and lower bound estimates of 
stream and total load are shown. 
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8. Relationship between catchment loads and water quality 

The study brief includes the requirement to  

‘…determine the load of nitrogen and phosphorus from the 
catchment that will attain a TLI of 4.2 or less in Lake Rotorua…’ 

To do this we must know how the external nutrient load affects each of the four 
components of the TLI (viz., TP, TN, CHLA and SD). There is a strong correlation 
across different lakes between nutrient concentration and the abundance of 
phytoplankton as quantified by the chlorophyll concentration. For example, Pridmore 
(1987, Figure 18.2) shows a strong relationship between maximum chlorophyll 
concentration and lake TP concentration for presumably phosphorus limited lakes, 
including several from New Zealand. This relationship may not apply universally to 
the North Island volcanic plateau lakes, many of which have been shown to be 
strongly nitrogen limited (White et al 1977). 

One important issue is whether nitrogen or phosphorus is the more important nutrient 
in determining lake water quality, and Figure 13 must be interpreted in the light of this 
issue. If the external nitrogen load controls lake water quality and the phosphorus load 
plays no role, then Figure 13 indicates that the benefits of sewage diversion have been 
negated by the increased nitrate load in streams. However, if it is the external 
phosphorus load that controls lake water quality while the external nitrogen load plays 
no role, then sewage diversion should have had a significant beneficial effect.  

There is also the question of whether the internal nutrient loads are strongly affecting 
lake water quality. A detailed discussion of this topic is beyond the scope of the 
present study. It is the focus of research at the University of Waikato being conducted 
by Professor David Hamilton and PhD student Mr David Burger. A brief discussion of 
internal loads is included below. 

There was extensive scientific debate in the 1970-80s about whether the loads of 
nitrogen or phosphorus, or both, needed to be reduced in order to reverse the trend of 
deteriorating water quality in Lake Rotorua. The scientific consensus at that time was 
that the external loads of both nitrogen and phosphorus needed to be reduced in order 
to achieve the desired lake water quality targets (see for example Rutherford et al. 
1989).  
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There is a slightly stronger correlation between CHLA and TN (r = 0.40) than between 
CHLA and TP (r = 0.34) (Table 14), but neither correlation is very strong (Figure 14). 
Over the period 1967-2003 there are increasing trends in both TP (r = 0.39) and TN (r 
= 0.62) but at most a weak trend in chlorophyll (r = 0.17) (Figures 3-4 and Table 14)1. 
TP and TN are themselves correlated (r = 0.50) (Table 14). These correlations and 
trends do not provide strong indications of whether phosphorus or nitrogen controls 
lake water quality. During the 1970-80s (White et al. 1985) and following sewage 
diversion (Hall et al, 1995) algae in Lake Rotorua showed a short-term growth 
response to nitrogen, but not to phosphorus, additions. Short-term bioassays, however, 
do not consider long-term processes that may affect nutrient availability in the lake 
(e.g., nitrogen fixation by blue-green algae, denitrification and sorption/desorption 
from lakebed sediments). 

Overall there is no evidence to suggest revising the conclusion reached in the 1980s 
that the most effective method to achieve improvements in lake water quality control 
was to reduce the external loads of both nitrogen and phosphorus. 

Table 14: Correlation coefficients between annual average clarity (SD), chlorophyll (CHLA), 
total phosphorus (TP) and total nitrogen (TN) 1967-2003. 

  year SD CHLA TP TN 
year 1.00     
SD 0.19 1.00    

CHLA 0.17 -0.32 1.00   
TP 0.39 -0.45 0.34 1.00  
TN 0.62 -0.20 0.40 0.50 1.00 

 

Hoare (1980a) used an annual mass balance to predict the effects of external nutrient 
load changes on lake nutrient concentration. The model equation used can be written 

Q
MRC )1( −=  [1] 

                                                      
1 Professor David Hamilton makes the observation that chlorophyll concentrations may vary 
depending on the sample collection method. Surface ‘scoops’ may give different results from 
depth-integrated ‘tube’ samples, especially if blue-green algae have accumulated in the top few 
centimetres of the water column as is often observed near the end of a ‘bloom’. It is not 
possible to determine whether sampling method has biased the available chlorophyll data.  
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where C = lake nutrient concentration (mg/m3); M = external nutrient load (mg/y); Q 
= outflow rate (m3/y); and R = ‘retention coefficient’ (-) which is the proportion of the 
external load that is ‘retained’ within the lake (either by settling or, in the case of 
nitrogen, lost by denitrification). Hoare estimated that 0.6 < R < 0.7 which is in accord 
with published values. 

Figure 15 compares observed annual average lake TN and TP concentrations with 
predictions made using Eq. [1]. For these predictions R = 0.675 and 0.650 for TN and 
TP respectively, Q = 17.8 m3/s (Hoare 1980b) and M values are taken from Figure 13.  
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Figure 14: Relationship between annual average chlorophyll (CHLA), total nitrogen (TN) and 
total phosphorus (TP) concentration in Lake Rotorua. Data for the period 1967-1990 
are shown as open circles, and for 1991-2003 as closed circles.  

Both TN and TP predictions follow the general trends in observed lake concentration. 
There is a significantly better fit between observed and predicted concentrations for 
nitrogen (r = 0.73) than for phosphorus (r = 0.20). Neither model predicts the 
occasional high annual average concentration but these may have occurred in years 
when the lake stratified and there was a release of nutrient from the lakebed. It is 
beyond the scope of this study to refine the modelling to include internal loads, 
although a conceptual framework exists to do so (see for example Rutherford et al. 
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1996). Both models satisfactorily predict the observed ‘dip’ in lake concentration 
following sewage diversion in 1991 but only the TN model predicts the subsequent 
increase of lake concentration. 

Figure 16 compares observed annual average chlorophyll concentrations with 
predictions made from Figure 15 assuming constant chlorophyll/nutrient ratios of 
0.035 and 0.35 for nitrogen and phosphorus respectively. These ratios lie within the 
published ranges. There is a slightly better fit for the nitrogen (r = .19) than the 
phosphorus (r = .14) model but neither model explains >5% of the observed variation 
in CHLA. They both fail to predict the occasional high CHLA, but this may stem from 
internal nutrient loads that are not included in the underlying TP and TN models. The 
TN model underestimates the observed ‘dip’ in CHLA immediately following sewage 
diversion but does predict the subsequent increase. It is possible that some factor other 
than TN concentration affected CHLA concentration immediately after sewage 
diversion (e.g., high zooplankton grazing). The TP model fails to predict the observed 
increase in CHLA from 1995-2003. There are clearly factors affecting phytoplankton 
abundance that are not satisfactorily captured by the combination of an annual nutrient 
mass balance model and a fixed chlorophyll/nutrient ratio.  
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Figure 15: Observed and predicted lake TN and TP concentrations over the period 1967-2003.  
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Figure 16: Observed and predicted lake chlorophyll concentrations over the period 1967-2003. 
Predictions assume CHLA/TN = 0.035 and CHLA/TP = 0.35 and use the predicted 
TN and TP concentrations shown in Figure 15.  
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 9. Internal nutrient loads 

Lake Rotorua occasionally stratifies for short periods of time during summer. Weather 
conditions determine the duration and strength of thermal stratification. In an 
‘average’ year Lake Rotorua stratifies for periods of 2-10 days on several occasions 
each summer although in an unusually calm and hot summer (e.g., 1969-70) it has 
been known to stratify for 20-40 days. 

When the lake stratifies, oxygen concentrations in the bottom waters drop rapidly. If 
stratification persists for more than 1-2 days, the redox potential at the lakebed drops 
to the point where soluble phosphorus becomes un-bound from iron and manganese in 
the sediment and are able to leach into the bottom waters of the lake. When the lake 
re-mixes, some of the released soluble nutrient reaches the surface waters and is taken 
up by the phytoplankton. This has the potential to accelerate algal growth rates and 
trigger an algal bloom, although when the lake mixes some of the soluble nutrient re-
combines with iron and manganese and returns to the lakebed.  

The ‘internal load’ refers to the mass of soluble nutrient released from the lakebed that 
persists in the water column after the lake mixes. Internal loads have been documented 
in Lake Rotorua and, when sewage diversion was being considered in the 1980s, it 
was accepted that internal loads would delay the recovery of lake water quality. 
Rutherford et al. (1996) predicted a noticeable reduction of internal loads within 20 
years of sewage diversion but that, assuming the external load remained unchanged, it 
would take >195 years to reach a new equilibrium.  

The rate of de-oxygenation of the bottom waters is related to the concentration of 
organic matter in the water column at the time stratification occurs. Rutherford (1987) 
demonstrated a correlation between net de-oxygenation rates (inferred from measured 
DO profiles) in Lake Rotorua and the sewage nutrient load. This is consistent with 
external nutrient loads increasing phytoplankton production thereby increasing the 
concentration of organic matter in the water column. In theory catchment loads of 
organic matter could be important if the lake stratifies immediately following a storm.  

Stratification and deoxygenation are difficult to study in Lake Rotorua because they 
only occur sporadically during calm, warm weather. Routine monthly monitoring is 
not normally frequent enough to accurately quantify deoxygenation rates although it 
can detect the net impact of large release events (Rutherford et al. 1996). White et al. 
(1978) undertook detailed summer surveys in an attempt to measure the internal load 
but encountered cool, windy weather in which stratification was short-lived and the 
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internal load small. Vant (1985) collated the available estimates of the internal load, 
including those made during the several years when he arranged for daily monitoring 
of temperature and dissolved oxygen that enabled nutrient sampling during 
stratification events. Recently Burger (2003) has reported internal load estimates from 
two stratification events in the summer of 2002-03. 

Figure 17 shows a collation of the published internal load estimates. Fish (1975) 
documented a prolonged (30-40 day) period of stratification in the summer of 1969-70 
but his data are too sparse to allow a reliable internal load estimate to be made. 
Monitoring data also exist from 1990-2000 (J. J. McIntosh, Environment B.o.P, pers. 
comm.) that have not been sighted but are probably amenable to analysis. Where there 
were two or more nutrient releases in a given year, these are plotted separately rather 
than being added and plotted as a single (higher) internal load. The reason is that it is 
not always clear what fraction of the internal load is taken up by phytoplankton and 
stimulates their growth, and what fraction is quickly re-incorporated back into the 
lakebed sediments. The 2002-03 estimates appear to be comparable with peak values 
during the 1980s and there is no clear evidence of a significant trend in internal loads 
for either nitrogen or phosphorus.  

Internal phosphorus loads have occasionally reached 20-25 t. This is comparable with 
the estimate of 25 t for the DRP load in streams in 1976-78 (see Table 13) and is c. 
50% of the phosphorus load in 1976-78 (including particulates, floods and sewage). 
Internal nitrogen loads have occasionally reached 150-250 t. This is <50% of the 
soluble nitrogen load in streams in 1976-78 (see Table 13) and <25% of the total load 
at that time. In 2002-03 there were two nutrient releases whose sum (300 t) was ~50% 
of the total external load. 

A more refined analysis of these data is desirable which includes examination of the 
duration of stratification, the rate of deoxygenation, and (if possible) the fraction that 
is re-incorporated back into the lakebed when mixing occurs without affecting lake 
eutrophication. 

The ratio of nitrogen/phosphorus internal loads in Lake Rotorua averages 4-5. By 
comparison the ratio of annual average TN and TP concentrations in lake water 
averages 10 ± 2 (mean ± SD, n = 31) (see Figure 18). This difference is consistent 
with the recent observation in Lake Rotoiti that a significant fraction of the soluble 
nitrogen released from the lakebed is denitrified (viz., converted to inert nitrogen gas) 
and lost from the system (Professor David Hamilton, Waikato University, pers. 
comm.)  
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Figure 17: Summary of internal nutrient load estimates for Lake Rotorua. DIN, DRP, TN and TP 
denote the nutrient type upon which the estimates are based. Symbols denote estimates 
made directly from measured increases in lake concentration while ‘model’ denotes 
estimates derived using a mass-balance model ‘calibrated’ to lake observations. 
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10. Catchment load reductions 

The study brief as revised in mid-October 2003. The first part of the revised brief is 

‘…determine the reduction in catchment loads of nitrogen and 
phosphorus to attain the target loads of Table 1 in Rutherford et 
al. (1989)…’ 

Table 15 summarises the sewage and catchment loads measured by Hoare in 1976-77 
and preliminary estimates made in this study for the calendar year 2002. As detailed 
above the 2002 loads are estimated assuming:  

 2002 stream DIN load is 139% of the measured 1976-77 load; 

 2002 and 1976-77 stream DON and PN loads are the same; 

 2002 and 1976-77 stream phosphorus loads are the same, and 

 sewage loads are those measured by the RDC in calendar year 2002. 

Flood flow particulate nutrients are omitted from all the stream load estimates2. One 
reason is that a significant proportion of the flood flow particulates are thought to 
settle onto the lakebed without becoming ‘available’ to lake phytoplankton. This 
assumption is untested and it has been argued they may become available when the 
lake stratifies and the hypolimnion becomes anoxic (viz., as an internal load). 
Nevertheless, it was the recommendation of the Lake Rotorua Scientific Committee in 
the 1980s that flood flow particulates be omitted from the nutrient budget, this 
assumption was made when setting the original nutrient load ‘targets’, and is retained 
in this study for consistency. The Kaituna Catchment Control Scheme has reduced the 
load of sediment and particulate nutrient carried by the Ngongotaha Stream 
(Williamson et al. 1997). It is desirable to re-examine the question of the bio-
availability of particulate nutrients and the effect of flood flows on lake nutrient and 
chlorophyll concentrations. 

Nutrient inputs from septic tanks and urban runoff are not included in these estimates. 
Within Rotorua City septic tanks were gradually phased out during the 1960-70s as 
housing was reticulated and sewage treated at the sewage treatment plant. There is 
                                                      
2 they are also omitted from the estimates in Tables 1 and 7 
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evidence of declining NH4 concentrations in the Utuhina and Puarenga Streams that 
flow through Rotorua City, which may be associated with ‘cleansing’ of groundwater 
previously affected by septic tank drainage. Septic tanks remain in many rural 
communities but it is difficult to estimate accurately the contribution they make to 
nitrogen loads on the lake. Recent work has suggested that urban runoff (viz., 
stormwater) may make a small contribution to nutrient loads on the lake (Mr D. Ray, 
NIWA, Hamilton, pers. comm.). To be consistent with earlier work, nitrogen loads 
from septic tanks in both urban and rural areas, and urban stormwater, have been 
assumed zero in this study. It is desirable to better quantify the contribution from both 
these sources when considering what remedial measures need to be taken to reduce 
external nutrient loads.  

There is no evidence that stream phosphorus concentrations have changed 
significantly since the first measurements in 1968-70. Indeed when Williamson et al. 
(1996) assessed the effectiveness of the Kaituna Catchment Control Scheme in the 
Ngongotaha Stream, they found that sediment and PP yields were lower in 1987-89 
(post implementation) than in 1976-77 (pre-implementation). Williamson suggested 
that the DRP yield was also slightly lower although this study indicates that the 
difference is small.  

Overall we conclude that the stream phosphorus loads currently comply with the target 
value (Table 15). However, there is a weak increasing trend in lake TP concentration 
(Figures 4 and 15), which is puzzling given that the stream load is apparently similar 
to that in the 1960s. Although phosphorus loads were low from 1991-2002 there was a 
period of high phosphorus loading during the 1980s (Figure 15) and it is conceivable 
that lake TP concentrations are still being affected by those high loads. The most 
likely mechanism for this is through nutrient releases from the lakebed. Although 
phosphorus loads are low, current nitrogen loads are high. If, as seems to be the case, 
the lake is nitrogen limited then the likelihood of deoxygenation and nutrient release 
from the lakebed is higher now than it was in the past because the nitrogen load is 
higher. When the hypolimnion becomes anoxic, phosphorus becomes unbound from 
iron and manganese complexes in the lakebed. Thus it is conceivable that the 
increasing trend in lake phosphorus concentration is the result of the increasing 
external nitrogen load, which causes more frequent anoxia.  

There is evidence that the stream nitrate load has increased by ~39% from 1976-77 to 
2002 (and by ~75% from 1969-70 to 2002). Hoare (1980a) reports DIN (NO3 + NH4) 
load in 1976-77 but does not separate it into nitrate (NO3) and ammonium (NH4) 
loads. In estimating the 2002 stream nitrogen load we assumed that the average DIN 
(viz., the sum of NO3 and NH4) concentration has increased by 39% since 1976-77. 

709 of 1008



  

  

 

 
 
 
 
Lake Rotorua Nutrient Load Targets                                                                                                                                          48  

 

 

This may be a slight overestimate because Figure 9 indicates that NH4 has not 
increased in any of the rural streams and has actually decreased in three urban streams 
(as discussed above). However, scaling Hoare’s DIN load is unlikely to have 
introduced a significant bias because NH4 makes only a very small contribution to 
DIN in the ‘cold’ streams that transport the majority of water into the lake and in 
which NO3 >> NH4 (see Figures 6, 9 and 11). Only in the Waiohewa (which drains 
the Tikitere geothermal field) is the NH4 concentration high (see Figures 9 and 11). It 
is desirable to re-examine the original data from Hoare’s 1976-77 study, separate the 
stream loads of NO3 and NH4 and re-calculate the 2002 nitrogen loads. We have 
taken the conservative assumption that baseflow particulate nitrogen stream loads and 
rainfall loads have not changed.  

Overall, we estimate that the total nitrogen load in 2002 was ~250 t-N/y above the 
target. The sewage load is close to the sewage target, but the stream load is well above 
the stream target. The main reason the stream nitrogen load exceeds the target is the 
increasing trend in stream nitrate identified in this study (see Figures 6 and 11).  

The reasons for this trend are not clearly understood. Consequently, it is not possible 
to predict whether, and for how long, the trend will continue into the future or what 
the ‘equilibrium’ nitrogen load would be if land-use were to remain unchanged.  

Table 15: Summary of annual nutrient load measurements (1976-77), estimates (2002) and 
required reductions to meet targets.  

 1976-77 1984-85 2002 target reduction 
from 2002 to 
meet target 

Phosphorus input      
Treated sewage t/y 7.8 33.8 1 3  
Stream t/y a 34 34 34 34  
Internal t/y 0 35 NDb 0  
Total t/y 42 103 35 37 nil 

Nitrogen input       
Treated sewage t/y 73 150 32 30 -2 
Stream t/y a 485 415 660 405 -255 
Internal t/y 0 >260 NDb 0  
Total t/y 558 >825 692 435 -257 
N/P ratio, total 
input 

13 >8 20 12  

a flood flow particulate P and N are excluded from the load estimates. 

b Hamilton et al. (2003) report internal loads totalling 24 and 308 t for TP and TN respectively 

over two periods of stratification in 2003: 29th Jan to 7th Feb and 10-19th Feb respectively. 
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The second part of the revised study brief is: 

‘…estimate the catchment phosphorus load reduction that would 
result in an N:P ratio of >12 in Lake Rotorua…’ 

The combination of low lake TN and TP concentrations and a high TN/TP ratio is 
considered to be desirable. This combination makes it more likely that maximum 
phytoplankton biomass will be low (viz., limited by low nutrient concentrations) and 
that diatoms and greens will predominate over blue-greens. Blue-greens are capable of 
fixing atmospheric nitrogen and hence have a potential competitive advantage over 
diatoms and greens when phosphorus is abundant but nitrogen is in short supply (viz., 
the N/P ratio is low). Blue-green blooms are not solely determined by N/P ratio: they 
are favoured by calm conditions and other factors that are only understood in a semi-
quantitative manner.  

While it is accepted by limnologists that it is desirable to maintain both low nutrient 
concentrations and a high N/P ratio in lake water to reduce the risk of blue-green 
blooms, there is not a widely accepted ‘target’ N/P ratio for Lake Rotorua and Rotoiti. 
Various targets have been suggested in the past, ranging from 9-20. It is beyond the 
scope of this study to recommend a target N/P ratio for either the lake water or the 
nutrient loads. The value of <12 in the study brief appears to come from the ratio of 
target loads set in the 1980s. 

Figure 18 shows the ratio of the annual average TN and TP concentrations in the lake 
over the period 1967-2003. From 1972-1992 the TN/TP ratio averaged 9 ± 2 (mean ± 
SD, n = 20) and showed no time trend. Since sewage diversion there have been four 
values in the range 13-17 that lie outside the range of values observed prior to sewage 
diversion. In 2001-02 ratios were ~9 and hence comparable with those in 1972-1992. 
Overall there is a weak trend of increasing lake water TN/TP concentration ratio (r = 
.36) although this trend is largely the result of the four high values soon after sewage 
diversion. An increasing TN/TP ratio suggests that, if either nutrient limits 
phytoplankton growth, it is increasingly more likely to be phosphorus than nitrogen.  

Also shown in Figure 18 is the N/P ratio of the estimated external loads. The load ratio 
is consistently higher than the lake concentration ratio, for which there are three 
possible explanations: (1) nitrogen load has been overestimated, (2) phosphorus load 
has been underestimated, and/or (3) in-lake processes remove more nitrogen than 
phosphorus. It is not possible with the available information to determine which 
explanation is most likely. 
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There are trends of increasing N/P ratio in both the lake water and the nutrient load 
(Figure 18). The measured 1976-77 loads and the ‘target’ loads both have an N/P ratio 
~12 but in 2002 the estimated load ratio had increased to ~20 (Table 15). The reason 
for the change is that nitrate loads in the streams have increased while phosphorus 
loads appear to have remained largely unchanged.  

The lake TN/TP ratio has fluctuated markedly since sewage diversion. It was very low 
in 1993 when Hall et al. (1995) reported high lake TP and DRP concentrations, 
possibly associated with phosphorus release from the lakebed and/or seston. There 
were very high values in 1996 and 1999 whose origins are unclear. In 2000-01 lake 
TN/TP ratio have been ~10 even though the load N/P ratios have been ~20.  

It is desirable to improve our understanding of the way in-lake processes (e.g., lakebed 
releases and denitrification) affect lake nutrient concentrations and N/P ratios. Without 
such an understanding it is difficult to state with confidence what load reductions 
would be required to achieve an N/P ratio in the lake water >12. It is also not clear 
whether a lake-water N/P ratio of >12 is the most a desirable target. The ratio appears 
to have been ~9 in the early 1970s when water quality problems first began to be 
recognised, but its value prior to that time is not known.  

We recommend that the second part of the revised brief be deferred for more detailed 
discussion and analysis, including an examination of recent research by Mr David 
Burger and Professor David Hamilton, University of Waikato. 
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Figure 18. Ratio of annual average lake water TN and TP concentration (circles)
and estimated N and P load (line) 1967-2003. 
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11. Summary and discussion 

Sewage diversion was followed by significant improvements in lake water clarity, 
nitrogen and chlorophyll concentrations from 1991-95, but since then lake water 
quality has deteriorated. Burns (1999) suggested that the lack of a permanent 
improvement could be due to nutrient regeneration from the sediments (internal 
loads), in accord with earlier model predictions (Rutherford et al. 1996). Recent 
internal nutrient loads appear to be comparable with those observed during the 1970-
80s but further insights into trends in deoxygenation rates and internal loads are likely 
to be gained by current research work being conducted by Mr David Burger, 
University of Waikato.  

While internal loads are likely to have caused year-to-year variations in lake nutrient 
and chlorophyll concentration and may have delayed lake recovery, this study 
indicates that another likely reason why lake water quality has not continued to 
improve since 1991 is that external nitrogen loads from the catchment have increased 
and negated the potential beneficial effects of sewage diversion. An increasing trend in 
mean baseflow nitrate concentration has been identified in 8 of the 9 major streams. 
Although some evidence of increasing nitrate concentrations in the Ngongotaha 
Stream was found in an earlier study (Williamson et al, 1996), inclusion of the recent 
Environment B.o.P monitoring data in the dataset shows that this trend has continued 
in the Ngongotaha Stream and is widespread in the Rotorua catchment.  

When the increasing trend in stream nitrate is combined with well-documented 
changes in sewage nitrogen load, there is evidence that the benefits derived from 
sewage diversion in 1991 have been negated by subsequent increases in nitrogen load 
in streams. Part of this increase is associated with higher than expected ‘leakage’ from 
the sewage land disposal site but the majority is associated with increasing mean 
nitrate concentrations in streams draining agricultural catchments. There is an 
increasing trend in annual mean lake total nitrogen (TN) concentration over the period 
1967-2003. This trend was temporarily interrupted following sewage diversion in 
1991 but annual average lake TN concentrations are currently comparable with those 
during the mid-1980s.  

When the decisions were made in the 1980s to divert sewage away from the lake it 
was thought that control measures put in place through the Kaituna Catchment Control 
Scheme would reduce catchment nutrient loads. These control measures were 
designed based on conventional wisdom in the late-1970s and included fencing 
streams to exclude stock and intercept overland flow, plus measures to reduce soil 
erosion. There is evidence that these control measures have reduced the loads of 
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sediment, total phosphorus and particulate nitrogen in the Ngongotaha catchment 
(Williamson et a., 1996), and similar decreases are likely to have occurred in other 
catchments. However, stemming from this report there is now clear evidence that 
nitrate inputs have increased significantly in the majority of streams that drain 
agricultural land and that this has negated the benefits, in terms of reduced particulate 
nitrogen inputs, achieved through fencing streams, re-vegetating stream banks and 
retiring erosion-prone areas.  

Increasing nitrate concentrations were first detected some time after the decision was 
made to divert sewage away from the lake. In hindsight it was incorrect to believe that 
the Kaituna Catchment Control Scheme would reduce catchment nutrient loads. Even 
at that time it was known that deep groundwater feeding springs in the Rotorua 
catchment was 50-100 years old, but the significance of this fact was not appreciated. 
The decision to divert sewage was influenced by the fact that it contributed 25% and 
50% of the total nitrogen and phosphorus load respectively and, had the catchment 
nutrient load remained constant, sewage removal would undoubtedly have resulted in 
significant long-term benefits for lake water quality.  

Recent work in the Taupo catchment has not only detected increasing trends in stream 
nitrate concentration but has also shown that the change in nitrate concentration from 
1970-2000 is inversely correlated with the age of the water. The hypothesis is that 
nitrate was liberated when land was converted from bush to pasture ~50 years ago, is 
gradually moving down into the groundwater, and after some ‘time delay’, will 
eventually appear in the stream water.  

It seems likely that the same land-use/groundwater linkages operate in the Rotorua and 
Taupo catchments, given the similarities in the volcanic origin of the soils and 
underlying rocks. What is not clear, however, is the time delay between land-use 
intensification and increasing stream nitrate concentration in the Rotorua catchment. 
Williamson et al. (1996) state that deep groundwater in the Ngongotaha catchment is 
50-100 years old, which coincides with conversion from bush to pasture. The 
implication is that it takes many years for nitrate to leach from pasture, travel down 
through the vadose zone, mix with the groundwater and travel to where it enters the 
streams or lake. However, it is possible that some nitrate takes a shorter time to travel 
from the land surface to the stream because it is transported in shallow sub-surface or 
overland flow, and/or because the nitrate source lies close to the stream.  

It is important for management to know which parts of the catchment are ‘connected’ 
to which streams or springs (viz., the water and nitrate ‘pathways’), the time it takes 
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water and nitrate to travel along each of these pathways, and the amount of 
‘attenuation’ (viz., denitrification or uptake by plants) that occurs along each pathway. 
If this information were available it would be possible to determine where mitigation 
measures (e.g., wetlands and/or riparian buffer zones that reduce nitrate concentrations 
by denitrification) could be located in the catchment. It would also enable areas to be 
identified where mitigation measures would not be effective (e.g., because the nitrate 
travels via deep groundwater to major springs thereby by-passing wetlands and 
riparian zones so that there is little opportunity for interception). If such information 
were available it would be feasible to develop a ‘model’ that summed the nitrate 
inputs from each part of the catchment, estimated the amount removed by the 
mitigation measures and/or natural attenuation processes thereby enabling an 
assessment to be made of whether or not nitrogen load targets could be achieved. 

In marked contrast with nitrate, there is no evidence of increasing mean phosphorus 
concentrations in the major streams. The external phosphorus load over the period 
1967-2003 exhibits a ‘hump’ during the 1980s, associated with high sewage 
phosphorus loads, but is currently comparable with that during the 1970s. There is a 
weak increasing trend in annual average lake TP concentration over the period 1967-
2003. Lake TP was high during the mid-1980s, decreased following sewage diversion, 
but is currently approaching values in the 1980s. There is a slight inconsistency in that 
lake TP concentration exhibits a weak increasing trend but the external phosphorus 
load does not. It is not clear whether this discrepancy arises from uncertainties in the 
data or indicates some regulating mechanism within the lake (e.g., 
sorption/desorption).  

There is at most a weak increasing trend in lake chlorophyll concentration from 1967-
2003, despite the increasing trends in TN and TP concentration. Chlorophyll 
concentration increased during the 1970-80s as a result of increasing sewage loads and 
decreased significantly following sewage diversion in 1991. Since 1995 chlorophyll 
has again increased but has not yet attained the high values observed during the mid-
1980s. There appear to be determinands other than the annual average TP and TN 
concentration that affect annual average chlorophyll concentration. In order to 
improve predictions of how external nutrient loads affect lake nutrient and chlorophyll 
concentrations it is desirable to examine the time-series of chlorophyll, nutrient and 
weather in more detail and to develop dynamic models. 

This study indicates that the trends in lake TN and TP are different from those in 
CHLA, SD and TLI. Environment Bay of Plenty use the TLI as a trigger for policy 
activation in the Regional Water and Land Plan. The TLI has indicated that Lake 
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Rotorua has not been in compliance with the Plan baseline during 1967-2002, 
indicating that catchment nutrient management needs to be activated. We recommend 
that investigations concerning possible remedial measures consider not only trends in 
the TLI but also trends in each of its constituent parameters separately. We note that 
the annual lake reports refer to trends in the four lake parameters.  

In the 1980s the scientific opinion was that the most effective method to improve lake 
water quality control was to reduce the external loads of both nitrogen and 
phosphorus. Immediately after sewage diversion TN and CHLA concentrations 
decreased but TP concentrations increased. The high TP concentrations did not 
stimulate phytoplankton growth, and bioassays showed that the lake was strongly 
nitrogen limited (Hall et al. 1995). Since that time there has been: an increasing trend 
in lake TN concentration and external nitrogen load and a weak increasing tend in the 
TN/TP ratio. These suggest a trend towards phosphorus limitation. However, the 
increasing trend in TN/TP ratio is the result of four years soon after sewage diversion 
when the TN/TP ratio was high. The TN/TP ratio has been highly variable since 
sewage diversion (see Figure 18) and the trend has not been sustained in the last two 
years. Bioassays were not conducted in years when the TN/TP ratio was high and it 
might be unwise to assume a significant change in nutrient limitation solely on the 
basis of this apparent trend in TN/TP ratio. It is desirable to conduct further nutrient 
bioassays and to examine the short-term dynamics of nutrient and chlorophyll 
concentrations to determine whether nitrogen or phosphorus (or both) currently 
control chlorophyll concentrations. Overall, there is no strong evidence to justify 
revising the conclusion reached in the 1980s that the most effective method to 
improve lake water quality control is to control the external loads of both nitrogen and 
phosphorus. 

Stream phosphorus loads do not appear to have changed significantly from 1969-2002 
and currently comply with the stream target value. Sewage phosphorus loads were 
high during the 1980s but currently comply with sewage targets. There is an 
increasing trend in lake TP concentration from 1968-2002 but it is not clear whether 
this is the result of the high sewage phosphorus loads during the 1980s or is related to 
lakebed nutrient releases (internal loads) stimulated by the current high nitrogen loads.  

The sewage nitrogen load in 2002 was close to the sewage target. However, in 2002 
the stream nitrogen load was ~250 t-N/y above the stream target. The main reason the 
target was exceeded is a significant increasing trend in stream nitrate concentration. It 
is not clear whether this trend in stream nitrate concentration will continue even if the 
land-use remains unchanged. There is a clear need for a better understanding of the 
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role of groundwater in determining the ‘time delay’ between land-use change and 
stream nitrate concentration, and hence for linking land-use changes in the catchment 
with stream nutrient concentration.  

This study clearly identifies the need to revise the belief that the Kaituna Catchment 
Control Scheme will result in catchment nutrient loads remaining similar to, or less 
than, those measured by Hoare in 1976-77. Given evidence of a widespread and 
significant increase in baseflow stream nitrate concentration it is desirable to make a 
more detailed analysis of catchment nutrient loads. Such an analysis needs to include: 
the contribution from storm flows and particulates, transport pathways for the delivery 
of nitrate and the time delays involved, opportunities to intercept nitrate, and 
opportunities to reduce nitrate generation. 
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13. Appendix 1 

Equations used to calculate the trophic level index. Note some of the coefficients are 
slightly modified from the original values published by Burns et al. (1999) but are 
those used by Environment B.o.P.  
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where 

CHLA = chlorophyll a concentration (mg/m3);  
SD = secchi disc water clarity (m);  
TP = total phosphorus concentration (mg/m3) and  
TN = total nitrogen concentration (mg/m3).  
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Disclaimer 
The information in this publication is, according to the Ministry for the Environment’s best efforts, 
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and accurate. However, users of this publication are advised that:  
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professionals before taking any action as a result of information obtained from this publication.  
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reliance placed on this publication because of having read any part, or all, of the information in 
this publication or for any error, or inadequacy, deficiency, flaw in or omission from the 
information provided in this publication.  

• All references to websites, organisations or people not within the Ministry for the Environment 
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information contained in those websites nor of organisations or people referred to. 
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 Introduction  5 

1 Introduction 

1.1 Purpose and focus of this guide 
This guide provides information about the National Policy Statement for Freshwater Management 
2014 (NPS-FM). In July 2014, the NPS-FM replaced the National Policy Statement for Freshwater 
Management 2011.  

This guide is not part of the NPS-FM, and does not have statutory weight. This document is not a 
substitute for legal advice. Its primary purpose is to help local authorities (in particular regional 
councils and unitary authorities) understand the objectives and policies in the NPS-FM, so they can 
implement it effectively. It draws on, and expands on, the policy intent behind the NPS-FM as set out 
in Cabinet papers and reports to the Minister for the Environment.1  

This guide may also be of use to iwi and hapū, stakeholders, or community members who are 
participating in a regional freshwater planning process and would like to understand more about the 
objectives and policies of the NPS-FM. 

Further guidance is being developed to provide more practical and detailed information to assist with 
carrying out the freshwater planning process and implementing the NPS-FM. We intend to update 
the guidance as policy, case law, good practice methodologies, and the science develops. All 
guidance material will be made available on the Ministry for the Environment’s website.  

1.2 Context – reforming the way we manage 
fresh water 
The NPS-FM is one of the initiatives developed as part of the Government’s programme of water 
reform. The NPS-FM is a vital part of reforming the way we manage fresh water because: 

• it requires regional councils to set freshwater objectives for fresh water, and provides a process 
for setting them 

• it requires councils to account for freshwater takes and contaminants, which will provide 
information for setting and managing to freshwater objectives and limits 

• the limits and methods that councils set as part of the NPS-FM will affect how water is used, and 
this may require water resources users to adjust their practices 

• it requires regional councils to involve iwi and hapū in the management of fresh water, and to 
work with them to identify tāngata whenua values and interests, and reflect these in the 
management of, and decision-making about, fresh water. 

                                                                        
1
  Cabinet papers and briefing notes about fresh water, including the development of the NPS-FM can be found on the 

Ministry for the Environment’s website.  
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6 A Guide to the National Policy Statement for Freshwater Management 2014 

Implementing the NPS-FM will take time, will involve new approaches, and will not necessarily be 
achieved in one step. The NPS-FM is only one part of the freshwater reform programme; further 
work is also under way which will contribute to improving the way fresh water is managed in New 
Zealand. Community-led initiatives and collaboration between communities, local authorities, and 
iwi will also be important in improving freshwater management. 

Information about the Government’s water reform programme and its objectives is available on the 
Ministry for the Environment website. 
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 Relationships to other regulatory instruments  7 

2 Relationships to other 
regulatory instruments 
The National Policy Statement for Freshwater Management 2014 (NPS-FM) is an instrument under 
the Resource Management Act 1991 (RMA), and must be interpreted and given effect to within the 
context of the RMA.  

This section explains the relationship between the NPS-FM and other associated documents and 
national instruments. It focuses on instruments that are part of the RMA planning framework, and 
those that function as RMA instruments in certain circumstances. Figure 1 shows the relationships 
between these various instruments. There will be other legislative and regulatory instruments, in 
addition to those discussed in this guide, which will also be relevant when determining how to give 
effect to the NPS-FM. 

Figure 1: Legislative and regulatory instruments that influence the management of fresh water 
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2.1  National policy statements 
All national policy statements must be considered and given effect to individually. National policy 
statements with particular relevance to the NPS-FM are described below, and a full list of all national 
policy statements is available on the Ministry for the Environment website. 

National Policy Statement for Renewable Electricity 
Generation  
The National Policy Statement for Renewable Electricity Generation 2011 (NPSREG) identifies as 
matters of national significance: 

a) the need to develop, operate, maintain and upgrade renewable electricity generation 
activities throughout New Zealand  

b) the benefits of renewable electricity generation.  

The NPSREG gives direction on the benefits of renewable electricity generation, and requires all 
councils to make provision for it in their plans. 

As set out in the preamble, the NPSREG does not apply to the “allocation and prioritisation of fresh 
water as these are matters for regional councils to address in a catchment or regional context and 
may be subject to the development of national guidance in the future”. These matters are addressed 
in the NPS-FM, and may be the subject of further guidance in the future. However, this does not 
prevent regional councils from making decisions about freshwater management that reflect the 
importance of renewable energy generation. Appendix 1 of the NPS-FM identifies hydro-electric 
power generation as one of the national values of fresh water, and Policy CA2(a) requires that when 
developing freshwater objectives regional councils must consider all of the national values specified 
in Appendix 1 and how they apply to local and regional circumstances.  

Policies in the NPSREG of particular relevance when making decisions about fresh water include:  

• Policy B, which instructs decision-makers to have particular regard, among other things, to the 
fact that “maintenance of the generation output of existing renewable electricity generation 
activities can require protection of the assets, operational capacity and continued availability of 
the renewable energy resource”. 

• Policy E2, which requires regional policy statements and regional and district plans to “include 
objectives, policies, and methods (including rules within plans) to provide for the development, 
operation, maintenance, and upgrading of new and existing hydro-electricity generation 
activities to the extent applicable to the region or district”. 

More information about the NPSREG is available on the Ministry for the Environment’s website. 
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New Zealand Coastal Policy Statement 2010  
The management of coastal water is directed by the New Zealand Coastal Policy Statement 2010 
(NZCPS). The RMA defines ‘coastal water’ as seawater with a substantial freshwater component, and 
seawater found in fiords, inlets, embayments, harbours and estuaries. 

Both the NPS-FM and the NZCPS direct the management of fresh water in the coastal environment. 
Freshwater objectives and limits for freshwater bodies in the coastal environment must give effect to 
both the NPS-FM and the relevant objectives and policies of the NZCPS. Policies and objectives of 
particular relevance include:  

• Objective 1: Ecosystems 

• Objective 3: Treaty of Waitangi 

• Policy 2: Treaty of Waitangi, tāngata whenua and Māori  

• Policy 4: Integration 

• Policy 21: Enhancement of water quality 

• Policy 22: Sedimentation 

• Policy 23: Discharge of contaminants. 

Regional councils will also need to recognise the effects on receiving coastal waters when making 
decisions about fresh water in other freshwater management units, not just those in the coastal 
environment. Coastal water quality will be affected by the quality of fresh water that flows into it, 
and the NPS-FM places obligations on councils to: 

• improve the integrated management of land use and fresh water, particularly the interactions of 
fresh water and the coastal environment (Objective C1) 

• have regard to the connections between freshwater bodies and coastal water when setting 
freshwater objectives and limits (Policies A1 and B1). 

Section 5 of this guide provides more detail about the relationships and overlaps between the 
specific objectives and policies in the NPS-FM and the NZCPS. These overlaps require particular 
consideration when local authorities give effect to the individual objectives and policies of the  
NPS-FM.  

More information about the NZCPS is available on the Department of Conservation’s website. 

Water bodies in the coastal environment 

Intermittently closed and open lakes and lagoons (ICOLLs) and coastal wetlands may be managed as 
fresh or coastal water. Where an ICOLL or a coastal wetland is being managed as fresh water, 
regional councils will need to set freshwater objectives for it under the NPS-FM and meet the 
relevant requirements of the NZCPS. Where an ICOLL or coastal wetland is being managed as coastal 
water, it is not directed by the NPS-FM.  

  

731 of 1008

http://www.doc.govt.nz/publications/conservation/marine-and-coastal/new-zealand-coastal-policy-statement/new-zealand-coastal-policy-statement-2010/
http://www.doc.govt.nz/get-involved/have-your-say/all-consultations/2010/new-zealand-coastal-policy-statement/nz-coastal-policy-statement/


 

10 A Guide to the National Policy Statement for Freshwater Management 2014 

2.2 National environmental standards 
National environmental standards (NES) are regulations issued under the RMA. They can prescribe a 
range of technical standards, methods or requirements. National environmental standards are a 
specific requirement with the force of a rule, and local authorities must enforce them.  

The scope of a NES is limited to: 

• standards  

• methods for classifying a natural resource 

• methods to implement standards  

• exemptions from standards 

• transitional provisions.  

A national environmental standard regulates activities (as permitted, controlled, prohibited, etc) in 
the same way that a rule in a regional or district plan would. National environmental standards 
cannot include policies or objectives, so they don’t direct how plans should be formed. However, 
each local authority and consent authority must observe a national environmental standard, and 
must enforce observance of that standard. A national environmental standard may specify that a rule 
may be more stringent than the regulation, but a rule or resource consent may not be more lenient 
(except in certain circumstances as set out in section 43B of the RMA). Decision-makers may need to 
amend plans to reflect a national environmental standard, and will need to take into account the 
provisions of a national environmental standard to the extent they affect decision-making (eg, permit 
and consent decisions).  

There is currently only one NES of specific relevance to the NPS-FM (outlined below). A full list of all 
national environmental standards is available on the Ministry for the Environment website. 

National Environmental Standard for Sources of 
Human Drinking Water 2007 
The National Environmental Standard for Sources of Human Drinking Water is intended to reduce the 
risk of contaminating drinking water sources, such as rivers and groundwater. It requires councils to 
ensure effects on drinking water sources are considered in regional plans and decisions on resource 
consents.  

It would be appropriate for regional councils to identify the national value of ‘water supply’ from 
Appendix 1 of the NPS-FM as a relevant value for water bodies to which this National Environmental 
Standard applies. In that case, a council would need to set freshwater objectives and limits in 
accordance with this National Environmental Standard for the applicable freshwater management 
unit.  

More information about the National Environmental Standard for Sources of Human Drinking Water 
is available on the Ministry for the Environment’s website. 
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2.3  Resource Management (Measurement 
and Reporting of Water Takes) Regulations 
2010 
The Resource Management (Measurement and Reporting of Water Takes) Regulations 2010 apply to 
water permits that allow fresh water to be taken at a rate of 5 L/second or more. It requires permit 
holders to measure and keep specific records about their water takes, and report results to the 
regional council for each water year.  

Information collected to meet the requirements of the regulations is likely to be useful in meeting 
the requirements of Part CC of the NPS-FM. This part requires regional councils to establish systems 
to account for freshwater takes. Information gathered as part of freshwater accounting systems will 
help regional councils manage freshwater quantity. 

More information about the regulations is available on the Ministry for the Environment’s website. 

2.4 Water conservation orders 
The purpose of water conservation orders (WCOs) is to recognise the outstanding amenity or 
intrinsic values that water provides in either a natural or modified state, and to preserve and/or 
protect those values. A WCO can restrict or prohibit water takes, discharges, and other uses of the 
water in a particular water body. Anyone may apply for a WCO for any water body. The process for 
considering an application involves a Special Tribunal and/or the Environment Court. WCOs are made 
by the Governor-General, on the recommendation of the Minister for the Environment.  

Existing WCOs may help identify values as part of implementing the NPS-FM. For example, where a 
WCO has identified jet boating as an outstanding value in a water body, this could form the basis of a 
value when implementing the NPS-FM and setting objectives for that water body. However, a WCO 
can only protect a limited set of values that are defined in the RMA, and only if the water body is 
outstanding in terms of that value. This means that a WCO is not an exhaustive statement of values, 
and will not necessarily recognise all values that apply to a water body. For example, a water body 
may be valued for fisheries or recreation under the NPS-FM, even if it is not outstanding in these 
respects. 

Regional councils will still need to implement the NPS-FM by setting objectives and limits for all 
identified values, even where an existing WCO applies. Councils will need to ensure the freshwater 
objectives they set, and the limits and methods they establish to achieve them, do not contravene 
the requirements of an existing WCO.  

In some cases the requirements of a WCO may constrain the range of options available to give effect 
to the NPS-FM. A WCO only constrains some regional council powers and functions under the RMA, 
such as their ability to grant consents for water takes and discharges. Complying with these 
constraints (for example, by not granting a consent) does not mean that a regional council has 
implemented the NPS-FM (which requires them to identify all relevant values and attributes and to 
set objectives and limits). 

More information about WCOs, and a full list of current WCOs, is available on the Ministry for the 
Environment’s website.  
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2.5  Section 32 of the RMA 
Section 32 of the RMA is integral to ensuring transparent, robust decision-making on RMA plans and 
policy statements. It requires that:  

• new proposals (including new plans, plan changes, variations, full plan reviews, and new and 
amended regional policy statements) must be examined for their appropriateness in achieving 
the purpose of the RMA  

• the benefits and costs, and risks of new policies and rules on the community, the economy, and 
the environment need to be clearly identified and assessed  

• the analysis must be documented, so stakeholders and decision-makers can understand the 
rationale for policy choices. 

Section 32 evaluation should be fully integrated into decision-making throughout the planning 
process, and should not be seen as merely a reporting requirement. Carrying out evaluation under 
section 32 will help councils to: 

• understand the likely benefits and costs of different options to determine the most appropriate 
set of freshwater objectives, limits and methods  

• understand the trade-offs that may be necessary to achieve freshwater objectives 

• document the decision-making process, to help demonstrate compliance with the NPS-FM and 
to transparently communicate the rationale behind proposed plans. 

Guidance on section 32 of the RMA is available on the Ministry for the Environment’s website. 

2.6  Section 69 and Schedule 3 of the RMA 
The NPS-FM requires regional councils to make or change regional plans to ensure they establish 
freshwater objectives and limits, and to establish methods to achieve them, including rules. Section 
69 and Schedule 3 of the RMA provide a mechanism for setting rules for water quality. Using section 
69 is an option available to councils, but is not mandatory in giving effect to the NPS-FM. 

When determining appropriate methods for meeting limits and achieving freshwater objectives, a 
regional council could choose to use section 69 of the RMA (and therefore Schedule 3), as long as the 
rules developed through section 69 are sufficient to give effect to the NPS-FM.  

Under section 69, a regional council could use the classifications set out in Schedule 3, and include 
rules about water quality using the Schedule 3 standards. For example, a freshwater objective could 
be set in numeric terms (eg, 260 E. coli per hundred millilitres) under the NPS-FM, and classify 
(classification being a method in a plan) the water body as Class CR Water – water managed for 
contact recreation purposes.  

If a regional council considers the standard in Schedule 3 is not adequate or appropriate, section 69 
allows for rules to state standards that are more stringent or specific. Section 69 also allows that 
where none of the Schedule 3 classes are adequate or appropriate, or the standards in them are not 
appropriate, a regional council may specify new class(es) of water and standards of water quality 
appropriate for those purposes. 
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2.7 Treaty settlement legislation 
A key feature of many Treaty of Waitangi settlements is the establishment of natural resource 
arrangements, often centring on water bodies, which enable iwi and hapū to have a more effective 
role in resource management. These settlement arrangements are designed to promote integrated, 
catchment-based management, and will support the work of local authorities in giving effect to 
aspects of the NPS-FM.  

Treaty settlements may place obligations on local authorities and how they exercise their functions 
under the RMA. When implementing regional policy statements, regional plans, and district plans, 
local authorities will need to give effect to the NPS-FM and to any relevant Treaty settlement 
obligations. Local authorities should note that meeting obligations under the NPS-FM won’t 
necessarily fulfil the requirements of Treaty settlement legislation, or vice versa. 

Of particular relevance are Treaty settlement provisions that prevail over any inconsistent provisions 
in national policy statements (including in the NPS-FM), such as the following three pieces of Treaty 
settlement legislation relating to the Waikato and Waipa Rivers:  

• Waikato-Tainui Raupatu Claims (Waikato River) Settlement Act 2010 

• Ngāti Tūwharetoa, Raukawa and Te Arawa River Iwi Waikato River Act 2010 

• Ngā Wai o Maniapoto (Waipa River) Act 2012. 

Under these Acts, the Waikato River Authority’s Vision and Strategy prevails over any inconsistent 
provisions in national policy statements.  

2.8 Hauraki Gulf Marine Park Act 2000 
Under the Hauraki Gulf Marine Park Act 2000 (HGMPA), the provisions of section 55 of the RMA 
apply as though sections 7 and 8 of the HGMPA were a national policy statement.  

Section 7 of the HGMPA recognises that the interrelationship between the Hauraki Gulf, its islands 
and catchments, and the ability of that interrelationship to sustain the life-supporting capacity of the 
environment of the Hauraki Gulf and its islands, are matters of national significance. Section 8 sets 
out the objectives of the management of the Hauraki Gulf, its islands and catchments.  

These sections of the HGMPA overlap with the requirements of the NPS-FM in the Auckland and 
Waikato regions. In those regions, councils need to ensure implementation of the NPS-FM does not 
conflict with the HGMPA. The more specific NPS-FM will provide direction in implementing (but 
alone may not be sufficient to fully give effect to) sections 7 and 8 of the HGMPA. 
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3 Implementation by local 
authorities 

The objectives and policies in the National Policy Statement for Freshwater Management 2014  
(NPS-FM) direct how local authorities are to manage fresh water in their regional policy statements, 
regional and district plans, and in the consideration of resource consent applications. Local 
authorities are required to ‘give effect’ to national policy statements in their regional policy 
statements and regional and district plans, and to ‘have regard’ to a national policy statement in 
determining applications for resource consents.  

Full implementation of the NPS-FM is required by 31 December 2025; however, the implementation 
timeframe may be extended to 2030 if the 2025 timeframe will affect plan quality or it would be 
impracticable for the council to fully implement the NPS-FM by 2025. Policy E of the NPS-FM outlines 
the timing for implementing the NPS-FM. 

The following table summarises the requirements of regional councils and city/district councils in 
implementing the NPS-FM. These requirements are discussed in more detail in the sections below. 

Table 1: Summary of requirements for regional councils and city/district councils 

 Regional councils City/district councils 

Planning 
requirements 

Regional councils must assess, and if 
necessary change, regional policy 
statements and regional plans to 
ensure they give effect to all the 
objectives and policies of the 
NPS-FM. 

They need to use the process set out 
in Part CA, in a way that gives effect 
to Parts C and D, to do this within 
the timeframe set out in Part E. 

They must also:  

 account for takes and 
contaminants (Part CC) 

 develop monitoring plans (Part 
CB). 

Where a regional policy statement adopts 
a policy that affects land use, territorial 
authorities must give effect to it in district 
plans. 

Where a regional plan introduces 
provisions that affect land use, territorial 
authorities must consider the implications 
of this for district plans, and make 
changes where necessary. 

Where changes to plans are required, 
territorial authorities need to ensure their 
planning processes give effect to Parts C 
and D. 

 

Decision-making 
requirements 

Regional councils must have regard 
to the NPS-FM when considering or 
making decisions about consents. 

Territorial authorities must have:  

 regard to the NPS when considering or 
making decisions about consents  

 particular regard to the NPS when 
considering or making decisions about 
notices of requirement. 
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3.1  Regional plans and regional 
policy statements 
Regional councils must give effect to the NPS-FM in all relevant Resource Management Act 1991 
(RMA) plans and policy statements. Where existing plans and policy statements do not already give 
effect to the NPS-FM, they must be amended through a RMA Schedule 1 process. The exception is 
the transitional provisions in Policies A4 and B7, which can be inserted directly into plans if required.  

The objectives and policies of the NPS-FM should be given effect to in a way that recognises that 
some provisions are more specific and directive (and therefore impose a more prescriptive 
obligation) than others.  

Regional councils are required to consult with affected local authorities when they prepare regional 
policy statements and regional plans. The objective and limit-setting process required by the NPS-FM 
means the consequences of the objectives and limits will be explicit. The consultation requirements 
mean that all affected parties can be informed about the effects of the provisions in the regional plan 
during the plan’s preparation, and will be able to participate in the setting of those objectives and 
limits.  

3.2  District plans 
The NPS-FM does not directly require specific provisions to be included within district plans, but the 
RMA requires district plans to give effect to national policy statements and regional policy 
statements.  

If a regional council adopts a policy in its regional policy statement directing the management of 
contaminants such as sediment or nutrients, and those contaminants could be associated with 
particular land uses (such as earthworks or urban development), the district council would need to 
give effect to those policies in rules controlling land use. 

City and district councils may also be affected by regional plan provisions that are adopted to give 
effect to the NPS-FM, for example:  

• limits set on contaminants in any discharges to fresh water from infrastructure owned or 
managed by them, such as stormwater or sewerage system 

• limits set on maximum rates of abstraction or minimum levels of flow in a water body used by a 
city or district council for water supply.  

3.3  Resource consents 
All consent authorities must have regard to the NPS-FM when considering and/or making decisions 
on resource consents (section 104 (1) (b) (iii)), and ‘have particular regard’ to it when considering 
notices of requirement for heritage orders and designations. 

The NPS-FM is not a specified mandatory consideration in determining notification of an application 
under sections 95 to 95G of the RMA, but it may help identify relevant effects to consider in making 
the determination. 
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3.4  Community involvement in freshwater 
management 
This guide refers to decisions that can be, or are required to be, made by regional councils. It is 
implicit that, while regional councils are the final decision-makers in implementing the NPS-FM, these 
decisions must involve input from iwi and hapū, water users, and from the local community, as 
required by the RMA and the Local Government Act 2002. 

At a minimum, the planning process must involve iwi and hapū (Part D of the NPS-FM and Schedule 1 
of the RMA), and community participation (Schedule 1 of the RMA). In addition, implementing the 
NPS-FM will provide further opportunities for councils to involve water users and the wider 
community more substantively and collaboratively in freshwater management; in particular in:  

• identifying the values that are locally relevant 

• determining the desired state of fresh water through the setting of freshwater objectives  

• providing input into decisions about the appropriate set of management interventions to 
achieve freshwater objectives and limits.  

In New Zealand, collaboration is increasingly being used to tackle complex resource management 
issues. Regional councils are engaging stakeholders, communities and iwi early in the planning 
process as a way to resolve tensions over conflicting values, multiple interests, and increasing 
demands for fresh water. A collaborative approach emphasises the sharing of knowledge and 
working together at the front end of the planning process, through dialogue and discussion.  
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4 Explanation of terms used in the 
National Policy Statement for 
Freshwater Management 2014 

The following list includes terms used in the National Policy Statement for Freshwater Management 
(NPS-FM), as well as other terms used in this guide. Definitions that have been taken verbatim from 
the Resource Management Act 1991 (RMA) or NPS-FM are italicised. The RMA contains additional 
terms that are not included in this glossary. 
 

Term Description 

Allocation A process where a water resource (eg, the total amount of water that may 
be extracted and/or used, or an amount of contaminants that may be 
discharged) is divided and assigned to individuals, groups of individuals, or 
broad use. The term covers both the formal assigning of allocation through 
the planning/consent process, as well as cases where water resources are 
used but not specifically assigned as a consequence of a specific land use 
(eg, through permitted activities such as stock water takes and some diffuse 
discharges). The individual amounts are often referred to as ‘allocations’, 
and collectively referred to as the ‘total allocation’. 

Attribute Is a measurable characteristic of fresh water, including physical, 
chemical and biological properties, which supports particular values.  
(NPS-FM definition) 

Attributes are the characteristics or properties of fresh water that need to 
be managed for a particular value. For example, E.coli and cyanobacteria 
concentrations are important factors affecting whether a person gets sick 
after contact with water, so these are attributes of the ‘human health for 
recreation’ value. Appendix 2 of the NPS-FM contains a list of attributes that 
must be used to set freshwater objectives for the compulsory values in 
Appendix 1. This is not an exhaustive list; some additional attributes relating 
to the compulsory values, and attributes relating to the other, non-
compulsory national values, are under development and will be added to 
Appendix 1 in the future.  

Setting freshwater objectives for attributes in addition to the ones listed in 
Appendix 2 is likely to also be necessary. If relevant attributes for a selected 
value are not provided in Appendix 2 (either for values selected from 
Appendix 1, or any additional values that have been identified), regional 
councils will need to establish these attributes for themselves.  

Attribute state The level to which an attribute is to be managed for those attributes 
specified in Appendix 2. (NPS-FM definition) 

Each attribute state in Appendix 2 of the NPS-FM represents a different level 
of water quality for a particular attribute. Each attribute state is defined by a 
numeric range and a description that corresponds to a scientifically 
determined range of effects. 
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Term Description 

The ‘A’ state represents a state that provides very well for the associated 
value (for attributes relating to ecosystem health, this would generally mean 
a healthy and resilient state with minimal effects on aquatic species). The ‘D’ 
state means the corresponding value is not adequately provided for. 

Regional councils can choose a desired attribute state from A to C depending 
on the existing water quality and the level at which they and their 
communities want the water management unit to provide for a particular 
value. A council cannot set an objective in the D state (except where Policies 
CA3 and CA4 apply), because that would not adequately provide for the 
value. Minimum acceptable states and national bottom lines are defined as 
the bottom of the C state.  

Freshwater objectives will be a numeric figure (or in some cases a narrative 
description) based on the desired attribute state. Freshwater objectives can 
(and generally would) be set at a finer level of detail than the attribute 
states; for example, if a council was to choose the ‘B’ state they may set a 
freshwater objective a point within the range provided for the ‘B’ state. 

Coastal marine area Means the foreshore, seabed, and coastal water, and the air space above the 
water— 

a) of which the seaward boundary is the outer limits of the territorial sea: 

b) of which the landward boundary is the line of mean high water springs, 
except that where that line crosses a river, the landward boundary at 
that point shall be whichever is the lesser of— 

(i)  1 kilometre upstream from the mouth of the river; or 

(ii)  the point upstream that is calculated by multiplying the width of 
the river mouth by 5. (RMA definition) 

Coastal water Means seawater within the outer limits of the territorial sea and includes— 

a) seawater with a substantial fresh water component; and 

b) seawater in estuaries, fiords, inlets, harbours, or embayments. (RMA 
definition) 

Compulsory values The national values relating to ecosystem health and to human health for 
recreation included in Appendix 1 and for which a non-exhaustive list of 
attributes is provided in Appendix 2. (NPS-FM definition)  

There are two compulsory values (‘ecosystem health’ and ‘human health for 
recreation’) listed in Appendix 1 of the NPS-FM. These two values must be 
applied to all freshwater management units, and freshwater objectives must 
be set for them.  

The two compulsory values are not prioritised above any other values that 
are considered relevant at a regional or local level. Once a set of values is 
agreed (including the compulsory values, any additional national values 
chosen from Appendix 1, and any other local values that are identified), it is 
up to regional councils to determine the level to which each value will be 
provided for through freshwater objectives. 

Efficient allocation  Includes economic, technical and dynamic efficiency. (NPS-FM definition) 

Efficient allocation may include (but is not limited to): 
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Term Description 

 Economic efficiency (also known as allocative efficiency): allocating 
water to enable optimum economic outcomes (eg, allocating water to 
the uses which have the highest value to society and create headroom). 

 Technical efficiency: maximising the proportion of water beneficially 
used in relation to that taken. It relates to the performance of a water-
use system, including avoiding water wastage. 

 Dynamic efficiency: adjusting the use of water over time to maintain or 
achieve allocative efficiency (eg, enabling movement of allocated water 
and minimising the transaction costs for doing so). 

These different aspects of efficiency are outlined further in relation to 
Policies B2, B3 and B4. 

Environmental flows 
and/or levels 

A type of limit that describes the amount of water in a freshwater 
management unit (except ponds and naturally ephemeral water bodies) 
which is required to meet freshwater objectives. Environmental flows for 
rivers and streams must include an allocation limit and a minimum flow (or 
other flow/s). Environmental levels for other freshwater management units 
must include an allocation limit and a minimum water level (or other level/s). 
(NPS-FM definition) 

Environmental flows/levels are the flows/levels that need to be maintained 
in a water body to provide for the values that have been identified for it. An 
environmental flow/level regime aims to ensure that sufficient volume and 
flow/level variability remains in the water body, by limiting the total amount 
of water that can be taken, and by limiting the taking of water when 
particular flows/levels are reached. Environmental flows and/or levels apply 
to the whole freshwater management unit which may comprise lakes, rivers, 
groundwater or wetlands, or a combination of these.  

An environmental flow regime must include: 

 an allocation limit: a limit on the total amount that can be allocated to 
users to be taken from the water body  

 a minimum flow/level (or other flows/levels): the flow/level at which 
taking is limited (either partially or fully). 

A minimum flow/level is the point at which consumptive takes would need 
to cease (regardless of whether the full allocation limit is being used at the 
time). Other flows/levels could be points above the minimum at which takes 
may be partially restricted, to reduce the frequency and duration of reaching 
the minimum flow/level. 

Along with establishing minimum flow/level or other flows/levels, the 
allocation limit(s) can be set by determining how much of the water above 
the minimum flow/level should be available to be taken by users. Allocations 
for individual water users can then be set as a proportion of the total 
allocation limit(s).  

Existing freshwater 
quality 

The quality of the fresh water at the time the regional council commences 
the process of setting or reviewing freshwater objectives and limits in 
accordance with Policy A1, Policy B1, and Policies CA1-CA4. (NPS-FM 
definition) 

Regional councils will need to understand the existing freshwater quality to 
set freshwater objectives, and to identify whether freshwater quality is 
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Term Description 

maintained or improved in the future. 

Freshwater quality naturally fluctuates over time, and an assessment of 
freshwater quality should not be based on a single point in time. The existing 
state is likely to be determined using a baseline of the most up-to-date data 
available at the time councils begin to determine freshwater objectives and 
limits, using scientifically robust methods (eg, through use of annual median 
data and long-term trends). 

An assessment of existing freshwater quality is not intended to be based on 
an anticipated future state of freshwater quality. 

Fresh water  All water except coastal water and geothermal water. (RMA definition) 

Freshwater 
management unit 
(FMU) 

The water body, multiple water bodies or any part of a water body 
determined by the regional council as the appropriate spatial scale for 
setting freshwater objectives and limits and for freshwater accounting and 
management purposes. (NPS-FM definition) 

Regional councils must define FMUs at an appropriate spatial scale for which 
to undertake freshwater accounting and set freshwater objectives. The NPS-
FM definition gives regional councils discretion over the spatial scale of 
FMUs. An FMU may be made up of a group of water bodies that are similar, 
both physically and/or socially (eg, who uses them and for what). Similar 
freshwater bodies can be grouped (eg, all first order streams originating 
from a mountain range) and be effectively managed as one FMU. 
Alternatively, an individual freshwater body or a part of a freshwater body 
(eg, a reach or sections of a river) could be set as an FMU.  

Freshwater objective Describes an intended environmental outcome in a freshwater management 
unit. (NPS-FM definition) 

A freshwater objective is an environmental outcome sought for an FMU. A 
freshwater objective describes the environmental state required for the 
identified values for fresh water to be achieved. For the compulsory national 
values, freshwater objectives must be set using all attributes from Appendix 
2 that are relevant to the freshwater body types in the FMU. Freshwater 
objectives can also be set based on other attributes that regional councils 
consider appropriate, in addition to the ones in Appendix 2.  

Freshwater objectives can be set at a variety of scales and levels of detail. 
Where practicable they must be numeric (either expressed as a range or a 
single figure), but can also be narrative or supported by a narrative 
descriptor.  

Further explanation of freshwater objectives is provided later in this guide 
(see Policies A1, B1 and CA2). 
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Term Description 

Freshwater quality 
accounting system 

A system that, for each freshwater management unit, records, aggregates 
and keeps regularly updated, information on the measured, modelled or 
estimated: 

a) loads and/or concentrations of relevant contaminants; 

b) sources of relevant contaminants;  

c) amount of each contaminant attributable to each source; and 

d) where limits have been set, proportion of the limit that is being used. 
(NPS-FM definition) 

A freshwater quality accounting system should keep account of the type and 
amount of relevant contaminants affecting an FMU. It should also keep 
account of where those contaminants are coming from by broad category 
(eg, stormwater, treated sewage, industrial, agriculture, natural sources), 
including point sources and diffuse discharges (runoff), plus the amount 
attributable to each source. The system will also keep account of how much 
of the limit is being used in the FMU.  

Freshwater quantity 
accounting system 

A system that, for each freshwater management unit, records, aggregates 
and keeps regularly updated, information on the measured, modelled or 
estimated: 

a) total freshwater take; 

b) proportion of freshwater taken by each major category of use; and 

c) where limits have been set, the proportion of the limit that has been 
taken. (NPS-FM definition) 

A freshwater quantity accounting system will keep account of how much 
water is allocated, as well as how much is being taken from freshwater 
bodies and broadly what that water is being used for (eg, municipal, 
irrigation, hydroelectric power).  

Freshwater take A take of ground or surface fresh water whether authorised or not. (NPS-FM 
definition) 

A freshwater take is the consumptive or non-consumptive use of water from 
a freshwater body, whether permitted by a resource consent or not.  

Non-consumptive use of water is where water is taken from a water body 
and the same amount of water is returned at or near the location from 
which it is taken, with no significant delay between taking and returning of 
the water. Consumptive use of water is where water is not returned, or is 
returned in a lesser amount or at a different location.  

For the purposes of freshwater accounting required under the NPS-FM, the 
term freshwater take is intended to include unmetered takes, takes that do 
not require a resource consent (eg, stock water) and unauthorised takes.  

Limit The maximum amount of resource use available, which allows a freshwater 
objective to be met. (NPS-FM definition) 

A limit is the maximum amount of resource that is available for use while 
still enabling a freshwater objective to be met. It is a specific quantifiable 
amount that links the freshwater objective (the desired state) to use of the 
freshwater resource. A limit puts constraints on how much of that resource 
is available for use.  

Limits for both water quality and water quantity will be required for an FMU. 
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Term Description 

The combination of quality and quantity limits will depend on the objectives 
set for the FMU. The NPS-FM does not require a corresponding limit to be 
set for every freshwater objective, but it does require that limits are set that 
are sufficient to collectively give effect to all freshwater objectives set, and 
to give effect to all the wider objectives of the NPS-FM. 

Limits should clearly specify a maximum amount of resource use that relates 
to the objective.  

For freshwater quantity a limit would define how much water can be taken 
and when, and therefore how much water must remain to continue to meet 
a freshwater objective (see the definition of environmental flows). 

For freshwater quality, the assimilative capacity of the water (its ability to 
absorb contaminants) is the resource being limited. A quality limit would 
describe how much of a contaminant (eg, a nutrient) could be discharged 
into the water by users without exceeding a freshwater objective.  

Limits must be set so the relevant freshwater objectives for each FMU can 
be met, taking into account any methods, uncertainties and management 
risks. Allocation of the resource to specific users, sectors, or land uses, is 
carried out within the broader limit set for the FMU. 

Further explanation of limits is provided is provided later in this guide (see 
Policies A1 and B1).

2
 

Minimum acceptable 
state 

The minimum level, specified in Appendix 2, at which a freshwater objective 
may be set in a regional plan in order to provide for the associated national 
value. (NPS-FM definition) 

The minimum acceptable state is defined by the boundary between the  
C and D states for attributes in Appendix 2 of the NPS-FM. The minimum 
acceptable states for the attributes of compulsory values are called national 
bottom lines (see definition below). 

National bottom line The minimum acceptable state for the compulsory values as specified in 
Appendix 2. (NPS-FM definition) 

A national bottom line is the boundary between the C and D states for the 
attributes associated with the compulsory national values (‘ecosystem 
health’ and ‘human health for recreation’). All FMUs must have freshwater 
objectives that are set above these nationally-defined bottom lines, except 
for in those circumstances described in Policy CA3 and CA4. The national 
bottom lines are described both numerically and narratively in Appendix 2 of 
the NPS-FM. 

National Objectives 
Framework (NOF) 

The National Objective Framework (NOF) directs regional decision-making in 
the setting of freshwater objectives. It consists of a process (set out in Part 
CA), a set of national values (Appendix 1), and a set of attributes for setting 
freshwater objectives to achieve those values (Appendix 2). 

                                                                        
2
  See also Norton N, Snelder TH, Rouse H. 2010. Technical and scientific considerations when setting measurable 

objectives and limits for water management.  
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Term Description 

National value Any value described in Appendix 1. (NPS-FM definition) 

National values in Appendix 1 are those intrinsic qualities, uses or potential 
uses that were determined by Government both to be appropriate based on 
a set of criteria outlined in the section of this guide relating to Appendix 1, 
and to be of national significance. Of the national values listed, two 
(‘ecosystem health’ and ‘human health for recreation’) are compulsory and 
must have freshwater objectives set for them. However, regional councils 
must consider all of the national values listed in Appendix 1 and must decide 
whether any of the non-compulsory national values also apply to the 
freshwater management units in their region (Policy CA2(a)).  

The list of additional national values in Appendix 1 is not an exclusive list of 
all the values that may be relevant in an FMU. Regional councils, together 
with iwi and hapū and communities, can also choose additional values for 
fresh water that are locally important. Further explanation of national values 
is provided later in this guide (see Policy CA1 and Appendix 1). 

Naturally occurring 
processes 

Processes that could have occurred in New Zealand prior to the arrival of 
humans. (NPS-FM definition) 

Where existing freshwater quality in an FMU is below a national bottom line 
due to naturally occurring processes, a regional council may set a freshwater 
objective below a national bottom line under Policy CA3. By definition, any 
deterioration in water quality that is caused by human interventions, and 
would not have occurred without that intervention, does not qualify a water 
body to have a freshwater objective set for it below a bottom line (unless 
policy CA3 applies and the deterioration is related to infrastructure listed in 
Appendix 3).  

Outstanding 
freshwater bodies 

Those water bodies identified in a regional policy statement or regional plan 
as having outstanding values, including ecological, landscape, recreational 
and spiritual values. (NPS-FM definition) 

An outstanding freshwater body is one that is exceptional in some way. It 
may be exceptional in relation to one particular feature, or it may have a 
number of outstanding features. It would generally be through the process 
of identifying a set of relevant values for each FMU, set out in Policy CA2(a-
b), that regional councils will identify (or confirm) those outstanding values 
that contribute to making a water body outstanding. 

A freshwater body may be outstanding at the local, regional or national 
level.  

Over-allocation The situation where the resource: 

a) has been allocated to users beyond a limit; or 

b) is being used to a point where a freshwater objective is no longer being 
met. 

This applies to both water quantity and quality. (NPS-FM definition) 

Setting a freshwater objective and limit establishes the level beyond which 
over-allocation occurs. Over-allocation occurs when either, or both, of the 
relevant objective and limit are not being met or will not be met in the 
future. Further explanation of over-allocation is provided later in this guide 
(see Policies A1, B5 and B6). 
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Term Description 

Relevant 
contaminants 

 

This term is used in Policy A2 and in the definition of a freshwater quality 
accounting system. It refers to contaminants that need to be accounted for 
and managed to achieve the freshwater objectives for the FMU. Although a 
range of contaminants may be present and influence water quality to some 
degree, contaminants considered relevant are generally those with the 
potential to affect the achievement of freshwater objectives, or those that 
have the potential to affect the life-supporting capacity of the water. Not all 
contaminants will need to be accounted for and managed in every FMU (eg, 
heavy metals may only be relevant in some water bodies).  

Secondary contact People’s contact with fresh water that involves only occasional immersion 
and includes wading or boating (except boating where there is high 
likelihood of immersion). (NPS-FM definition) 

The term secondary contact applies to activities on or near fresh water that 
do not ordinarily involve full immersion for a prolonged period (eg, wading 
and boating).  

The term is used in relation to Objective A1, which requires the health of 
people and communities, at least as affected by secondary contact with 
fresh water, to be safeguarded. This objective is supported by the 
compulsory national value ‘human health for recreation’, and the E.coli 
attribute in Appendix 2 of the NPS-FM, which must be used to set 
freshwater objectives for lakes and rivers. 

The national bottom line for E. coli equates to a moderate risk of infection 
from occasional immersion that might arise from secondary contact with the 
water.

3
 This is the minimum level of protection (and the maximum level of 

risk) required for E. coli nationwide.  

If a council chose to set a freshwater objective that would allow for full 
immersion (ie, swimming or kayaking) rather than secondary contact, they 
would need to choose a more stringent objective (eg, the ‘B’ state or better) 
for E. coli.  

Significant values  While the term ‘values’ is used in Part CA of the NPS-FM in relation to all 
FMUs, the term ‘significant values’ is used in Objectives A2 and B4 
specifically in relation to wetlands and outstanding freshwater bodies. These 
NPS-FM objectives require the significant values of wetlands and freshwater 
bodies to be protected.  

Significant values and how to protect them will need to be determined 
according to regional tāngata whenua and community preferences (eg, a 
wetland or water body may have a significant value related to native 
biodiversity, fisheries, geomorphology, culture, science, recreation or 
landscape). Councils may set criteria for significant values in their regional 
policy statement or plans to identify outstanding freshwater bodies.  

                                                                        
3
  Moderate risk from secondary contact is defined as less than five per cent, based on an annual median. While annual 

medians are used in relation to secondary contact, a 95
th

 percentile sampling statistic is used for assessing the risk 
from full immersion. The use of different sample statistics means there are different levels of confidence that the 
objective is achieved (ie, using a 95

th
 percentile provides a higher degree of confidence than an annual median). 
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Term Description 

Target A limit that must be met at a defined time in the future. This meaning only 
applies in the context of over-allocation. (NPS-FM definition) 

A council may set several intermediate targets in a regional plan, each 
specifying a limit and the time by which that limit must be met. This series of 
targets would make up part of a staged work programme, designed so water 
quality is gradually improved over time to meet the relevant freshwater 
objective. 

Value Means: 

a) any national value; and 

b) includes any value in relation to fresh water, that is not a national value, 
which a regional council identifies as appropriate for regional or local 
circumstances (including any use value). (NPS-FM definition) 

Values are those intrinsic qualities, uses or potential uses associated with 
fresh water. They are qualities or uses that people and communities 
appreciate about freshwater bodies and wish to see recognised in the  
on-going management of those freshwater bodies. Intrinsic qualities include 
ecosystem health, and natural form and character. Uses or potential uses of 
fresh water by people include water supply, irrigation, cultivation, hydro-
generation and recreation.  

National values are those values identified in Appendix 1 of the NPS-FM. 
They include compulsory values (which must have objectives set in relation 
to them), other national values (which must be considered but do not 
necessarily require objectives to be set in relation to them), and any other 
values a council identifies as appropriate through Policy CA2(b)(ii). 

Water body Means fresh water or geothermal water in a river, lake, stream, pond, 
wetland, or aquifer, or any part thereof, that is not located within the coastal 
marine area. (RMA definition) 
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5 Guidance on the parts of 
the National Policy Statement for 
Freshwater Management 2014 

This chapter explains the policy intent behind each part of the National Policy Statement for 
Freshwater Management 2014 (NPS-FM), and provides guidance on how they can be given effect to.  

Figure 2 shows the individual parts of the NPS-FM, and provides a brief description of what they do 
and how they relate to each other. The remainder of this chapter provides further explanation and 
guidance about each part. In sections 5.5 to 5.12, each of the individual objectives and policies of the 
NPS-FM is quoted in full, followed by an explanation. 

Figure 2: The parts of the NPS-FM and their relationship with each other 
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5.1 Preamble to the National Policy 
Statement for Freshwater Management 2014 
The preamble outlines the rationale for, and introduces the concepts which underpin, the NPS-FM. It 
is intended to clarify and provide the Government’s policy intent to help interpret the NPS-FM 
objectives and policies. The preamble is a guide in itself and is not explained further here.  

5.2 Review 
The NPS-FM states that an independent review of its implementation and effectiveness will be 
undertaken no later than 1 July 2016. The need for any further amendment to the NPS-FM will be 
considered following that review.  

5.3 National significance of fresh water and 
Te Mana o te Wai 
The start of the NPS-FM includes a statement that recognises the national significance of fresh water 
and Te Mana o te Wai. The statement emphasises the importance of identifying, through the 
planning process, community and tāngata whenua values that will collectively recognise the national 
significance of fresh water and Te Mana o te Wai.  

For the purposes of the NPS-FM, Te Mana o te Wai represents the innate relationship between te 
hauora o te wai (the health and mauri of water) and te hauora o te taiao (the health and mauri of the 
environment), and their ability to support each other, while sustaining te hauora o te tāngata (the 
health and mauri of the people).  

The recognition and expression of the national significance of fresh water and Te Mana o te Wai is 
reflected in the national values contained in Appendix 1 of the NPS-FM. The national values 
incorporate tāngata whenua values at a high level, and the National Objectives Framework (NOF) 
process set out in Policy CA2 allows for regional flexibility in the way tāngata whenua values are 
defined and expressed by each iwi and hapū. The aggregation of community and tāngata whenua 
values and the ability of fresh water to provide for those values over time recognises the national 
significance of fresh water and Te Mana o te Wai. 

5.4 Interpretation 
The interpretation section of the NPS-FM lists definitions relevant to the national policy statement. 
These terms, as well as others of relevance from the Resource Management Act 1991 (RMA), are 
defined and explained in section 4 of this guide.  
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5.5 Part A. Water quality 

Objective A1 
 

To safeguard:  

a) the life-supporting capacity, ecosystem processes and indigenous species 
including their associated ecosystems, of fresh water; and  

b) the health of people and communities, at least as affected by secondary contact 
with fresh water;  

in sustainably managing the use and development of land, and of discharges of 
contaminants. 

Origins of the policy 

The Land and Water Forum recommended that the Government promulgate a national policy 
statement for fresh water4 and define national objectives for water quality.5 The Forum also 
recommended a requirement to safeguard the life-supporting capacity, ecosystem processes, and 
indigenous species, including their associated ecosystems, of fresh water. This was included in the 
2011 NPS-FM.  

The Land and Water Forum later recommended adding an objective about managing risks to human 
health, to apply to all water bodies.6 The National Objectives Framework Reference Group7 
supported this and further recommended that human health should be a national objective, 
requiring that all surface waters are safe for at least secondary contact recreation values (eg, boating 
and wading). This is included in the 2014 NPS-FM. 

Policy intent and implementation 

Objective A1 recognises the crucial role fresh water plays in sustaining life, both for people and for 
ecosystems more generally. Recognising this role, and safeguarding the ability of fresh water to 
support life and human health through the sustainable management of water quality, is an important 
part of recognising the national importance of freshwater and Te Mana o te Wai.  

The objectives and policies within the NPS-FM provide national direction on what is required to 
support Objective A1, but achieving this objective requires regional councils to adopt a holistic, or 
whole of catchment, response using a variety of tools and methods (both regulatory and non-

                                                                        
4
  Recommendation 48, First Report. 

5
  Recommendation 1, First Report. 

6
  Recommendation 1, Second Report. 

7
  The National Objectives Framework Reference Group is a group of water users including representatives from iwi, 

regional councils, and key stakeholder groups, which provided advice to officials about the workability of proposed 
attributes for the NPS-FM. A list of members can be found on the Ministry for the Environment’s website. 
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regulatory) that go beyond the specific requirements in the NPS-FM itself. Achieving Objective A1 will 
require regional councils to:  

• gain an understanding of the sources and amount of relevant contaminants, and the current 
state of freshwater resources  

• set freshwater objectives for attributes that are relevant to safeguarding the life-supporting 
capacity, ecosystem processes, and indigenous species of a water body, including their 
associated ecosystems – not just the attributes that are currently included in Appendix 2 of the 
NPS-FM 

• set limits for both water quality and quantity, and develop a range of methods to achieve them.  

Objective A1 is also a relevant consideration for all applications for resource consents, including 
discharge applications and land-use applications that potentially impact on freshwater quality, and in 
notice of requirement decision-making. 

This objective does not imply there would never be any change or adverse effect in a water body; 
rather, it requires local authorities to ensure the economic, social and cultural well-being of people is 
provided for in a sustainable way that ensures the life-supporting capacity of water is maintained. 
The word ‘safeguard’ implies an active duty (ie, proactive responses) for local authorities to 
determine ways to ensure, for example, that fresh water maintains its life-supporting capacity.  

Objective A1(a) 

Policy CA2 of the NPS-FM requires regional councils to set freshwater objectives for a range of 
values. Setting freshwater objectives for the compulsory value ‘ecosystem health’ using the 
attributes in Appendix 2 will contribute to, but not completely be sufficient to fully give effect to, 
Objective A1(a). Regional councils will need to develop freshwater objectives in each freshwater 
management unit (FMU) for all attributes that are applicable to the value and the freshwater body 
type. This is likely to include attributes not found in Appendix 2 (eg, sediment, temperature, clarity, 
and additional nutrients). Councils should exercise caution where little is known about the life-
supporting capacity of a particular freshwater ecosystem. 

Monitoring progress against freshwater objectives set for the ‘ecosystem health’ value, as required 
by Policy CB1, will help to provide an indication of whether Objective A1(a) is being met. In addition, 
other monitoring may be appropriate to measure progress towards achieving Objective A1(a) more 
generally; this could potentially include methodologies such as the macroinvertebrate community 
index (MCI) and stream ecological valuation (SEV), among others.  

Objective A1(b) 

Setting freshwater objectives for the compulsory national value ‘human health for recreation’, in 
accordance with Policy CA2, will contribute to achieving Objective A1(b). At a minimum, freshwater 
objectives must be set that safeguard the health of people who have secondary contact with fresh 
water. This is reflected in the national bottom line for the E. coli attribute in Appendix 2. If a higher 
level of human health protection is desired (eg, for people swimming), then a more stringent 
freshwater objective can be assigned.  

A regional council can also include freshwater objectives for other attributes it or its community 
desires to achieve this value and objective (eg, clarity, sediment and periphyton). Further guidance 
on the objective-setting process is provided in the section of this guide dealing with Part CA. 
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Objective A2 
 

The overall quality of fresh water within a region is maintained or improved while: 

a) protecting the significant values of outstanding freshwater bodies; 

b) protecting the significant values of wetlands; and 

c) improving the quality of fresh water in water bodies that have been degraded by 
human activities to the point of being over-allocated. 

Maintaining or improving overall quality of fresh water 

Objective A2 recognises that maintaining or improving all aspects of water quality everywhere may 
not be possible or desirable, economically or socially. The freshwater objective-setting process 
outlined in part CA of the NPS-FM provides a process to assist with this decision-making.  

Objective A2 allows for some variability in water quality as long as the overall water quality is 
maintained or improved.  

Due to recent case law8 any council considering setting a freshwater objective below current water 
quality levels should seek independent legal advice. 

The Ministry for the Environment intends to update this guidance as needed, and provide 
additional guidance on the requirement to maintain or improve overall quality of freshwater. 

The attributes in Appendix 2 of the NPS-FM each have a national bottom line, below which 
freshwater objectives cannot be set (except for in specific circumstances set out under Policy CA3). 
While Objective A2 allows for limited balancing of water quality, it does not allow degradation to 
below a national bottom line. Where an FMU is already below a national bottom line, a freshwater 
objective must be set to improve the water quality up to the national bottom line (or better).  

Objective A2 sets three additional, specific requirements that must be met while maintaining or 
improving overall water quality. These are described below. 

  

                                                                        
8
  Ngati Kahungunu Iwi Inc. v Hawkes Bay Regional Council [2015] NZEnvC ENV-2013-WLG-000050. 
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Outstanding freshwater bodies 

Objective A2(a) requires that where a water body is considered to be outstanding, its significant 
values must be protected. The objective is intended to ensure that those characteristics that make a 
waterbody outstanding are protected.  

Protecting the significant values of outstanding water bodies sets a high standard for managing 
outstanding water bodies. In practice, once a water body has been identified as outstanding, adverse 
effects on the significant values of the water body may need to be avoided in some instances to 
provide for those values. The objective implies that while some degradation of some aspects of 
water quality (offset by a proportionate improvement to ensure overall quality is maintained or 
improved) is allowable, that degradation cannot be at the expense of the significant values 
associated with an outstanding freshwater body. 

This objective does not require that every aspect of the water body is fully protected, unless that is 
necessary to protect the outstanding characteristics. For example a water body may be outstanding 
because it is the habitat for an endemic freshwater fish, but protecting that fish may be possible even 
if some water takes and discharges are authorised. 

Outstanding freshwater bodies will be identified in a regional policy statement or regional plan. A 
regional council could also include in a regional policy statement or regional plan the criteria for 
significant values that the outstanding freshwater bodies meet, to guide the setting of freshwater 
objectives for the water body. 

Significant values of wetlands 

The second requirement is that any significant values of wetlands must be protected. 

A wetland is defined in the RMA as including permanently or intermittently wet areas, shallow water, 
and land water margins that support a natural ecosystem of plants and animals that are adapted to 
wet conditions. 

Again, it is the significant values rather than the wetland itself that Objective A2 seeks to protect, and 
it implies that any degradation of water quality cannot be at the expense of the significant values of 
wetlands. It may require adverse effects on the significant values to be avoided to provide for those 
values. 

A regional policy statement or regional plan could include the criteria for significant values that 
would be applied to the wetland. Significant value(s) of a wetland and how to protect them can then 
be determined through the public planning process (eg, a wetland may have a significant value 
related to native biodiversity, fisheries, geomorphology, culture, science, recreation, landscape, 
water yield regulation, denitrification, or water purification). Any conflicts between protection 
measures for different values will need to be resolved (eg, a biodiversity value may be protected by 
preventing contaminated water entering the wetland, while a water purification value could be 
protected by allowing such flows to enter and maintaining the wetland to allow flows to be 
effectively processed).  

The Ramsar Convention on Wetlands (ratified by New Zealand) requires that contracting parties work 
towards the wise use of all their wetlands, not just designated Ramsar sites. Wise use has been 
defined by the Convention as “the maintenance of their ecological character, achieved through the 
implementation of ecosystem approaches, within the context of sustainable development”. 
Implementing the NPS-FM will be an important part of meeting the requirements of the Ramsar 
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Convention  
(eg, through maintaining life-supporting capacity and setting freshwater objectives for the 
compulsory ‘ecosystem health’ value). The Ramsar website provides guidance, toolkits and 
handbooks on various aspects of wetlands management, which may be useful to councils when 
considering how to manage water quality in wetlands.  

There is significant case law available on methodologies for identifying ecological significance of 
wetlands that should be considered.9 Further work is being undertaken to provide attributes for 
wetlands and these are intended to be included in the NPS-FM in the future. 

Degraded water bodies 

The third requirement is the improvement of quality in over-allocated water bodies. This does not 
require that all water bodies that are degraded be improved. Rather, it focuses on water bodies that 
have been degraded by human activities to the point of over-allocation. In the NPS-FM, over-
allocation occurs where the resource has been allocated (either in terms of water extracted and/or 
used, or an amount of contaminant discharged) beyond a limit or to the extent that a freshwater 
objective for a water body is no longer being met.  

Targets and methods for addressing over-allocation within a specified timeframe should be used by 
councils where a freshwater limit or objective is not being met. This target-setting should be done at 
an FMU scale in accordance with Policies A1 and A2. 

This objective is closely linked to Policy 21 of the NZCPS, which requires councils to give priority to 
improving water quality in the coastal environment where it has deteriorated to the extent that it is 
having significant adverse effects on ecosystems, natural habitats, or water-based recreational 
activities, or is restricting existing uses. The point at which significant adverse effects occur, and the 
point at which a resource is over-allocated (as defined in the NPS-FM), will not necessarily be the 
same. However, councils should consider the effects of freshwater quality on the coastal 
environment, and the bearing this should have on any decisions about maintaining or improving 
freshwater quality. 

Objective A2 restricts the scope of enhancing the quality of degraded fresh water to only those 
situations where human activity is the cause of degradation. This recognises that fresh water may be 
degraded by natural factors, so degradation would have occurred without any human influence  
(eg, geothermal discharges). These natural state effects are not covered by this objective; only the 
effects of human activities are sought to be addressed through objectives, limits and targets. The 
concept of over-allocation applies to both water quality and quantity. Over-allocation with regard to 
water quantity is addressed in part B of the NPS-FM. 

Objective A2 will be given effect to through Policies A1–A3. 

  

                                                                        
9
  Examples include:  

 Minister for Conservation v Western Bay of Plenty DC A071/01 

 Mighty River Power Ltd v Waikato RC A146/01 

 Friends of Shearer Swamp v West Coast Regional Council [2010] NZEnvC 345 (confirmed by the High Court on 

appeal). 
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Policy A1 
 

By every regional council making or changing regional plans to the extent needed to 
ensure the plans: 

a) establish freshwater objectives in accordance with Policies CA1-CA4 and set 
freshwater quality limits for all freshwater management units in their regions to 
give effect to the objectives in this national policy statement, having regard to at 
least the following: 

i. the reasonably foreseeable impacts of climate change; 

ii. the connection between water bodies; and 

iii. the connections between freshwater bodies and coastal water; and 

b) establish methods (including rules) to avoid over-allocation. 

 

Policy A1(a) requires regional councils to set freshwater objectives and quality limits, and (b) to 
establish methods to avoid over-allocation. 

This policy is closely linked to Policy CA2, which sets out a process for setting freshwater objectives. 
The process involves identifying values that are relevant to an FMU, identifying attributes that 
provide for those values, and setting freshwater objectives for those attributes. Setting limits for 
water quality involves determining the maximum resource use that will enable a chosen freshwater 
objective to be met. 

By setting freshwater objectives and limits, councils will have effectively determined what 
constitutes over-allocation in an FMU. Policy A1 then requires councils to establish methods to avoid 
over-allocation. 

Figure 3: The relationship between freshwater objectives, limits and methods10 

 

                                                                        
10

 Adapted from Environment Canterbury. 2012. The preferred approach for managing the cumulative effects 

of land use on water quality in the Canterbury region. 
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Figure 3 shows the relationship between freshwater objectives, limits and methods, and how the 
identification of values and attributes (using the process set out in Policy CA2) contributes to their 
development. Each component of this chain helps to inform decisions about the next part. It is 
important to note, however, that in reality this is unlikely to be a linear, step-by-step process. At each 
point councils will need to be consider how their decision would affect the following parts of the 
chain (eg, what limit may be required based on what freshwater objective is chosen) and the most 
appropriate process is likely to be an iterative one where earlier decisions are revisited throughout.  

The following sections provide more detail about each part of Policy A1. 

Making or changing regional plans 

Existing regional plans containing freshwater provisions will need to be assessed to determine 
whether they establish freshwater objectives, set limits, and establish methods to avoid over-
allocation for all FMUs. This assessment should be done with consideration to all the objectives of 
the NPS-FM, and having regard to (i)-(iii) above.  

Changes to regional plans must meet the timing requirements of Policy E1. It may be appropriate to 
prioritise FMUs that are under the greatest pressure. Under section 32 of the RMA councils are 
required to assess the costs and benefits of plan provisions. This provides a mechanism for councils 
to identify the interventions that will achieve improvements with the highest benefit compared to 
the cost. 

Where a regional plan introduces provisions that affect land use, territorial authorities must consider 
the implications of this for district plans. For example, regional land-use controls may encourage 
land-use change, and it would be appropriate for district plans to then provide appropriately for that 
change.  

Establishing freshwater objectives 

Establishing freshwater objectives and setting limits go hand in hand. Establishing freshwater 
objectives is likely to involve an iterative process of considering options both for freshwater 
objectives, and for the limits necessary to achieve them, before making final decisions. Ultimately 
though, it is necessary to decide on the freshwater objectives to justify the level at which limits are 
then set. 

Freshwater objectives need to describe an intended environmental outcome that will enable the 
chosen values for the FMU to be met to the desired level. Thus, the locally held values associated 
with each FMU, identified through engagement with local iwi and hapū, water users, and the 
community, will be important in objective-setting. Part CA of the NPS-FM directs the process for 
formulating freshwater objectives. A freshwater objective should be set for each attribute associated 
with the chosen values for each FMU. Freshwater objectives can reflect the current water quality 
state or be aspirational (better than the current water quality).  

Freshwater objectives can be set at different scales and levels of detail. In giving effect to the  
NPS-FM, a regional policy statement may include broad narrative objectives based on the desired 
values, but for regional plans, freshwater objectives must be set using the process contained in Policy 
CA2. Freshwater objectives in regional plans should be numeric where practicable, and use the 
attributes and attribute states supplied in Appendix 2 where available. Any other attributes 
considered appropriate to achieve a value should also be used to set freshwater objectives to 
achieve the value. Numeric attributes can be supported with a narrative. Where it is not possible to 
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set a numeric freshwater objective, the regional plan should contain a tightly defined narrative 
freshwater objective. A narrative objective may outline an acceptable amount of change, an outcome 
or parameters sought. 

The setting of freshwater objectives must be made in the context of environmental, social, cultural 
and economic considerations. Regional councils must consider the social, cultural and economic 
implications for resource users when setting freshwater objectives (Policy CA2(f)), as well as ensuring 
the environmental outcomes in Objectives A1 and A2 are met. Objective setting will be an iterative 
process. Final decisions about freshwater objectives should only be made after analysis of options, 
and should be fully informed by an understanding of their costs and achievability. Councils are 
expected to engage with tāngata whenua and communities about the way their water bodies are 
valued to set freshwater objectives and achieve those objectives through setting limits (both for 
water quality and water quantity) in their regional plans.  

Setting freshwater quality limits 

Limits are defined in the NPS-FM as the maximum amount of resource use that will allow a 
freshwater objective to be met. Limits relate to people’s use of freshwater resources; therefore while 
a freshwater objective describes the desired state of the water in relation to a particular 
characteristic, a limit should go a step further by describing the maximum use of the resource to 
achieve the desired state. 

For water quality, the resource being limited would generally be the assimilative capacity of the fresh 
water (its capacity to absorb contaminants). Setting a limit for water quality would involve 
determining the maximum use of that capacity (through discharging into the water) that will enable a 
chosen freshwater objective to be met.  

In most cases, setting a water quality limit involves identifying the quantifiable total of a contaminant 
entering the FMU from all sources. The background component (the amount of contaminant that 
comes from natural processes or sources, or from historic activity rather than from current resource 
use) will also need to be established but is not part of the limit itself (not part of the total amount 
that could be allocated to users). However, not all contaminants can be measured in a way that 
allows them to be expressed as a quantifiable total load which can then be allocated. Other types of 
limits to resource use (eg, limits on stock access) may be appropriate for meeting some freshwater 
objectives. 

A limit should, where practicable, specify an actual amount that can be measured or modelled with 
statistical confidence. The NPS-FM is not prescriptive about how a limit is expressed; (eg, whether as 
a source load, catchment load, loading rate, loss rate, or concentration). However, the intent of the 
policy is that a limit will be allocable (that is, an allocation to a particular user, activity or sector can 
be determined within the total for the FMU) where practicable.  

A limit is not simply the maximum resource use an FMU can withstand; it is the maximum use of a 
resource that will allow the relevant freshwater objective to be achieved. Therefore, limits on 
resource use should ensure specific freshwater objectives can be met, rather than reflect more 
generic aspirations. If time shows that the freshwater objective can be met within more relaxed 
limits, the limit and objective combination will need to be reviewed during the next plan change, to 
decide whether to aim for a more aspirational objective or to increase the limit to allow more use of 
the resource.  
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To define the limit, regional councils will need to identify: 

• the current state of water quality 

• the quantity of water available and how it fluctuates seasonally and over time (as concentrations 
of contaminants will be influenced by the quantity of water present) 

• the attribute(s) and objective(s) that the setting of a limit is intended to manage 

• inputs and outputs (freshwater accounting). In the case of water quality, that includes 
identifying the sources of relevant contaminants (eg, sediment, nitrogen, phosphorus) 

• the limit for each relevant contaminant, taking into account any possible interactions between 
contaminants and possible lag effects  

• the timeframes over which the limit can be achieved, and targets that may be required to reach 
the limit (discussed further in the section on Policy A2) 

• the scale at which the limit is to be applied (eg, to the input into a lake itself, the streams feeding 
into the lake, or by managing nutrient inputs to the land in the catchment). Some limits may not 
be allocable at anything smaller than a catchment scale.  

In many cases limits for both water quantity (eg, environmental flows/levels) and water quality will 
be necessary to meet freshwater objectives. Other methods (eg, riparian management in the case of 
rivers) may also interact with limits and influence achievement of freshwater objectives, and would 
need to be considered at the same time as setting limits. 

Limits can be set at a range of scales to fit regional circumstances, but the collective set of limits must 
be sufficient to address every freshwater objective for every FMU in the region. One limit may 
contribute to achieving more than one freshwater objective, while in other cases a whole set of limits 
might be needed to address a single freshwater objective. Limits can be water body specific, or land-
use specific.  

Limits set under Policy A1 must give effect to all the objectives of the NPS-FM. This means that when 
setting water quality limits, regional councils should also consider water quantity (Objectives B1-B7), 
integrated management (Objective C1), and tāngata whenua values and interests (Objective D1). 

Accurate limit-setting can be technically difficult, time-consuming, and expensive. Regional councils 
could prioritise FMUs that would benefit most from early setting of limits (that is, those FMUs that 
are under the greatest pressure). For lower priority FMUs it may be appropriate for a council to set 
general region-wide discharge allocations (eg, per hectare) until specific limits for individual FMUs 
are set, as a precaution against over-allocation occurring in the interim.  

Limit setting, particularly for water quality, is an iterative process that may take a succession of plan 
changes to get right. When freshwater objectives are first set, regional councils are required under 
Policy CA2(f)(v) to consider (among other things) the effects that the associated limits will have on 
resource users and communities. If further refinement of limits is required in later plan changes 
(either to better reflect what’s needed to achieve the objective, or because the objective itself is 
changed), it will be important for regional councils to carry out thorough analysis of how the changes 
will affect resource users. 

A limit must be given effect to through policies and rules that consider all activities contributing to 
the limit, and through establishing appropriate methods (both regulatory and non-regulatory) to 
manage compliance with the limit and to ensure it can be met. 
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Reasonably foreseeable impacts of climate change 

Policy A1 requires that in setting freshwater objectives and limits regional councils have regard to the 
reasonably foreseeable impacts of climate change. Communities and businesses require as much 
long-term stability in allocations and rules as possible. Potential future climate change, and the ways 
this may affect individual FMUs, need to be considered when rules are set to reduce the frequency 
with which those rules will need to be adjusted in the future.  

In setting limits, it is important to consider matters such as: 

• changes in frequency and severity of droughts 

• changes in frequency and severity of heavy rainfall and flushing or flooding events 

• changes in temperatures which may influence algal blooms, increased pressure from invasive 
aquatic species, or changes to water quality 

• sea level rise, which may affect salination, saltwater intrusion, and groundwater quality in some 
areas 

• exacerbation of existing anthropogenic effects (eg, land-use impacts, flooding, or nutrient 
runoff) – degraded ecosystems are less resilient to additional pressures, including those resulting 
from climate change 

• the presence or absence of natural features to mitigate the effects of climate change, including: 

– shading (and cooling) effects provided by riparian vegetation  

– wetlands providing a water source for irrigation  

• deterioration of water quality in some areas as a result of lower flows in freshwater bodies. 

Two reasonably foreseeable impacts of climate change are that projected lower rainfall in the east 
and north of the country will prolong periods of low flows in rivers and at the same time increase 
demand for water abstractions. Longer periods of stable low flows in rivers, even with a nutrient limit 
in place, may allow periphyton to continue growing to a point where chlorophyll-a levels exceed the 
objective set in the regional plan. The likelihood of having to reassess limits to accommodate the 
effects of climate change should be identified when the limits are first established and set in regional 
plans or on resource consents. 

Consideration of the impacts of climate change should be based on the best information available. 
The Ministry for the Environment has produced guidance manuals for local government on adapting 
to climate change, which include projected climatic changes, and recommendations on how to 
include these in planning and decision-making. Where a regional council has already developed 
region-specific information for climate effects on hydrology (eg, rainfall models), it should have 
regard for this information in establishing objectives and limits. 

Connection between water bodies 

Regional councils must have regard to the connections between water bodies in establishing 
freshwater objectives and limits. Those connections may be:  

• physical (eg, a lake and its adjacent wetlands) 

• through water movements (eg, a river and an aquifer that is partially recharged by the river) 
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• through biodiversity movements (eg, eels may access a lagoon through movement over the 
barrier between it and the adjacent sea or river).  

Connections include: 

• connections between water bodies and receiving environments (lakes or wetlands)  

• artificial connections between water bodies (that is, the mixing of water) between different 
water bodies created by abstraction and/or discharges, and its effect on water quality 

• between surface water and groundwater. 

Where connections exist between aquifers and surface water, freshwater objectives and limits 
should be developed through a ‘whole of catchment’ approach, with consideration given to the 
effects of surface water on aquifers and vice versa.  

Connections between freshwater bodies and coastal water 

The NPS-FM does not apply to coastal or geothermal water, but it does apply to freshwater bodies in 
the coastal environment (that is, coastal wetlands and lower reaches of rivers and streams).11 
Freshwater objectives and limits for freshwater bodies in the coastal environment must give effect to 
both the NPS-FM and the relevant objectives and policies of the New Zealand Coastal Policy 
Statement (NZCPS). For water quality, relevant policies include Policy 21 (enhancement of water 
quality), Policy 22 (sedimentation), and Policy 23 (discharge of contaminants).  

Policy A1 also requires regional councils to have regard to the connections between freshwater 
bodies and coastal water when setting freshwater objectives and limits for all FMUs, not just those in 
the coastal environment. A freshwater objective and/or limit for an FMU may be driven by the 
impact that water will have on a receiving environment within the coastal marine area. 

Methods to avoid over-allocation 

Over-allocation is relevant both to water quality and quantity. Once a water quality objective or a 
limit for a particular contaminant has been set, over-allocation would occur if the contaminants 
discharged in the FMU exceeded the FMU’s assimilative capacity, or meant that the objective 
couldn’t be met. This might occur through consented discharges, or through unconsented diffuse 
discharges related to specific land uses. 

Policy A1 requires regional councils to have methods to avoid over-allocation.  

Methods to avoid over-allocation can apply to both point source and diffuse discharges, and include 
both:  

• regulatory methods, such as regional rules and conditions about allocation on resource consents 

• non-regulatory methods, such as funding, landowner advisory and extension programmes, 
voluntary or partnership programmes, or supporting industry-led programmes.  

A combination of regulatory and non-regulatory methods can be adopted to suit the individual 
catchment, and mitigate impacts on resource users. Although the NPS-FM allows for either or both 
types of methods to be used, once over-allocation has occurred it is likely that some form of 

                                                                        
11

 Refer to Policy 1 of the NZCPS for the definition of coastal environment.  
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regulatory method will be needed. The methods must be intended to avoid, not just mitigate or 
remedy, over-allocation. Not all methods need to be set out in a regional plan; some, such as council 
funding for riparian fencing, may be set out in an annual plan or long-term plan.  

Policy A2 
 

Where freshwater management units do not meet the freshwater objectives made 
pursuant to Policy A1, every regional council is to specify targets and implement 
methods (either or both regulatory and non-regulatory), in a way that considers the 
sources of relevant contaminants recorded under Policy CC1, to assist the 
improvement of water quality in the freshwater management units, to meet those 
targets, and within a defined timeframe. 

 

Policy A2 is only relevant if freshwater objectives are not met; for example, if an aspirational 
objective is set or where the water quality is below a bottom line. 

Where this policy applies, the regional council must establish targets, and methods to achieve those 
targets over defined timeframes, so water quality is gradually improved to meet the freshwater 
objective.  

Methods (regulatory or non-regulatory) must be established ‘in a way that considers the sources of 
relevant contaminants’ identified through the freshwater quality accounting process set out in Policy 
CC1. It is likely that the methods will need to be directed primarily at the sources of contaminants to 
be effective in meeting freshwater objectives and addressing the causes of poor water quality.  

Regional councils are required under Policy CA2(f)(v) to consider the implications of their objective 
and limit choices on resource users. The general presumption is that any burden associated with 
water quality improvement would primarily be borne by those that are responsible for the source of 
the contaminant. However, Policy A2 does not require the targets and methods to be applicable 
solely to the identified sources, and there may be cases where it is more appropriate to spread the 
burden of a particular intervention across a wider group of resource users, or across the wider 
community, for example, through rates. The decision about whether to do this should be made as 
part of the evaluation of plan objectives, policies and methods under section 32 of the RMA, and 
with involvement from iwi and hapū, water users, and the wider community. 

Setting targets 

In relation to over-allocation, a target is a limit that must be met at a defined time in the future. A 
regional council may set several intermediate targets, with timeframes set in a regional plan. The 
final target will be the limit needed to meet the freshwater objectives set under Policy A1. The 
sequence of targets would form a stepped approach to work towards the freshwater objective and 
limit for the FMU. 

Management of both point source and diffuse discharges may be required through targets to reduce 
over-allocation over time. A programme to reduce allocation will prescribe how to move from the 
existing resource use level to the desired limit. 
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Good practice would be to ensure that targets are set within the lifetime of a regional plan, or that 
the plan includes methods to allow for sufficient progress to be made towards a target over the 
lifetime of the plan to ensure that it is met within the defined timeframe. It may not be feasible, 
however, to expect measurable progress towards meeting freshwater objectives themselves within 
the lifetime of a regional plan. 

Methods for achieving targets 

The NPS-FM provides flexibility in terms of which methods can be adopted (eg, rules, funding, 
landowner liaison, voluntary programmes, or management plans), provided they are sufficient to 
meet freshwater objectives (and the wider requirements of the NPS-FM) in a defined timeframe. A 
mix of approaches (both regulatory and non-regulatory) can be tailored to the individual catchment 
and can be targeted to local issues, interests and parties. The social, economic, cultural and 
environmental impacts of a particular approach (or combination of approaches) should be evaluated 
and considered. This means that working collaboratively with relevant water users is important in 
setting targets, timeframes and methods at a catchment level. 

Non-regulatory methods that give effect to Policy A2 may need to be supported by methods in the 
annual plan or long-term plan. If measures need to be implemented through a district plan (such as 
low impact urban design or restrictions on land uses), regional councils can direct this approach in 
their regional policy statement; the requirement under Policy C2 to provide for the integrated 
management of land use and fresh water in regional policy statements supports this approach.  

For existing resource consents, regional councils are limited in the regulatory methods that can be 
imposed until those consents expire, or are able to be reviewed in accordance with section 128 of 
the RMA. Section 128(1)(a) provides for review where this is specified in the consent, and section 
128(1)(b) provides for review where an operative regional plan sets rules for levels, flows, rates or 
standards (such as rules for water quality under section 69), and it is appropriate to review the 
conditions of consent to meet those rules. Where possible, the planning process should be used for a 
comprehensive approach to implement Policy A2 rather than solely relying on conditions of 
consents.  

Policy 21 of the NZCPS 2010 is relevant in determining an approach to improving deteriorated water 
quality in the coastal environment. Policy 21 of the NZCPS includes some specific actions that should 
be taken (eg, excluding stock from water bodies). 

  

762 of 1008



 

 Guidance on the parts of the NPS-FM  41 

Policy A3 
 

By regional councils: 

a) imposing conditions on discharge permits to ensure the limits and targets 
specified pursuant to Policy A1 and Policy A2 can be met; and 

b) where permissible, making rules requiring the adoption of the best practicable 
option to prevent or minimise any actual or likely adverse effect on the 
environment of any discharge of a contaminant into fresh water, or onto or into 
land in circumstances that may result in that contaminant (or, as a result of any 
natural process from the discharge of that contaminant, any other contaminant) 
entering fresh water. 

 

Policy A3(a) requires conditions to be imposed on discharge permits to ensure the limits and targets 
can be met. Once objectives, limits and targets made under Policies A1 and A2 are adopted in a 
regional plan, they will be relevant when determining the conditions to impose on discharge permits.  

In addition, plans will need to be assessed to determine whether additional ‘best practicable option’ 
(BPO) provisions are needed to prevent or minimise adverse effects on the environment, to give 
effect to Policy A3(b). 

Policy A3(b) is intended to be consistent with section 70(2) of the RMA, which sets out when a BPO 
may be imposed. The words “where permissible” in Policy A3(b) reflect section 70(2) which requires 
councils to be satisfied that including a rule which provides for the use of a BPO is the most efficient 
and effective means of preventing or minimising adverse effects on the environment. 

Limits established under Policy A1 help define the benchmark for what are acceptable effects. 
“Preventing” (avoiding) or “minimising” (remedying or mitigating) are the words used in section 70 
for rules about discharges. 

Councils and other decision-makers must also have regard to Policy 23 of the NZCPS 2010 when 
managing discharges through conditions or rules in the coastal environment. 
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Policy A4 and direction (under section 55) to regional 
councils 
 

By every regional council amending regional plans (without using the process in 
Schedule 1) to the extent needed to ensure the plans include the following policy to 
apply until any changes under Schedule 1 to give effect to Policy A1 and Policy A2 
(freshwater quality limits and targets) have become operative: 

“1. When considering any application for a discharge the consent authority must 
have regard to the following matters: 

a. the extent to which the discharge would avoid contamination that will 
have an adverse effect on the life-supporting capacity of fresh water 
including on any ecosystem associated with fresh water, and 

b. the extent to which it is feasible and dependable that any more than 
minor adverse effect on fresh water, and on any ecosystem associated 
with fresh water, resulting from the discharge would be avoided. 

2. When considering any application for a discharge the consent authority must 
have regard to the following matters: 

a. the extent to which the discharge would avoid contamination that will 
have an adverse effect on the health of people and communities as 
affected by their secondary contact with fresh water; and 

b. the extent to which it is feasible and dependable that any more than 
minor adverse effect on the health of people and communities as 
affected by their secondary contact with fresh water resulting from the 
discharge would be avoided. 

3. This policy applies to the following discharges (including a diffuse discharge 
by any person or animal): 

a. a new discharge, or 

b. a change or increase in any discharge – 

of any contaminant into fresh water, or onto or into land in circumstances 
that may result in that contaminant (or, as a result of any natural process 
from the discharge of that contaminant, any other contaminant) entering 
fresh water. 

4. Paragraph 1 of this policy does not apply to any application for consent first 
lodged before the National Policy Statement for Freshwater Management 
2011 took effect on 1 July 2011. 

5. Paragraph 2 of this policy does not apply to any application for consent first 
lodged before the National Policy Statement for Freshwater Management 
2014 takes effect.” 
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The process and timeframes for setting freshwater objectives and limits under the NPS-FM may be 
significant for some regions. Policy A4 allows regional councils to consider water quality matters in 
consent decisions in the interim, to ensure the objectives of the NPS-FM for water quality can still be 
achieved. 

Inserting Policy A4 into regional plans 

Policy A4 is a transitional policy, which councils are required to insert into their regional plan, in 
accordance with the process set out in section 55(2)–(2D) of the RMA until such time as the 
objectives, policies, methods or other measures giving effect to policies A1 and A2 are made 
operative through the Schedule 1 process. The Policy required regional councils to insert paragraphs 
1, 3 and 4 directly into regional plans as soon as practicable after 1 July 2011 (which all councils have 
now done), and requires paragraphs 2 and 5 to be inserted as soon as practicable after 1 August 
2014. 

The most efficient response will usually be to insert the policy into plans using the exact wording in 
Policy A4. Under sections 55(2) and 55(2A) of the RMA, public notice is to be given once amendments 
are made. Note that the NPS-FM 2014 has a further paragraph which councils must insert into a 
regional plan, in addition to the paragraphs inserted under the 2011 NPS-FM.  

Where regional plans already give effect to these policies, no amendment to the plan is needed. 

Effect of Policy A4 on consents 

Policy A4 requires that a regional council has regard to certain matters when assessing and 
determining an application for a discharge permit. It applies once a plan is amended to include the 
transitional policy.  

However, regional councils must also have regard to it when considering an application for resource 
consent before the amendment under section 55(2) is made to the regional plan (due to the 
requirements under section 104(1)(b)(iii) of the RMA). This means that regional councils considering 
resource consent applications lodged after 1 July 2011 (for paragraph 1) and 1 August 2014 (for 
paragraph 2) must have regard to Policy A4 under section 104(1)(b), pending the inclusion of the 
policy in a plan. 

Policy A4 applies to decisions on discharge permits required under the current regional plan involving 
new discharges or changes/increases in any discharge. 

It does not apply to:  

• land-use (or other) consents that involve a discharge that is authorised by a permitted activity 
rule in a regional plan unless, or until, additional or new consents are required 

• consents for an existing consented discharge where there is no change or increase in the 
discharge. 

The requirement for consent authorities to have regard to the listed matters is no stronger than the 
requirement of section 104 of the RMA to have regard to a number of matters, including any actual 
or potential effects on the environment, and the NPS-FM. This interim policy therefore draws further 
attention to specific matters related to water quality, and the connection between land use and 
water quality over and above the more general considerations required by the RMA. 
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Policy A4 does not expressly identify the matters listed in 1(a), 1(b), 2(a) and 2(b) as matters of 
control or discretion. The policy does not affect activity status, and regard to the matters in Policy A4 
should be within the parameters of the activity status. The policy will therefore operate differently 
depending on the activity status. For example, for controlled activities, the consent authority must 
have regard to those matters, and may impose conditions relating to those matters, but the consent 
must still be granted if the application complies with any requirements, conditions and permissions 
stated in the rule. When Policy A4 is inserted into a plan, councils may wish to avoid confusion by 
outlining how the policy will operate for particular rules and activity statuses within the plan. The 
reference to effects that are more than minor is intended to ensure the policy does not impose 
significant compliance and opportunity costs where adverse effects may only be minor. 

NZCPS 2010 Policy 23 also lists matters to which regard must be given, and requirements for certain 
types of discharges in the coastal environment.  
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5.6 Part B. Water quantity 

Objective B1 
 

To safeguard the life-supporting capacity, ecosystem processes and indigenous 
species, including their associated ecosystems of fresh water, in sustainably managing 
the taking, using, damming or diverting of fresh water. 

 

Objective B1 recognises the crucial role fresh water plays in sustaining life. Safeguarding the life-
supporting capacity of fresh water by sustainably managing how water is taken and used, as required 
by Objective B1, will be an important part of recognising Te Mana o te Wai in the management of 
fresh water. 

Regional councils will need to give effect to Objective B1 in regional policy statements and regional 
plans. This objective is also a relevant consideration for decision-makers determining resource 
consent applications to take, use, dam or divert fresh water. 

Freshwater bodies and the aquatic communities they support vary across regions and between 
different types of freshwater ecosystems. What is required to achieve safeguarding of the specified 
matters will be catchment-specific. Life-supporting capacity may be assessed using a range of 
attributes and/or methodologies (eg, macroinvertebrate community index (MCI), stream ecological 
evaluation (SEV) and instream flow incremental methodology (IFIM)).  

Regional policy statements and regional plans may already contain freshwater quantity provisions. 
These provisions will need to be assessed to determine whether they adequately reflect Objective 
B1, and amended if necessary. As with Objective A1, the word ‘safeguard’ implies an active duty and 
a proactive response by local authorities to ensure, for example, that fresh water maintains its life-
supporting capacity. As with Objective A1, this does not imply there would never be any change or 
adverse effect in a water body; rather, it requires local authorities to ensure the economic, social and 
cultural well-being of people is provided for in a sustainable way so the life-supporting capacity of 
water is maintained.  

The guidance provided on Objective A1 relates to water quality but applies equally to this objective. 
Water quantity will have an effect on water quality, as the quantity of water available (and variability 
in flow rates in rivers and streams) will affect the capacity of the fresh water to assimilate nutrients 
and other contaminants while still maintaining its life-supporting capacity. 
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Objective B2 
 

To avoid any further over-allocation of fresh water and phase out existing over-
allocation. 

 

Regional councils will need to give effect to Objective B2 in regional policy statements and regional 
plans. 

Over-allocated FMUs will be identified by regional councils undertaking the freshwater accounting 
requirements of Part CC, and by using this information in the setting of freshwater objectives and 
water quantity limits. Avoiding and phasing out any over-allocations will be achieved by 
implementing the policies in Part B of the NPS-FM, particularly Policies B5 and B6.  

In some regions there is recognised over-allocation, where the use of water has created changes in 
freshwater bodies that either prevent them delivering desired community outcomes, or that fail to 
safeguard the life-supporting capacity of the freshwater body.  

But there are also instances of consented over-allocations where the full use of allocations would 
result in unacceptable changes to the freshwater body but for the fact that actual current use is 
below what has been consented. 

Where over-allocation has occurred (or would occur if the consent was exercised to its full extent), 
this objective seeks the incremental reduction of water use over time until a sustainable level is 
reached (see Policy B6). A sustainable level would be where freshwater objectives and limits are met 
within the environmental flows established under Policy B1. Where over-allocation has not occurred, 
the objective requires that measures are put in place to avoid it occurring in future. Avoiding over-
allocation is more stringent than ‘avoiding, remedying, or mitigating’, and would be achieved through 
setting and implementing limits and/or targets. 

Avoiding over-allocation where it is not already occurring is a specific aim of the NPS-FM, and it is 
expected that adverse cumulative effects on water quantity resulting in a water body moving to a 
position of over-allocation will be avoided. 

Objective B3 
 

To improve and maximise the efficient allocation and efficient use of water. 

 

The phrase ’to improve’ indicates measures currently in place to advance efficient allocation and use 
of water may be insufficient. Undertaking freshwater accounting, as required by Part CC, is a first 
step in providing the information needed to identify where improvements in efficient allocation and 
use of water can be made.  
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Efficient allocation and efficient use of water will ensure maximum benefit is gained from using that 
part of the resource that is sustainably available for use. Measures of both efficient use and efficient 
allocation are needed to ensure these are being delivered. 

Efficient allocation may involve: 

• using the most appropriate combination of mechanisms available for the circumstances under 
the RMA to ensure processes for allocating water are efficient  

• ensuring scarce water can be allocated and transferred to the highest value uses (either 
economically, or in terms of other values placed on the water), taking account of issues of 
fairness and equity 

• enabling the movement of allocated water between users to improve outcomes and allow new 
water users to have an opportunity to gain an allocation, while also providing certainty of 
allocation over time 

• identifying any potential ‘headroom’ in a catchment once freshwater objectives are met, and 
providing this information to resource users in a way which enables efficient and equitable 
access to the available water 

• taking into account environmental, economic, social and cultural interests, and how these may 
change over time 

• ensuring the rights and responsibilities of the recipient are clearly defined when allocating 
water.  

Efficient use may involve: 

• reducing water wastage (that is, ensuring all water used is delivering the intended benefit) 

• using more efficient technology and/or practices 

• re-using water for multiple activities where possible 

• reducing the need for water by changing the way benefits are achieved (eg, changing crop 
varieties to one that requires less irrigation but delivers the same economic benefits). 

Improvements in the efficiency with which water is allocated will give New Zealanders greater value 
from the country’s water resources over time. 

Objective B4 
 

To protect significant values of wetlands and of outstanding freshwater bodies. 

 

Objective B4 is intended to be given effect to within the context of water quantity; that is, by giving 
effect to:  

• Objective B1 – sustainably managing the taking, use and damming, or diverting of fresh water  

• Policy B1 – establishing freshwater objectives and setting environmental flows/levels.  
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An example of a water quantity issue that may be relevant to Objective B4 is maintaining variations 
in water levels in a wetland so that ecosystem processes and the habitats of indigenous species in 
the wetland are safeguarded. Significant ecological values of wetlands may be affected by lowered 
water tables (which can result from drainage in the surrounding land), and this may need to be 
managed to protect those significant values.  

Depending on the values of the wetland or outstanding freshwater body, limit-setting alone may not 
be enough to protect the significant values of the wetland or outstanding freshwater body. Other 
measures to address water quality (including non-regulatory measures) may be required. Guidance 
provided for Objective A2 on protecting the significant values of wetlands and outstanding 
freshwater bodies is relevant for Objective B4. 

Objective B4 will be a relevant consideration in consent and notice of requirement decision-making. 

Policy B1 
 

By every regional council making or changing regional plans to the extent needed to 
ensure the plans establish freshwater objectives in accordance with Policies CA1-CA4 
and set environmental flows and/or levels for all freshwater management units in its 
region (except ponds and naturally ephemeral water bodies) to give effect to the 
objectives in this national policy statement, having regard to at least the following: 

a) the reasonably foreseeable impacts of climate change; 

b) the connection between water bodies; and  

c) the connections between freshwater bodies and coastal water. 

 

A core element of the NPS-FM is the limits-based water management regime. Policy B1 is a critical 
policy for implementing that regime, alongside Policy A1. Policy B1 requires councils to set 
freshwater objectives and environmental flows and/or levels. 

Environmental flows and/or levels are types of limits relating to water quantity; setting them 
determines how much fresh water is available for use, and how much needs to remain in the water 
bodies in an FMU to allow freshwater objectives to continue to be met. 

Over time a strengthened limits-based water management regime should:  

• maintain healthy ecosystems and ecosystem services that all water users rely on (for example, 
the provision of good drinking water quality for public health and sufficient species habitat)  

• identify over-allocation and headroom within a catchment  

• improve investor certainty and consenting efficiency  

• provide certainty and reliability in supply  

• avoid the need to reduce or claw back over-allocation in future.  

The following sections provide more detail about each part of Policy B1. 
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Making or changing regional plans 

Councils will need to assess existing regional plans containing freshwater provisions, to determine 
whether existing objectives, flows/levels and allocation limits are relevant to FMUs established under 
the 2014 NPS-FM. Regional plans will need to be changed if necessary to give effect to the policy. 

Setting environmental flows and/or levels in all FMUs in a region requires a significant amount of 
work. A number of regional councils have already made good progress in setting flows and levels in 
their regions. In regions or FMUs where this work is not so well progressed, Policy E of the NPS-FM 
allows this to be undertaken in a progressive manner. In these regions, as a first step, it may also be 
appropriate to set interim allocation limits for small FMUs or those that are not under allocation 
pressure. 

Establishing freshwater objectives 

The process for setting freshwater objectives is outlined in the section of this guide dealing with 
Policy CA2. This process involves establishing the values that are relevant in an FMU, identifying the 
attributes that correspond to those values, and setting objectives based on desired attribute states.  

Freshwater objectives can be set for either freshwater quality or quantity; both may have 
implications for managing water quantity. For example: 

• if a council identified the value ‘hydro-electric power generation’ as being a relevant value, it 
could set a freshwater quantity objective that sufficient flow will be maintained to provide for 
energy generation; limits on other water uses would then need to be established to meet the 
objective 

• if a council set a freshwater quality objective for periphyton to meet the ‘ecological health’ 
value, it would be likely to require a combination of limits on both contaminants (quality) and 
flow (quantity) to achieve it. 

The guidance under Policy A1 for establishing freshwater objectives also applies to this policy. 

Establishing environmental flows/levels 

When setting freshwater objectives, regional councils need to consider what limits will be required to 
achieve the freshwater objective. A limits-based water management regime is underpinned by 
establishing environmental flows/levels to determine the amount that is available to be allocated 
efficiently to users (see the definition of environmental flows and/or levels).  

The intent of the policy is that environmental flows and levels will be set for the entire FMU, with 
environmental levels applying to groundwater, lakes and wetlands as appropriate. Environmental 
levels for groundwater may protect the integrity of the aquifer, or safeguard the ecosystems 
dependent on shallow groundwater (eg, in wetlands). Environmental levels for lakes may protect 
ecosystems dependent on lake margins. These may comprise minimum and maximum levels, and 
variations within a range. 

Information on the flow regime (for rivers and streams) or water levels (for lakes and groundwater) 
should be gathered for each FMU, and environmental flows/levels established. A hydrological 
monitoring network should be established to provide the necessary information if not already 
available. This should be undertaken at a scale appropriate for the impact on the resource. In some 
cases modelling or estimates may be sufficient.  
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At a basic level, determining an environmental flow/level involves determining:  

• the minimum flow/level and/or other flows/levels – the flows/levels at which the taking of water 
will be limited (either fully or partially) 

• an allocation limit – a limit on how much water can be taken. 
 

Figure 4: Example of a simple environmental flow 

 

 

In practice, an environmental flow/level regime is likely to involve a range of flows/levels 
and allocation limits. It could involve a series of flows/levels where different levels of restriction start 
to apply; for example, a minimum flow at which all taking must cease, and a series of additional flows 
at which taking is restricted by a certain percentage (becoming more stringent as they get closer to 
the minimum flow) or where taking is restricted to specified permit holders. 

By establishing the minimum flow/level or other flows/levels, the allocation limit(s) can be set by 
determining the amount of water above the minimum flow/level that could be available to be 
allocated for consumptive use while maintaining sufficient flow/level variability over time. For many 
water bodies, the patterns of flow may be important for achieving a freshwater objective. For 
example flushing flows are necessary to remove sediment accumulations in streams, and to maintain 
open gravel islands within braided rivers. Flushing flow timing may have critical effects on 
biodiversity (eg, on riverbird breeding success). 

Environmental flow/level regimes may vary seasonally and/or spatially across an FMU (eg, along the 
reach of a river). They may also need to take into account hydrological modifications (eg, where a 
diversion results in a reduction of water in one water body and an increase in another).  

The draft guidelines on methods for determining ecological flows and water levels may help in 
determining environmental flows to give effect to Policy B1. Other methods may be useful, 
depending on the circumstances, including instream flow incremental methodology (IFIM).  

It is important to note that environmental flows/levels are intended to provide for all of an FMU’s 
freshwater objectives (and all of the relevant values), not just those relating to ecological health. For 

772 of 1008

http://www.mfe.govt.nz/sites/default/files/draft-guidelines-ecological-flows-mar08.pdf


 

 Guidance on the parts of the NPS-FM  51 

example, where freshwater objectives have been set to provide for hydro-electricity or 
transport/navigation, an environmental flow regime would need to ensure that sufficient water 
remains in the water body to enable these objectives to be met. 

If insufficient information is available to establish the flow regime and environmental flows/levels 
when freshwater objectives and limits are being set, a precautionary approach could be taken in the 
short term (eg, through smaller allocation limits) while further information is gathered on the flow or 
water level regime across each FMU to reduce the risk of councils having to reduce individual 
allocations later.  

Reasonably foreseeable impacts of climate change 

Guidance under Policy A1 also applies to Policy B1. In setting limits, it is important to consider 
matters that could affect the quantity of water available in an FMU, such as: 

• changes in frequency and severity of droughts 

• changes in frequency and severity of heavy rainfall and flushing or flooding events 

• rainfall, snow and evaporation rates, which are likely to change water flows and aquifer levels, or 
worsen or otherwise change existing problems with availability 

• sea level rise, which may affect salination and groundwater quality in some areas. 

Connection between water bodies 

Regional councils need to have regard to the connection between water bodies when setting 
freshwater objectives and limits. Guidance under Policy A1 about connections between water bodies 
also applies to this Policy.  

In the context of water quantity, having regard to the connection between water bodies is likely to 
involve considering how changes in one water body may affect the amount of water available to 
meet a freshwater objective in another water body; for example, how groundwater abstractions 
could affect the amount of surface water available (or vice versa), or how abstractions from a river 
would affect water quantity in a receiving environment. These considerations may influence the 
freshwater objectives and water quantity limits that are set for a particular FMU. 

Connection between freshwater bodies and coastal water 

The NPS-FM does not apply to coastal or geothermal water. However, the connections between 
freshwater bodies and coastal water need to be considered when implementing this policy (see also 
the section of this guide dealing with Policy A1). 
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Policy B2 
 

By every regional council making or changing regional plans to the extent needed to 
provide for the efficient allocation of fresh water to activities, within the limits set to 
give effect to Policy B1. 

 

The current “first in, first served” approach to water allocation presents challenges as the amount of 
water in a catchment available for allocation reduces. In some regions, a lack of clear resource limits 
in plans has resulted in over-allocation through the cumulative effects of individual water takes. 
Policy B2 aims to ensure that once limits have been set, the available resource is allocated efficiently. 
The intention of this policy is for allocation decisions to be made in a cohesive way through plans.  

The freshwater accounting requirements of part CC will make sure the necessary information is 
generated (eg, all water takes, consented or otherwise, need to be accounted for if efficient 
allocation is going to be achieved (Policy CC1(a)). 

The reference to Policy B1 in Policy B2 emphasises that allocation of fresh water must not exceed the 
allocation limits or breach minimum flows/levels (or other flows/levels) that have been set under 
Policy B1. The intent of this policy is that an allocable quantum (a total amount that can be allocated 
to users) is to be established within a plan. This will provide certainty to resource users on the 
resource that is available. Regional councils then need to allocate that water efficiently. Finer detail 
on consent conditions can be established through the consenting process, such as including any off-
site mitigation options.  

Under section 30 of the RMA, regional councils have the function of establishing rules in regional 
plans to allocate the taking and use of water, including the allocation of that water to types of 
activities. Policy B2 does not require regional councils to allocate fresh water to particular activities, 
but councils have the ability to do so in accordance with section 30(4)(e) of the RMA if they choose 
to. Efficient allocation of water will vary according to:  

• regional differences in water availability 

• differences in the types of activities that use or affect fresh water in a region 

• the values that communities place on these activities/uses. 

Regional councils with over-allocated catchments can consider options to review and reduce 
allocations. These include (but are not limited to):  

• reallocation  

• progressive reduction in the volumes of water consented to be taken over time (sinking lid)  

• common review dates within the catchment.  

Addressing current over-allocation is discussed further in Policy B6. Efficiency of allocation is 
discussed further under Objective B3. 
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Policy B3 
 

By every regional council making or changing regional plans to the extent needed to 
ensure the plans state criteria by which applications for approval of transfers of water 
take permits are to be decided, including to improve and maximise the efficient 
allocation of water. 

 

Policy B3 seeks to ensure the way regional councils manage transfers of water take permits supports 
efficient water allocation, and, by implication, the achievement of freshwater objectives and 
compliance with limits. Transfers may be appropriate where the person or company undertaking an 
activity changes, or to allow the movement of water from one user or use to another. Shifting 
allocations over time recognises that fresh water may be valued differently at different times by 
different parties. 

Regional councils are required to state in regional plans their assessment criteria for approving the 
transfer of water take permits. This is intended to increase certainty and remove unnecessary 
administrative barriers or inefficiencies.  

Policy B3 is subject to the provisions of the RMA, including sections 30 and 136. For example, section 
136(4)(b)(ii) requires councils to consider the matters specified in section 104, and the effects of the 
transfer. 

Policy B3’s focus on transfer is part of supporting greater uptake of consent transfers, to maximise 
efficient allocation. The broader area of ‘dynamic efficiency’ provides opportunities for new 
approaches in trading and transfer systems that enable appropriate consideration of both 
environmental and economic outcomes. For example, short consent terms may help achieve 
dynamic efficiency and enable regular review, but would not always be economically efficient for 
investment. 

Policy B4 
 

By every regional council identifying methods in regional plans to encourage the 
efficient use of water. 

 

Policy B4 is related to technical efficiency (that is, maximising the output produced from a set of 
resources). In the case of water this would be the proportion of water beneficially used in relation to 
that taken.  

The reference to methods includes both regulatory and non-regulatory methods. 

Examples of non-regulatory methods already used in some regions include:  

• council/industry partnerships  
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• voluntary agreement to targets (such as percentage efficiency targets for certain land uses or 
municipal water supplies). 

Examples of regulatory methods include:  

• a different status of activity based on the level of efficiency demonstrated for the activity  

• a requirement for water users to develop a conservation/efficiency plan.  

Because Policy B4 requires methods to be included in regional plans, resource consents and decision-
making about the use of water may be indirectly or directly affected depending on the methods 
included and those selected.  

The freshwater accounting requirements in part CC will provide the core information required to 
establish whether water is currently being used (and allocated) efficiently. 

Policy B5 
 

By every regional council ensuring that no decision will likely result in future over-
allocation – including managing fresh water so that the aggregate of all amounts of 
fresh water in a freshwater management unit that are authorised to be taken, 
used, dammed or diverted does not over-allocate the water in the freshwater 
management unit. 

 

Policy B5 is fundamentally important to avoiding further over-allocation as sought by Objective B2. 
This policy recognises a significant cause of over-allocation is the cumulative effects of multiple 
consent decisions, and specifically directs attention to that issue. 

Policy B5 is relevant once freshwater objectives and limits have been set, as these determine the 
over-allocation threshold and provide clarity to resource users about how much of the resource is 
available. This policy aims to ensure once water quantity limits have been set, the cumulative effects 
of individual decisions do not exceed them. Good information on current allocations will be needed 
to determine whether over-allocation has occurred, or would occur if further activities are 
authorised. This information will be generated by the freshwater accounting requirements in part CC 
of the NPS-FM. 

To determine if over allocation has occurred or will occur, regional councils need to account for all 
takes (as required by Policy CC1), whether by consented or permitted activities. Permitted activities 
(eg, takes for stock water, domestic use, or fire-fighting) can make up a significant quantity of 
cumulative takes from an FMU. Regional councils will also need to consider the effects of how water 
is used, dammed or diverted within the FMU, and whether this is likely to contribute to over-
allocation. They need to take into account the effects of permitted land uses that may change water 
yield from a catchment (eg, forestry plantings) or aquifer recharging, and effects of climate change 
on water availability.  

The use of the phrase ‘will likely result’ implies a precautionary approach to future-proof allocation 
decisions, so they are unlikely to result in over-allocation (for example, these decisions should take 
account of projected demand of increasing urban populations for drinking water).  
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During the consenting process, decisions about resource use should have due regard to reliable new 
information about the freshwater resource proposed to be used, to demonstrate the allocation limit 
is not exceeded. Information presented as part of the consenting process may support a change of 
the default limit in the particular FMU if it demonstrates the current limit does not match well to the 
relevant objective. However, changing the limit (or the underlying objective) will require a plan 
change. 

This policy will result in a need for regional plan rules, and for the activity status of activities in FMUs 
that exceed allocation limits to be set. Existing plans containing provisions regarding over-allocation 
and/or cumulative effects relating to freshwater should be assessed by councils to determine if they 
adequately give effect to Policy B5, and must be changed if necessary. 

Policy B6 
 

By every regional council setting a defined time frame and methods in regional plans 
by which over-allocation must be phased out, including by reviewing water permits 
and consents to help ensure the total amount of water allocated in the freshwater 
management unit is reduced to the level set to give effect to Policy B1. 

 

Policy B6 seeks to reduce over-allocation where it has already occurred. This policy is relevant once 
freshwater objectives and limits have been set, because these determine the threshold at which 
over-allocation has occurred. 

Regional councils are restricted in the regulatory methods that can be imposed on existing resource 
consents until those consents expire, or are able to be reviewed under section 128 of the RMA. 
Section 128 provides for review where specified in the consent (section 128(1)(a)), and where an 
operative regional plan sets rules for levels, flows, rates or standards and it is appropriate to review 
the conditions of consent to meet those rules (section 128(1)(b)). Where a review is undertaken 
under the terms of a review condition for a specific consent, the permissible scope of the review may 
be limited by that condition. 

Non-regulatory methods and voluntary programmes could be implemented for existing resource 
consents, particularly where these do not have review conditions or it will take longer for rules to be 
implemented for the purpose of section 128 (1)(b). 

Just as for Policy B5, over-allocation relates to all takes, uses, dams and diversions (consented or 
otherwise). These may include permitted activities that contribute to existing over-allocation, 
including land uses that affect water yield. 

In giving effect to Policy B6, regional councils must determine a timeframe and methods for reducing 
over-allocation. This ability to set a timeframe recognises that reduction in water available for use 
over time (as may be necessary to reduce over-allocation) is likely to have social, environmental, 
cultural and economic impacts that need to be balanced. 
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Policy B7 and direction (under section 55) to regional 
councils 
 

By every regional council amending regional plans (without using the process in 
Schedule 1) to the extent needed to ensure the plans include the following policy to 
apply until any changes under Schedule 1 to give effect to Policy B1 (allocation limits), 
Policy B2 (allocation), and Policy B6 (over-allocation) have become operative: 

“1. When considering any application the consent authority must have regard to 
the following matters: 

a. the extent to which the change would adversely affect safeguarding the 
life-supporting capacity of fresh water and of any associated ecosystem, 
and 

b. the extent to which it is feasible and dependable that any adverse effect 
on the life-supporting capacity of fresh water and of any associated 
ecosystem resulting from the change would be avoided. 

2.  This policy applies to: 

a. any new activity, and 

b. any change in the character, intensity or scale of any established 
activity– 

that involves any taking, using, damming or diverting of fresh water or 
draining of any wetland which is likely to result in any more than minor 
adverse change in the natural variability of flows or level of any fresh water, 
compared to that which immediately preceded the commencement of the 
new activity or the change in the established activity (or in the case of a 
change in an intermittent or seasonal activity, compared to that on the last 
occasion on which the activity was carried out). 

3. This policy does not apply to any application for consent first lodged before 
the National Policy Statement for Freshwater Management 2011 took effect 
on 1 July 2011.” 

 

Effect of Policy B7 

This transitional policy needs to be inserted into all regional plans using Section 55(2A)-(2D) of the 
RMA until such time as the relevant Schedule 1 processes make operative the objectives, policies, 
methods or other measures that give effect to Policies B1, B2 and B6 of the NPS-FM. The provisions 
of the plan then influence the consideration of resource consent applications. Before the transitional 
policy is added to the regional plan, regional councils must have regard to Policy B7 when considering 
an application for resource consent (section 104(1)(b)(iii)). 
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Policy B7 requires the regional council to consider certain matters in assessing and determining an 
application for consent. These are the equivalent to assessment matters or matters of control, and 
should be inserted into plans alongside them. 

The direction that the consent authority must “have regard to” the listed matters is no stronger than 
the requirement of section 104 of the RMA to have regard to a number of matters, including any 
actual or potential effects on the environment, and the relevant provisions of the NPS-FM. This 
interim policy therefore draws attention to specific matters related to water quantity, and the 
connection between land use and water quantity over and above the more general considerations 
required by the RMA. 

What Policy B7 applies to 

Policy B7 applies to consideration of applications where a resource consent for an activity is required 
under the current regional plan. It applies to a new activity and any change to the character, intensity 
or scale of any established activity that is likely to result in more than minor adverse change in the 
natural variability of flows or levels of fresh water. 

The policy does not apply to: 

• permitted activities or existing activities unless, or until, they require additional or new consents 

• new consents or replacement consents for the same consented activity where there is no 
change in character, intensity or scale. 

Policy B7 applies where regional plans need to be amended to give effect to Policies B1, B2 and B6. 
Where regional plans already give effect to these policies, no amendment to the plan is required – 
duplication is not necessary. 

Policy B7 does not expressly identify the matters listed in 1(a) and (b) as matters of control or 
discretion; however, this is the effect of the policy. This policy does not affect activity status, and 
regard to the matters in Policy B7 will be within the parameters of the activity status.  

The policy will operate differently depending on the activity status. For example, for controlled 
activities the policy will not provide a basis for refusing consent, but for a non-complying activity or 
discretionary activity it may. In all cases it will provide a platform for imposing conditions of consent. 
When Policy B7 is inserted into a plan, a council may decide to outline how it will operate in the 
context of the plan’s particular rules and activity status, to help avoid confusion. 

Interim effect 

Policy B7 is an interim measure, to manage activities that adversely affect freshwater resources while 
regional plan changes required by the NPS-FM are implemented. The process and timeframes for 
setting water quantity objectives and limits may be significant for some regions, and this policy 
allows regional councils to consider matters so the objectives of the NPS-FM for water quantity can 
be achieved in the interim. 

The policy requires regional councils to insert the policies directly into regional plans (without using 
the Schedule 1 process) as soon as practicable after 1 July 2011 (the date those policies became 
operative). Regional council officers, and panels or commissioners considering and determining 
resource consent applications lodged after 1 July 2011, need to have regard to Policy B7 under 
section 104(1)(b), pending the inclusion of the policy in a plan. 
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5.7 Part C. Integrated management 

Objective C1 
 

To improve integrated management of fresh water and the use and development of 
land in whole catchments, including the interactions between fresh water, land, 
associated ecosystems and the coastal environment. 

 

Integrated management is integral to the NPS-FM. Objective C1 recognises the connections between 
the use and development of land and conditions in a catchment (eg, vegetation cover, nutrient 
inputs, changes in soils, erosion) and the condition of freshwater systems, as well as the interactions 
between those systems and the receiving coastal environment.  

Recognising these interactions, and managing all three elements to ensure they support each other, 
is an important part of recognising Te Mana o Te Wai. This objective also supports provisions of the 
RMA and specific functions for regional councils, including sections 30(1)(a), 30(1)(c), 30(1)(g) and 59, 
and functions for territorial authorities in terms of integrated management of the effects of land use 
in section 31(1)(a). 

While the RMA clearly sets out these functions for regional councils, the objective of the NPS-FM is 
not just to reiterate the importance of integrated management, but to improve the integrated 
management of fresh water, land use and associated interactions. The baseline and measure for 
improvement will be set through regional councils assessing their own regional situation, approaches 
and provisions to give effect to Policies C1 and C2. Regional policy statements and plans already 
contain freshwater, land-use and integrated management provisions. Councils will need to assess 
these provisions to determine whether they adequately reflect Objective C1 (see Policy C2). 

Policy 4 in the NZCPS 2010 is also relevant to the implementation of Objective C1. A 2009 study by 
NIWA12 highlights the significance of fresh water inputs to estuaries. 

Regional councils and territorial authorities will need to work together to determine how their 
respective plans will achieve Objective C1. Objective C1 is relevant for territorial authorities in 
consent decision-making for land use and subdivision, particularly considering the effects of these on 
freshwater quality and water yields (eg, the effects of residential development in terms of 
stormwater generation). 

Policies C1 and C2 do not require territorial authorities to amend plans, but this may be necessary to 
ensure district plans give effect to amended regional policy statements and are not inconsistent with 
regional plans. Objective C1 will be relevant to city and district councils when they undertake district 
plan reviews to give effect to relevant direction in the regional policy statement and to exercise their 
function for integrated management under section 31(1). 

                                                                        
12

 NIWA, 2009. A review of land-based effects on coastal fisheries and supporting biodiversity in New Zealand. New 
Zealand Aquatic Environment and Biodiversity Report No. 37. 
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Policy C1 
 

By every regional council managing fresh water and land use and development in 
catchments in an integrated and sustainable way, so as to avoid, remedy or mitigate 
adverse effects, including cumulative effects. 

 

The focus of Policy C1 is on improving planning rather than managing effects through consenting. 
Coordination and collaboration between regional councils and territorial authorities during regional 
and district planning processes will assist councils to give effect to Policy C1. 

A catchment management approach is envisaged by the policy to manage the interactions between 
land and water. Policy C1 emphasises the need for integration between the management of land and 
water, as well as the coastal environment. Regional councils are the lead agencies and should use all 
mechanisms available under the RMA to achieve this. 

Improved integrated management of land use, water quality and quantity is expected under 
Objective C1, along with integration with the management of the coastal environment. This will 
require a council to look at the way it can manage land-use impacts on water quality and quantity. 
This may include: 

• nutrient limits  

• management of impervious surfaces  

• management of stormwater  

• management of erosion and sediment input  

• management of land uses that alter water yield (eg, vegetation cover that may influence 
absolute quantity of or seasonal variation).  

Improving integrated management will require integration with territorial authority management of 
land use (eg, rural activity conversions and residential development or earthworks that may affect 
freshwater quality). Integration and consistency of approach across different regional and territorial 
planning instruments and programmes is required. 

Policies 4, 22 and 23 of the New Zealand Coastal Policy Statement 2010 (NZCPS) are relevant in 
determining an approach to improving integrated management within the coastal environment. 
Policy 4 of the NZCPS 2010 requires councils to provide for integrated management in the coastal 
environment and for activities that affect the coastal environment. Policies 22 and 23 require 
consideration of the impact of land use on coastal water and consideration of the integrated 
management of catchments and stormwater networks.  

These policies of the NZCPS 2010 apply to the same water bodies and subject matter as the NPS-FM, 
and both need to be considered and given effect. Coordinated implementation of both documents by 
councils will be required, and it is not expected the policies of the NZCPS 2010 will result in different 
approaches to integrated management in the coastal environment. Rather, councils need to 
specifically have regard to certain matters in managing land use and development, such as 
considering management of sediment loading and stormwater.  
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Policy C2 
 

By every regional council making or changing regional policy statements to the extent 
needed to provide for the integrated management of the effects of the use and 
development of:  

a) land on fresh water, including encouraging the coordination and sequencing of 
regional and/or urban growth, land use and development and the provision of 
infrastructure; and 

b) land and fresh water on coastal water. 

 

Policy C2 reinforces the existing function of regional councils in section 30 of the RMA, by requiring 
regional policy statements to specifically provide for the integrated management of land use and 
fresh water, and the effect of these on coastal water. 

As with Objective C1, this policy recognises:  

• the relationship between land use and fresh water, and their effects on coastal water 

• the role of regional councils in managing land use 

• the relationship between management of land use, water and provision of infrastructure (all 
types), and the need to plan at a regional level.  

It also requires integration with territorial authority management of land use and provision of 
infrastructure. 

Regional councils will need to assess their regional policy statement to ensure it provides for 
integrated management to the extent outlined in Policy C2. 

Policies 4, 6, 22 and 23(4)(C) of the NZCPS 2010 are relevant in implementing Policy C2 in the coastal 
environment. Policy 4 requires councils to coordinate management and control of activities that 
cross administrative boundaries, and to work collaboratively with other agencies. Similarly to Policy 
C1, it relates to some of the same locations and subject matter as the NZCPS 2010 policies. This 
reinforces the coordinated and collaborative approach between regional councils and territorial 
authorities anticipated under Policy C1 of the NPS-FM, rather than creating a different approach to 
integrated management in the coastal environment. 
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5.8 Part CA. National Objectives Framework 

Objective CA1 
 

To provide an approach to establish freshwater objectives for national values, and any 
other values that:  

a) is nationally consistent; and 

b) recognises regional and local circumstances. 

 

Origins of the policy 

The National Objectives Framework (NOF) originated from the Land and Water Forum 
recommendations for a national framework for setting freshwater objectives.13 This 
recommendation was further developed by the National Objectives Framework Reference Group 
(NOFRG), expert science panels, and officials (in discussion with the Iwi Leaders Group) into the 
NOF.14 The NOF is made up of the objectives and policies in part CA, and is supported by the tables in 
Appendices 1 and 2. 

The requirements in Policy CA2(f) come from the Land and Water Forum recommendation that the 
process for setting freshwater objectives should be undertaken together with the consideration of 
strategies, methods and timelines for achieving them. The Land and Water Forum recommended the 
process of assessment and deliberation should be repeated to evaluate different scenarios 
(objectives, limits, methods and timelines), to achieve a clear understanding of the options including 
their achievability, costs, benefits and consequences.15  

The Land and Water Forum also recommended that: 

• criteria for applying exceptions to national objectives should include the inability to meet a 
minimum state objective due to the natural conditions of a water body16 

• central and regional governments should, when setting freshwater state objectives, consider the 
constraints in significantly hydrologically altered catchments17 

• the Government should consider further work to recognise the benefits of significant 
infrastructure.18 

                                                                        
13

  Recommendations 4, 5, 12, Second Report  
14

  An explanation of the process for developing the NPS-FM, and descriptions of the groups involved, are available on 
the Ministry for the Environment’s website. 

15
  Recommendation 4, Third Report  

16
  Recommendation 7, Second Report  

17
  Recommendation 10, Second Report  

18
  Recommendation 48, First Report  

783 of 1008

http://www.landandwater.org.nz/includes/download.aspx?ID=121483
http://www.mfe.govt.nz/fresh-water/national-policy-statement/developing-2014-nps
http://www.landandwater.org.nz/includes/download.aspx?ID=124767
http://www.landandwater.org.nz/includes/download.aspx?ID=121483
http://www.landandwater.org.nz/includes/download.aspx?ID=121483
http://www.landandwater.org.nz/includes/download.aspx?ID=118914


 

62 A Guide to the National Policy Statement for Freshwater Management 2014 

Policy intent and implementation 

Policy A1 requires regional councils to establish freshwater objectives for all FMUs. The process for 
setting freshwater objectives is contained in part CA. 

Objective CA1 provides a nationally consistent approach to setting freshwater objectives, but with 
flexibility for recognising regional circumstances. Supported by Policies CA1-4, it provides an 
approach to setting freshwater objectives which relate to achieving national values as well as any 
other values that tāngata whenua and the community desire for their freshwater bodies. The 
national and local values for fresh water should drive the freshwater objective-setting process. The 
values tables in Appendix 1, and the attributes tables in Appendix 2 of the NPS-FM, provide the link 
between national values and the attributes from which freshwater objectives must be derived. 
Setting freshwater objectives for attributes in addition to the ones listed in Appendix 2, and for 
values other than the ones listed in Appendix 1, is likely to also be necessary.  

An overview of freshwater objective-setting  

Policy CA1 requires every regional council to set FMUs for all freshwater bodies within the region. 
Policy CA2 outlines the process for setting freshwater objectives and the matters to consider when 
doing so. The tables in Appendices 1 and 2 of the NPS-FM provide a selection of values and attributes 
to use when setting freshwater objectives. Councils have the flexibility to set their own attributes 
from which to develop freshwater objectives that are appropriate for their regional and local 
circumstances in addition to the attributes in Appendix 2.  

Figure 5 provides an overview of how the objective-setting process (set out in Policies CA1-CA4) 
could work in practice, and how this process feeds into the development of limits and methods 
(under Parts A and B of the NPS-FM) and the requirement for monitoring progress towards 
freshwater objectives (under Part CB). As the diagram illustrates, the planning process is likely to be 
iterative. It is likely to involve considering a number of different scenarios, each made up of a 
combination of measures. 
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Figure 5: Overview of the freshwater objective and limit setting process under the NPS-FM
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Policy CA1 
 

By every regional council identifying freshwater management units that include all 
freshwater bodies within its region. 

 

Regional councils must ensure that all freshwater bodies in a region are included within FMUs.  

An FMU may include a single freshwater body, part of a freshwater body, or a group of freshwater 
bodies (see the definition of FMUs in section 4 of this guide). It may contain hydrologically connected 
water bodies, or it may consist of a group of hydrologically similar, but disconnected, water bodies. 

Policy CA2(f)(ii) requires regional councils to consider the spatial scale at which freshwater 
management units are defined. The scale of the FMU needs to be appropriate for objective and limit-
setting, freshwater accounting, and monitoring. An FMU should not be set at too large a scale, which 
may prevent the setting of freshwater objectives that are specific enough to be effective. Equally, an 
FMU should not be set at too small a scale, which may result in undue complexity and cost in the 
planning process or in the management of the FMU.  

Although by definition FMUs are made up of water bodies (or parts of water bodies), the 
management of fresh water is inherently linked to the management of the land that feeds into it (ie, 
the catchment that supplies the freshwater body). For example, the management of freshwater 
quality will involve the management of discharges from the surrounding land area. Therefore, 
councils should consider the surrounding land use and any recharge areas affecting the freshwater 
body/bodies when establishing FMUs. In this way, setting FMUs also links with the requirement in 
part C of the NPS-FM to manage freshwater in conjunction with the use and development of land in 
whole catchments.  

Setting FMUs may be influenced by the values and freshwater objectives that are likely to be set. This 
means that: 

• it may be appropriate to involve iwi and hapū, water users and the community in the setting of 
FMUs 

• it may be necessary to revisit decisions about FMUs throughout the process of determining 
values and freshwater objectives.  
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Policy CA2 
 

By every regional council applying the following processes in developing freshwater 
objectives for all freshwater management units: 

a) considering all national values and how they apply to local and regional 
circumstances; 

b) identifying the values for each freshwater management unit, which 

i. must include the compulsory values; and 

ii. may include any other national values or other values that the regional 
council considers appropriate (in either case having regard to local and 
regional circumstances); 

c) identifying: 

i. for the compulsory values or any other national value for which relevant 
attributes are provided in Appendix 2:  

A. the attributes listed in Appendix 2 that are applicable to each value 
identified under Policy CA2(b) for the freshwater body type; and 

B. any other attributes that the regional council considers appropriate for 
each value identified under Policy CA2(b) for the freshwater body type; 
and 

ii. for any national value for which relevant attributes are not provided in 
Appendix 2 or any other value, the attributes that the regional council 
considers appropriate for each value identified under Policy CA2(b) for the 
freshwater body type; 

d) for those attributes specified in Appendix 2, assigning an attribute state at or 
above the minimum acceptable state for that attribute; 

e) formulating freshwater objectives: 

i. in those cases where an applicable numeric attribute state is specified in 
Appendix 2, in numeric terms by reference to that specified numeric 
attribute state; or 

ii. in those cases where the attribute is not listed in Appendix 2, in numeric 
terms where practicable, otherwise in narrative terms; and 

iii. on the basis that, where an attribute applies to more than one value, the 
most stringent freshwater objective for that attribute is adopted; and 

f) considering the following matters at all relevant points in the process described 
under Policy CA2(a)-(e): 

i. the current state of the freshwater management unit, and its anticipated 
future state on the basis of past and current resource use; 
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ii. the spatial scale at which freshwater management units are defined; 

iii. the limits that would be required to achieve the freshwater objectives; 

iv. any choices between the values that the formulation of freshwater 
objectives and associated limits would require; 

v. any implications for resource users, people and communities arising from the 
freshwater objectives and associated limits including implications for actions, 
investments, ongoing management changes and any social, cultural or 
economic implications;  

vi. the timeframes required for achieving the freshwater objectives, including 
the ability of regional councils to set long timeframes for achieving targets; 
and 

vii. such other matters relevant and reasonably necessary to give effect to the 
objectives and policies in this national policy statement, in particular 
Objective A2. 

 

Policy CA2 provides the process for developing freshwater objectives, which involves:  

• identifying the values that apply to an FMU 

• identifying the attributes that need to be managed to provide for those values 

• formulating freshwater objectives, which express a desired environmental outcome in relation 
to the attribute being managed. 

The freshwater objectives formulated using this process form the basis for determining limits and 
targets (as required by Policies A1, A2 and B1).  

Parts (a) to (e) of Policy CA2 direct the steps that must be taken to formulate freshwater objectives. 
Part (f) lists the matters that must be considered throughout the objective-setting process. The parts 
of Policy CA2 are explained further in the following sections. 

Consider all national values 

Part (a) requires regional councils to consider all the national values in Appendix 1 that might apply 
within a region, and might apply to particular FMUs. This will, at the very least, involve application of 
the compulsory national values to each FMU and consideration of the additional national values 
listed in Appendix 1 of the NPS-FM. 

This consideration will need to involve input from iwi and hapū as required by Part D, as a way of 
ensuring that tāngata whenua values are identified. It should also involve input from water users and 
the wider community, to ensure that councils are aware of the extent to which national values are 
relevant locally. 
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Identify relevant values 

Part (b) requires regional councils to determine the relevant values for each FMU. These values will 
include:  

• both of the compulsory national values in Appendix 1 (ecosystem health and human health for 
recreation) 

• any other national values chosen from Appendix 1 that the council considers appropriate 

• any other locally specific values or uses of fresh water that are not listed in Appendix 1 but are 
considered appropriate by the council.  

As above, this would need to involve local iwi and hapū, to ensure tāngata whenua values are 
identified and reflected (as required by Policy D1(b)), and should involve the wider community to 
ensure that the full range of locally held values is identified. Identifying tāngata whenua and 
community values, and providing for them through setting objectives and limits, is an important part 
of recognising Te Mana o te Wai in the management of fresh water. 

Good practice would be to identify the values in the regional policy statement and/or the regional 
plan, including where and when and to what level they apply across a catchment.  

Through identifying relevant values, a council may identify specific values that are sufficiently 
outstanding to warrant the FMU being designated an outstanding freshwater body. Recognising a 
freshwater body as being outstanding places an obligation on the council to select freshwater 
objectives that would protect those significant values (as described in relation to Objective A2).  

Identify attributes 

Part (c) requires regional councils to identify relevant attributes that need to be managed for the 
values identified under part (b) of this policy.  

To provide for the values that have been identified, various aspects of the freshwater environment 
need to be managed. Appendix 2 of the NPS-FM identifies some attributes that need to be managed 
for the compulsory values in Appendix 1. These attributes must be used for the compulsory values, 
and may also be relevant to other values identified for an FMU.  

Each attribute table in Appendix 2 specifies the type of water body the attribute applies to. The 
attributes apply to either rivers, lakes, or both, while some water body types (eg, groundwater and 
wetlands) have no attributes included in Appendix 2 for any national value. The attributes in 
Appendix 2 must be used where applicable (that is, where the identified value has attribute(s) for 
that type of water body in Appendix 2).  

Appendix 2 is not an exhaustive list. It does not yet include:  

• all the attributes that will be necessary to provide for the compulsory values  

• any attributes for the additional national values (although it is possible that some of the 
attributes associated with the compulsory values may also be relevant for the additional national 
values).  

Although work is ongoing to populate Appendix 2 with further attributes, it is unlikely that it will 
include every attribute that is applicable to every possible value a regional council might choose. 
Where relevant attributes for the chosen values are not provided in Appendix 2, regional councils 
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must establish these attributes for themselves. When setting additional attributes, councils should 
ensure they: 

• are relevant to the value (ie, they contribute to, or indicate that the value is being provided for) 

• are relevant to the water body type 

• support and justify the setting of limits and management actions. 

Once additional attributes have been added to Appendix 2 through further amendments to the NPS-
FM, it is possible that regional councils may need to revisit freshwater objectives that have been set 
in the interim, to ensure they are above minimum acceptable states. 

Assign an attribute state 

Part (d) requires regional councils to select a desired state for any relevant attribute listed in 
Appendix 2. The attribute state indicates the degree to which values are provided for.  

Each attribute in Appendix 2 has four attribute states. ‘A’ indicates high or excellent water quality, 
and ‘D’ indicates unacceptably low or poor water quality which is insufficient to provide for the 
corresponding value. The attribute state selected must be at or above the minimum acceptable state 
for that attribute (that is the bottom of ‘C’ state or higher). ‘D’ state indicates the value is not 
sufficiently being provided for or achieved, and objectives cannot be set in this state (although 
existing water quality may be in ‘D’ state when objective-setting begins). 

The state descriptions are intended to help communities understand what different choices 
for freshwater quality objectives would mean on the ground. They are intended to enable informed 
discussion of the choices around setting freshwater objectives at different levels of water quality, 
relative to the current state. Whatever attribute state a council chooses, the decision must be 
transparent in terms of the possible attribute states to choose from and the impacts of those choices 
on the values agreed by the community. The matters to consider under part (f), explained later in this 
section, are particularly relevant at this point in the process.  

Each attribute state corresponds to a scientifically-determined range of effects. This means, 
for example, that when discussing what is desired for a local river for periphyton, people involved in 
the planning process can express their desired state as “no more than occasional blooms” rather 
than discussing it in terms of a number such as “80 mg of chlorophyll-a per square metre”.  

Figure 6 (below) shows an example of the available narrative and numeric attribute states for the 
Total Phosphorus (trophic state) attribute for lakes. 
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Figure 6: Attribute states for the Total Phosphorus (trophic state) attribute for lakes 

 

The different attribute states reflect changes in water quality and (in some cases) represent clear 
lines between pristine, slightly impacted, and impacted but acceptable. The ‘D’ state is not 
acceptable, and unless Policy CA3 applies, regional councils will need to plan to improve water 
quality in these areas.  

Selecting an attribute state should start from the basis of current water quality (with consideration 
given to lag times and their likely effect on water quality in the future) and be consistent with the 
requirement under Objective A2 to maintain or improve overall water quality. The community may 
decide to maintain their current level of water quality, which may be at a point within the ‘C’ state, 
with no change to their resource use, or they may decide they want an aspirational freshwater 
objective and to improve water quality to a point within the ‘B’ state. This will have consequences in 
terms of limits set, the methods to achieve the improvement in water quality, and the amount of 
resource use available as a result. Councils will need to consider the impacts of this.  

In the context of the requirement to maintain or improve overall water quality (Objective A2) there 
may be situations where a community chooses a state lower than the current state for one particular 
attribute (although not below the bottom line unless Policy CA3 or CA4 apply), provided any 
degradation in water quality is met with at least a proportionate improvement to ensure water 
quality is maintained or improved (even if a proposed decrease is small (eg, going from one point in 
the ‘C’ state to a lower point in the ‘C’ state).  

Where a council identifies an attribute that is not covered in Appendix 2, there is no requirement to 
determine a set of attribute states before setting freshwater objectives; however doing so may be a 
useful way to guide community discussions about the possible levels at which to set freshwater 
objectives. 

Formulate freshwater objectives 

Part (e) directs regional councils to formulate freshwater objectives. The NPS-FM requires  
freshwater objectives to be set for all FMUs (which will include all freshwater bodies in a region). At 
the very least, regional councils must set freshwater objectives for the attributes in Appendix 2 
associated with the compulsory national values ‘ecosystem health’ and ‘human health for recreation’ 
in Appendix 1. Further attributes for rivers and lakes will be required in addition to those provided in 
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Appendix 2 to ensure ecosystem health is maintained, and councils will need to establish attributes 
for other water body types (eg, wetlands and groundwater).  

Regional councils may also consider it appropriate to set freshwater objectives:  

• associated with the non-compulsory national values in Appendix 1, for which no attributes are 
currently provided in Appendix 2, or  

• for other values identified under CA2 (b)(ii) that are not listed in Appendix 1.  

The policy requires that where an applicable numeric state is provided in Appendix 2, the 
corresponding freshwater objective must be expressed in numeric terms by reference to the specific 
numeric attribute state. The NPS-FM provides flexibility about whether the freshwater objective is 
written either as a single point within the range provided for the attribute state, or as a range.  

Where there are no attributes listed in Appendix 2, the council must formulate freshwater objectives 
using whatever other attributes it considers to be appropriate. In addition to biophysical 
characteristics (eg, attributes relating to trophic state, toxicants and chemical composition like the 
ones provided in Appendix 2), freshwater objectives may need to be set for other characteristics of 
the freshwater resource (eg, cultural or social) to provide for the full range of values identified as 
being locally relevant. 

Freshwater objectives should be specific and measurable enough that they allow effective limits to 
be justifiably set. Wherever practicable, freshwater objectives should be expressed in numeric terms 
(eg, by numerically specifying the maximum concentration of a contaminant), or if this is not 
practicable, they may be expressed in narrative terms that describe the desired outcome that the 
state will provide for (eg, specifying that a contaminant will be at a concentration that allows for a 
specific outcome, without specifying what that concentration is). Narrative freshwater objectives 
should be as specific and measurable as possible. Numeric freshwater objectives, or specific and 
measurable narrative objectives, will make it easier to set limits and monitor progress towards 
freshwater objectives.  

Water quality is likely to vary to some extent both across an FMU (spatially) and through seasonal 
variation (temporally). Progress towards freshwater objectives will be monitored at representative 
sites, and will need to recognise the importance of long-term trends, as required by Policy CB1. 

Matters to consider when formulating freshwater objectives 

Part (f) requires that as regional councils go through the process of establishing freshwater 
objectives, they consider all the matters listed in Policy CA2(f) i-vii. 

Policy CA2(f)(i)  

This policy requires regional councils to consider both:  

• the current state of the FMU  

• the anticipated future state (based on past and current resource use, both consented and 
actual).  

This is to establish and take into account any lag effects from historic land use and/or additional 
loads anticipated as a result of current use. Best practice would also include considering the impact 
of any currently planned or consented future use, even if this is not being fully exercised.  
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Knowing the current state is essential when considering the level at which to set freshwater 
objectives. The current state of the FMU is relevant to Objective A2, which requires that overall 
water quality in a region is maintained or improved. The current state is also relevant in choosing the 
attribute state that will become the freshwater objective.  

Policy CA2(f)(ii)  

This policy requires councils to consider the spatial scale at which each FMU is defined. In particular, 
councils should consider how the spatial scale will affect the values chosen and the freshwater 
objectives that are set. Further guidance on FMUs is provided in the section of this guide dealing with 
Policy CA1. 

Policy CA2(f)(iii) 

This policy requires councils to consider the limits that may be required. The consideration of limits 
will depend on the values chosen and the level of the attributes needed to provide for those values. 
Establishing limits will draw on the information generated from freshwater accounting and the 
requirements of part B – particularly Policy B1 regarding setting environmental flows. Establishing 
the current state and anticipated future state will help regional councils identify appropriate 
allocation and methods needed to achieve the freshwater objective. The limit-setting process will 
need to be iterative to allow fully informed choices before decisions are made, taking into account 
the consequences of setting freshwater objectives and limits at certain levels (see Policy CA2 (f)(v)).  

Policy CA2(f)(iv)  

This policy requires balancing value choices where those choices would result in incompatible 
freshwater objectives, and establishing limits to achieve those values. In practice a single attribute 
cannot be managed to two different levels in the same place simultaneously; therefore where two 
different values use the same attribute for the same location, the more stringent of the two 
freshwater objectives will be the one that needs to be achieved through limits and methods. 

In considering all the potential values communities may hold for water bodies in a region, councils 
will need to balance the competing uses for fresh water and how each use may impact on any 
intrinsic values.  

Councils will need to ensure the objectives they set to provide for one value do not conflict with the 
objectives they set for another value. For example, reflecting the national value of ‘natural form and 
character’ may require establishing freshwater objectives that conflict with the objectives required to 
reflect the value ‘hydro-electric power generation’. In this case, a council would need to arrive at an 
agreed balance between the levels to which each value will be provided for (bearing in mind that any 
freshwater objectives must be set at or above national bottom lines and give effect to Objectives A1 
and A2).  

Policy CA2(f)(v)  

This policy requires the implications arising from potential freshwater objectives and limits to be 
considered. Councils will need to consider possible scenarios, and this must be in the context of 
social, cultural and economic effects on resource users, people and communities. Councils will have 
considered environmental implications in determining the environmental flows under Policy B1, and 
by developing freshwater objectives and limits which give effect to the objectives of the NPS-FM, as 
required by Policy A1. 
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The freshwater objectives written in a regional plan should be the result of an iterative process that 
considers the value(s), attribute states, the limits needed, and the effect those limits will have. The 
intention is that this occurs throughout the planning process. It should be done in a way that 
provides relevant information to help communities make informed decisions on freshwater 
objectives and limits.  

For example, a community may initially decide they want a freshwater objective set at the ‘A’ state. 
However, when the limits to achieve this are determined it may become evident this will have a 
significant effect on current land use and businesses in the area. The community might agree that the 
effects are too great, and decide that a ‘B’ state is acceptable. However, any freshwater objective 
chosen must still give effect to Objective A2 requiring water quality to be maintained or improved 
overall. 

Policy CA2(f)(vi)  

An important consideration when setting freshwater objectives is an appropriate timeframe for 
meeting the freshwater objectives (where they are not already met) and/or a timeframe to meet 
limits, particularly any targets set under Policy A2. Policy CA2(f)(vi) reminds regional councils they 
have the ability to use long timeframes to achieve target limits. This is relevant where aspirational 
freshwater objectives have been set, where there will be significant lag times for nutrients in an 
FMU, or where existing water quality is below a national bottom line.  

Policy CA2(f)(vii)  

Policy CA2 (f) (vii) instructs regional councils to consider any other matters reasonably necessary to 
give effect to the objectives and policies in the NPS-FM, in particular the requirement to maintain or 
improve overall water quality within a region (Objective A2). This includes matters necessary to give 
effect to:  

• the requirement to safeguard life-supporting capacity and human health (Objective A1)  

• provisions around integrated management of land and water bodies (Part C) and the 
involvement of iwi and hapū (Part D). 

As required by Policies A1 and B1, regional councils need to set freshwater objectives having regard 
to:  

• the reasonably forseeable impacts of climate change  

• the connection between water bodies, including effects of groundwater where it affects or 
directly feeds into surface freshwater bodies (and vice versa) 

• connections between fresh water and coastal water.  
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Policy CA3 
 

By every regional council ensuring that freshwater objectives for the compulsory 
values are set at or above the national bottom lines for all freshwater management 
units, unless the existing freshwater quality of the freshwater management unit is 
already below the national bottom line and the regional council considers it 
appropriate to set the freshwater objective below the national bottom line because:  

a) the existing freshwater quality is caused by naturally occurring processes; or 

b) any of the existing infrastructure listed in Appendix 3 contributes to the existing 
freshwater quality. 

 
National bottom lines represent the minimum acceptable standard of water quality for the attributes 
associated with the two compulsory national values. National bottom lines are minimum acceptable 
states; they are not targets.  

Objective A2 requires that overall water quality within each region is maintained or improved. 
Therefore, regional councils are expected to set freshwater objectives that generally reflect existing 
water quality or better. Limited balancing of particular aspects of water quality is acceptable, 
although not to the extent that any aspect of water quality of any FMU would be managed to be 
below a national bottom line or to a point where it failed to safeguard life-supporting capacity or 
human health.  

National bottom lines will only be a matter for consideration if the current water quality is below a 
bottom line or trending towards it. Freshwater objectives must be set above the bottom lines. If 
water quality for a compulsory value attribute is currently below a bottom line (or trending that 
way), it must be improved over time to achieve a freshwater objective above the bottom line.  

However, Policy CA3 allows for two situations in which a regional council can choose to set a 
freshwater objective below a national bottom line: 

• where water quality is below a national bottom line due to naturally occurring processes (Policy 
CA3(a)) 

• where water quality is below a national bottom line due to infrastructure listed in Appendix 3 of 
the NPS-FM (Policy CA3(b)). 

These two situations are discussed in more detail in the sections below.  

While Policy CA3 allows regional councils to set freshwater objectives below a bottom line, it does 
not require them to do so. A council is still required to consider the matters specified in Policy CA2(f) 
before it sets an objective in a regional plan, and must follow both the process set out in the NPS-FM 
and the process set out in Schedule 1 of the RMA. Councils need to consider the most appropriate 
freshwater objectives for the FMUs in their region, and need to consider the implications for 
integrated and collaborative catchment management, including for upstream and downstream 
catchment communities. 

Where a council chooses to set a freshwater objective below a bottom line under Policy CA3(a) or 
(b), the requirement to maintain or improve overall water quality (Objective A2) still applies. Policies 
CA3(a) and (b) allow for a council to set a freshwater objective below a national bottom line, but they 
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do not allow for water quality to decline relative to its current state unless that decline is offset by 
freshwater objectives to achieve a commensurate improvement. 

Likewise, the ability to set a freshwater objective below a national bottom line does not exempt a 
council from giving effect to any of the other, broader objectives in the NPS-FM. For example, where 
a freshwater objective is set below a national bottom line for a specific attribute, the other 
freshwater objectives for the FMU must still be set at levels that are sufficient to safeguard the life-
supporting capacity, ecosystem processes, and indigenous species (including their associated 
ecosystems) of freshwater. 

Naturally occurring processes 

The first situation is where water quality is below a national bottom line due to naturally occurring 
processes (Policy CA3(a)). These are defined in the NPS-FM as processes that could have occurred in 
New Zealand before the arrival of humans (eg, where nesting birds adjacent to a water body might 
cause high E. coli concentrations or volcanic/geothermal activity resulting in low pH, high 
temperature or heavy metals in the water). 

Decisions on whether to set a freshwater objective below a national bottom line due to naturally 
occurring processes will be made through the regional plan development process. 

Existing infrastructure listed in Appendix 3 

Policy CA3(b) allows for a freshwater objective to be set below a national bottom line in a FMU that 
contains infrastructure listed in Appendix 3, where the infrastructure is contributing to the existing 
water quality being below a national bottom line. 

This policy is intended to be used in limited situations, and applies to FMUs that do not meet bottom 
lines, due (completely or in part) to effects of existing infrastructure.  

It is intended that Appendix 3 will be populated with a list of infrastructure for the purposes of Policy 
CA3(b). Adding eligible infrastructure to Appendix 3 will require a further amendment to the NPS-FM, 
which will follow the process outlined in the RMA for amending a national policy statement, 
including public consultation.  

Once infrastructure is listed in Appendix 3, councils have the ability to set a freshwater objective 
below a national bottom line for an FMU if the criteria in Policy CA3 are met. 

A council would need to both:  

• determine whether the existing freshwater quality of the FMU is already below any national 
bottom line 

• demonstrate that any of the existing infrastructure listed in Appendix 3 is contributing to the 
existing water quality being below a national bottom line. 

These two steps (determining the current state of water quality, and identifying the reasons for that 
state) are important steps in the objective and limit-setting process in any FMU, regardless of 
whether infrastructure exists which is listed in Appendix 3. These parts of the planning process can 
continue in the absence of a populated Appendix 3.  

If an FMU contains infrastructure listed in Appendix 3, this does not automatically guarantee that it 
will have freshwater objectives set below national bottom lines – the choice of whether or not to 
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apply Policy CA3(b) for a particular FMU rests with the council. Input from iwi and hapū, water users 
(including infrastructure owners) and the wider community will be important. 

When considering whether to set a freshwater objective below a bottom line under Policy CA3(b), a 
council could also consider whether to instead set a freshwater objective: 

• above a bottom line using targets over a specified timeframe to achieve the objective 

• below a bottom line on a transitional basis under Policy CA4 by having the FMU added to 
Appendix 4 of the NPS-FM.  

If a regional council considers that infrastructure exists in an FMU that may justify setting a 
freshwater objective below a bottom line, or wants to ensure the full range of options is presented to 
the community, it may choose to defer setting objectives for that FMU until national decisions have 
been made about populating Appendix 3. 

The requirement to complete an evaluation under section 32 of the RMA will form an important part 
of documenting the decision points and trade-offs the council has considered regarding whether to 
set a freshwater objective below a bottom line under Policy CA3.  

Policy CA4 
 

A regional council may set a freshwater objective below a national bottom line on a 
transitional basis for the freshwater management units and for the periods of time 
specified in Appendix 4. 

 

Currently, there are no FMUs specified in Appendix 4. If a regional council or a community wish to set 
a freshwater objective below a national bottom line on a transitional basis for a particular FMU, an 
amendment to the NPS-FM would need to be made by the Government. 

This policy provides a mechanism to allow a regional council to approach and request that the 
Minister for the Environment amends the NPS-FM to populate Appendix 4 so a freshwater objective 
may be temporarily set below a bottom line in a regional plan.  

Best practice would be for councils to make the decision to seek this transitional period with 
community input and/or consultation, as part of a council’s plan preparation. 

The water body and time period would be specified in Appendix 4 through the amendment to the 
NPS-FM. The Government would consult publically on the proposed transitional period, using the 
process specified under the RMA for amending an NPS, before a final decision is made by the 
Minister for the Environment. The length of any transitional period and the area to which it applies 
would be decided on a case-by-case basis.  

A transitional period might be used if a council considers the interventions needed to manage a 
water body to a level above the bottom line would place an unmanageable burden on their 
community; or if the scientific information, methods or technology are not currently available to 
determine realistic timeframes for meeting a national bottom line. A council may decide it wants to 
maintain water quality at current levels for a period (but halt further degradation), or make progress 
towards the national bottom line according to what is achievable with existing management options. 
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The transitional period would allow the community time to test and refine approaches to improve 
water quality in the FMU, and to work out what needs to be done to meet bottom lines. The 
transitional timeframe would provide reassurance to the community that water quality 
improvements will not be delayed indefinitely, but are not expected to occur at the expense of 
livelihoods, particularly if the effectiveness or total cost of the changes is uncertain.  

During any transitional period the requirement to maintain or improve overall water quality within a 
region would still apply. At (or before) the end of the specified transitional period, a new freshwater 
objective would need to be set in a regional plan. This would need to follow the Schedule 1 public 
consultation process described in the RMA, and the freshwater objective would need to be set at or 
above the national bottom line unless a further transitional period is allowed through an additional 
amendment to the NPS-FM. 
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5.9 Part CB. Monitoring Plans  

Objective CB1 
 

To provide for an approach to the monitoring of progress towards, and the 
achievement of, freshwater objectives. 

Policy origins 

The monitoring requirements in the NPS-FM stem from the recommendations of the Land and Water 
Forum. The Forum recommended regional councils should monitor and review the achievement of 
freshwater objectives and limits.19 

Policy intent and implementation 

It is important to have appropriate monitoring systems in place to measure progress towards the 
freshwater objectives. This monitoring information will help councils to understand whether the 
community’s values for fresh water are being provided for.  

The information obtained from monitoring will contribute to meeting (but is unlikely to completely 
fulfil) the requirements to account for relevant contaminants under part CC of the NPS-FM.  

Information from monitoring will contribute to future decision-making. Monitoring results can be 
used to inform revisions of freshwater objectives or limits when the regional plan is reviewed. For 
example, if monitoring shows that progress towards freshwater objectives is slower than planned, 
then more stringent limits may need to be set.  

Part CB of the NPS-FM is not intended to result in duplication of current monitoring regimes. 
Regional councils can use existing monitoring sites, as long as there are sufficient representative 
site(s) for each FMU. Long-term data will be essential in setting freshwater objectives and limits. 

  

                                                                        
19

  Recommendation 8, Third Report  
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Policy CB1 
 

By every regional council developing a monitoring plan that: 

a) Establishes methods for monitoring progress towards, and the achievement of, 
freshwater objectives established under Policies CA1-CA3; 

b) Identifies a site or sites at which monitoring will be undertaken that are 
representative for each freshwater management unit; and 

c) recognises the importance of long-term trends in monitoring results. 

Establishing methods 

Policy CB1(a) requires regional councils to have a monitoring plan that will track progress toward and 
achievement of freshwater objectives. Where not already being undertaken, regional councils should 
begin monitoring the attributes in Appendix 2 as soon as practicable. This is because setting some 
freshwater objectives (eg, periphyton) requires several years of data before the current state can be 
established. In many cases, councils may already have long-term monitoring data that can contribute 
to establishing the current state. Monitoring freshwater objectives should continue in a way that 
takes into account existing monitoring where suitable, and makes use of any existing long-term data. 

It would be good practice to develop a monitoring plan as part of the process for determining 
freshwater objectives. This will help to ensure that any new objectives (those not included in 
Appendix 2) are sufficiently measurable, and that the method for monitoring each objective 
is understood from the outset. The intent of this policy is that a monitoring plan would generally be a 
stand-alone document, rather than being included in a regional plan or other statutory document. 

Representative sites 

Policy CB1 requires that monitoring be undertaken at sites that are representative of the FMU. These 
are sites that collectively give an indication of the state of the entire FMU, and therefore provide 
sufficient indication of how the water quality in the entire FMU compares in respect to a freshwater 
objective. If the FMU is large, more sites are likely to be needed to isolate particular hotspots and to 
give a representative sample of the state of the FMU.  

Importance of long-term trends 

Water quality varies a lot over short time periods. To be able to reliably estimate water quality 
statistics,  it needs to be consistently measured over a long period . Long-term monitoring data 
should be used to calculate the sample statistics (eg, median, 95th percentile) required both to 
assess the current state and to determine progress towards freshwater objectives. Short periods of 
record cannot reliably calculate the sample statistics, and may produce erroneous conclusions about 
progress towards, and the achievement of, freshwater objectives.  

Long-term data should also be used to determine trends to show changes in water quality. This can 
help in estimating timeframes in which freshwater objectives may be met, and show the direction of 
progress. In some cases, trends may initially show changes in the opposite direction to the 
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freshwater objective. This could be due to historical contamination or natural variability (eg, 
seasonal/decadal climate patterns); however it could also indicate previously unidentified or new 
pressures, or a need to revisit limits and/or methods to ensure they are appropriate to meet the 
freshwater objectives. 
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5.10  Part CC. Accounting for freshwater 
takes and contaminants 

Objective CC1 
 

To improve information on freshwater takes and sources of freshwater contaminants, 
in order to: 

a) ensure the necessary information is available for freshwater objective and limit 
setting and freshwater management under this national policy statement; and 

b) ensure information on resource availability is available for current and potential 
resource users. 

Policy intent 

Accurate information on the quantity of water being taken from freshwater bodies and the type and 
amount of contaminants going into freshwater bodies is essential for a number of reasons. 
Accounting for existing uses of water and existing sources of contaminants is needed to: 

• inform decisions on freshwater objectives and limits by providing an understanding of the 
existing use of water, and sources and amount of contaminants, when testing the economic and 
social impacts of various scenarios for freshwater objectives and limits  

• inform decisions on how to manage within limits (eg, to determine the most equitable and cost-
effective way to reduce current discharges)  

• provide feedback to communities on their progress in meeting freshwater objectives, and act as 
a trigger for changes in management (eg, when existing initiatives are not having the required 
effect and targets are not being met)  

• provide consistent regional accounting information for investors on catchments where there is 
headroom for expansion. 

A freshwater accounting requirement is already implied through the duties imposed on local 
authorities by sections 35(1) and 35(2) of the RMA. Section 35(1) requires local authorities to gather 
such information as is necessary to effectively carry out their functions under the Act. For regional 
councils those functions include the control of the:  

• taking, use, damming and diversion of water, and of the quantity, level and flow of water in any 
water body (section 30(1)(e))  

• discharges of contaminants into or onto land or water (section 30(1)(f)).  

Section 35(2)(d) requires local authorities to monitor the exercise of resource consents.  

The aim of Objective CC1 is to provide additional specificity for councils on how to undertake the 
functions required of them – in this case, effective accounting to manage freshwater resources. 
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The intention is that the accounting system includes all freshwater takes and all sources of relevant 
contaminants.  

Accounting for freshwater takes  

To meet the policy intent will require accounting for all freshwater takes. It will involve:  

• identifying who is taking water (consented or otherwise)  

• collecting information on, or estimating, how much is used (ie, the total actual take), the 
proportion taken by category, and eventually, when limits have been set, the proportion of the 
limit that is being used. 

The data can be measured, modelled or estimated, depending on the significance of the resource 
issue. If modelling or estimates are used, some data verification may be necessary, and the 
information should be consolidated and available for the community at the time of setting or 
reviewing freshwater objectives and limits. The level of detail and precision that is appropriate in a 
freshwater accounting system will depend on the extent to which the water in the FMU (and the 
ability for the FMU to meet freshwater objectives) is affected by water use.  

The information collected under the Resource Management (Measurement and Reporting of Water 
Takes) Regulations 2010 will contribute a significant amount of the information required for the 
water quantity accounting requirements. However, regional councils will also need to account for: 

• consented water takes that are not covered by the regulations (non-consumptive takes and 
takes of less than 5 L/s) 

• water takes that do not need a resource consent (ie, permitted takes and takes authorised under 
section 14(3)(b) of the RMA) and any unauthorised takes.  

Simple models can be used to estimate permitted, stock water and domestic takes; for example, 
multiplying stock numbers by average daily intake, with intake coefficients validated using sample 
surveys and other data (eg, from metered takes).  

Accounting for freshwater contaminants  

The phrase ‘relevant contaminants’ means the contaminants that impact, or have the potential to 
impact, water quality. The policy does not require regional councils to monitor every possible 
contaminant, only those that they and the community identify as being relevant to achieving 
freshwater objectives. Accounting for all sources of relevant contaminants requires broadly 
identifying the sources of the contaminant(s) that need to be managed to achieve particular 
objectives.  

Sources of relevant contaminants include both point source and non-point source or diffuse 
discharges, and include background or naturally occurring contaminant sources. Sources are most 
usefully grouped into background, point and diffuse sources, with diffuse sources potentially broken 
down further by land-use type. This grouping can also assist with assessment of the economic impact 
of potential objectives to specific sectors or land-use types.  

A preliminary assessment of likely values and objectives will need to be carried out, along with an 
initial low cost accounting process for the contaminant(s) most likely to be relevant. Once the 
possible range of objectives is narrowed, more accurate accounting may be needed (eg, if significant 
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reductions in discharges of relevant contaminants are needed to achieve some of the objectives 
being considered). 

Contaminant sources may in some cases be able to be individually identified and measured (eg, large 
point sources), and in other cases only broad identification will be possible (eg, estimated loads 
generated by each land-use type). Councils will need to use modelling to identify and estimate 
diffuse discharges from farmland, urban run-off, native bush, plantation forests, wildlife and septic 
tanks.  

Policy CC1 
 

By every regional council:  

a) establishing and operating a freshwater quality accounting system and a 
freshwater quantity accounting system for those freshwater management units 
where they are setting or reviewing freshwater objectives and limits in 
accordance with Policy A1, Policy B1, and Policies CA1-CA4; and 

b) maintaining a freshwater quality accounting system and a freshwater quantity 
accounting system at levels of detail that are commensurate with the significance 
of the freshwater quality and freshwater quantity issues, respectively, in each 
freshwater management unit. 

 

This policy requires that regional councils establish and operate freshwater quality and quantity 
accounting systems, and that they collect and record freshwater accounting information for all 
FMUs. This is to be done at a level of detail that reflects the scale of the water quality/quantity issues 
in the FMU. Therefore, the information gathered may include direct measurements, modelling 
results or estimates.  

Freshwater quality accounting systems 

“A system that, for each freshwater management unit, records, aggregates and keeps regularly 
updated, information on the measured, modelled or estimated: 

• loads and/or concentrations of relevant contaminants; 

• sources of relevant contaminants;  

• amount of each contaminant attributable to each source; and 

• where limits have been set, proportion of the limit that is being used”  
(NPS-FM definition). 

A freshwater quality accounting system will keep account of the type and amount of relevant 
contaminants affecting an FMU. The system will also identify where those contaminants are coming 
from by source, and the amount generated by each source. This will include both point and diffuse 
discharges. When limits are set, the accounting system will also be able to identify the proportion of 
any limit that is being used in an FMU. 
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Freshwater quantity accounting systems 

“A system that, for each freshwater management unit, records, aggregates and keeps regularly 
updated, information on the measured, modelled or estimated: 

total freshwater take; 

proportion of freshwater taken by each major category of use; and 

where limits have been set, proportion of the limit that has been taken”  
(NPS-FM definition). 

A freshwater quantity accounting system will keep account of how much water is allocated, as well 
as how much is being taken from freshwater bodies, and broadly what that water is being used for 
(eg, municipal, irrigation, hydroelectric power). A freshwater quality accounting system will also keep 
account of how much of the limit is being used in each FMU. 

Extent and timing  

Regional councils are required to establish freshwater quality and quantity accounting systems in 
FMUs where they are setting or reviewing freshwater objectives and limits. This means freshwater 
accounting systems do not have to be established for the whole region, and data does not have to be 
gathered for all FMUs at once. Regional councils can take a staged approach to setting up accounting 
systems and data gathering. Eventually, just as a whole region is required to be covered by FMUs, the 
region will also be covered by an accounting system at a scale or scales commensurate with the 
issues affecting each FMU. 

A two-year period has been allowed before the accounting requirements take effect (from 1 August 
2014 – the date that the NPS-FM came into effect). The two-year delay provides time to establish an 
accounting system and collect the data for the first FMU in which the regional council is setting or 
reviewing freshwater objectives and/or limits after the NPS-FM takes effect. 

Scale and significance 

The level of detail of the accounting systems will depend on the scale and significance of issues in 
each FMU. The policy provides the flexibility for regional councils to determine this at a local level.  

It is appropriate to have a targeted focus on the relevant contaminants (that is, those that are most 
critical to manage to achieve the objective specified for the FMU). It is also appropriate to tailor the 
level of detail at which the sources of relevant contaminants are identified (eg, by broad category or 
more specifically) or water takes are measured, and the frequency of the accounting cycle, 
commensurate with the scale of resource use and the drivers and pressures affecting that FMU.  

For example, in FMUs with little pressure on freshwater resources it may be sufficient to account for 
sources of contaminants by broad category or sector; however in FMUs where significant reductions 
in a contaminant are needed to achieve an objective, a more detailed breakdown of sources by 
individual source (users) may be needed to assess, and possibly refine, the management approaches 
being taken. Pressures on water quality are likely to affect the approach towards accounting for 
water takes. Where pressure on water use is minimal, estimating water takes may be appropriate, 
while measurement may be required in under-pressure FMUs to ensure a greater degree of 
accuracy. 
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Policy CC2 
 

By every regional council taking reasonable steps to ensure that information gathered 
in accordance with Policy CC1 is available to the public, regularly and in a suitable 
form, for the freshwater management units where they are setting or reviewing, and 
where they have set or reviewed, freshwater objectives and limits in accordance with 
Policy A1, Policy B1, and Policies CA1-CA4. 

Objective CC1 and Policies CC1 and CC2 will take effect 24 months from the date 
of entry into effect of the National Policy Statement for Freshwater Management 
2014. 

 

This policy requires that the information collected under Policy CC1 is available to inform the process 
of setting (or reviewing) freshwater objectives and limits. The information collected must be 
available in a suitable form for the council and the community when making decisions as part of the 
iterative process of setting and managing within freshwater objectives and limits. This means the 
data can be aggregated or collated and should clearly reflect any change over time.  

For water quantity, the system used to gather and report data as part of the Resource Management 
(Water Measurement and Reporting of Water Takes) Regulations 2010 could be used to incorporate 
those takes not covered by the regulations (ie, non-consumptive takes and takes of less than 5L/sec). 
This would allow a full account to be made of water taken and used in FMUs within a region, and 
provided on an annual basis. 

For water quality, the system used to manage data will depend in part on the level of detail required 
from the accounting system; this in turn will reflect the complexity and seriousness of issues affecting 
a particular FMU.  

The regional accounting system needs to be flexible enough to allow for various scales of complexity 
and still enable comparisons between FMUs to be made. The reporting period for water quality 
accounts may vary for each FMU depending on: 

• the pressure on the resource 

• the complexity of the accounting undertaken 

• information needs (for setting and reviewing freshwater objectives and limits, providing 
information to the community on available resource use, and tracking progress toward targets). 
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5.11 Part D. Tāngata whenua roles 
and interests 

Objective D1 
 

To provide for the involvement of iwi and hapū, and to ensure that tāngata whenua 
values and interests are identified and reflected in the management of fresh water 
including associated ecosystems, and decision-making regarding freshwater planning, 
including on how all other objectives of this national policy statement are given 
effect to. 

 

Objective D1 supports and clarifies the requirements of the RMA. It provides for the involvement of 
iwi and hapū and ensures tāngata whenua values and interests are identified and reflected in the 
management of, and decision-making for, freshwater planning. It may require councils to change the 
processes they follow to engage with iwi and hapū when giving effect to the objectives and policies 
under the NPS-FM. 

The terms ‘provide for’ and ‘to ensure’ imply an imperative for action on the part of councils in 
relation to this objective. 

The NPS-FM objective relates to involvement generally in freshwater management, and in decision-
making regarding freshwater planning. Existing RMA requirements still apply to other types of 
decision-making (eg, in respect of consenting notification requirements). 

The term ‘involvement’ allows for different approaches to iwi and hapū roles in the management of 
fresh water. Regional councils should engage with iwi and hapū (ideally early in the planning 
process), so both parties can equally determine what involvement in freshwater management might 
look like.  

The NZCPS 2010 contains Objective 3 and Policies 2, 21(e) and 23(3), which also relate to tāngata 
whenua roles and interests in the coastal environment. While NZCPS 2010 Objective 3 and Policy 2 
and NPS-FM Objective D1 and Policy D1 use different terminology in places, they are compatible 
provisions, and councils should implement both for fresh water in the coastal environment.  
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Policy D1 
 

Local authorities shall take reasonable steps to: 

a) involve iwi and hapū in the management of fresh water and freshwater 
ecosystems in the region; 

b) work with iwi and hapū to identify tāngata whenua values and interests in fresh 
water and freshwater ecosystems in the region; and 

c) reflect tāngata whenua values and interests in the management of, and decision-
making regarding, fresh water and freshwater ecosystems in the region. 

 

Policy D1 refers to local authorities, and so applies to both regional and territorial authorities in 
relation to their water management functions within the scope of Objective D1. It has immediate 
effect and is relevant to local authority work programmes to give effect to the NPS-FM.  

Policy D1 requires an ongoing response, as opposed to a one-off review. Local authorities will need 
to review the processes and policies for involving iwi and hapū in matters within the scope of 
Objective D1, and work with iwi and hapū to reflect tāngata whenua values and interests in decision-
making about fresh water and freshwater ecosystems. Local authorities will also need to make 
changes to processes that do not adequately give effect to Objective D1.  

Recognising Te Mana o te Wai in the management of fresh water will involve identifying and 
providing for the values of both tāngata whenua and the wider community; therefore engagement 
between councils and iwi and hapū to identify tāngata whenua values will be an important part of 
recognising Te Mana o te Wai.  

To ‘take reasonable steps’ anticipates local authorities will provide appropriate opportunities for the 
iwi and hapū to be involved in managing fresh water (including in implementing the NPS-FM) based 
on current good practice. What constitutes reasonable steps will depend on the local context and 
available resourcing for both the council and iwi and hapū. Options beyond the RMA can be 
considered (eg, Local Government Act committee arrangements or memoranda of understanding). 
Plan provisions may be necessary in some cases, particularly to ensure appropriate weight can be 
given to identified values. 

The NPS-FM refers to iwi and hapū rather than tāngata whenua. The definition of tāngata whenua in 
the RMA includes iwi or hapū. The more explicit reference to iwi and hapū in the NPS-FM is not 
intended to expand the nature of who councils should involve and work with in implementing the 
NPS-FM. It clarifies that councils’ obligations with regard to tāngata whenua and fresh water are to 
work with local iwi and hapū. Who the council involves and works with will depend on local 
circumstances. 

This policy does not override or alter any existing or future obligations local authorities have under 
Treaty settlements. 

Key words to consider in implementing this policy are: 

Involve: This policy does not dictate the form of iwi and hapū involvement in the management of and 
decision-making regarding fresh water. There is a range of ways iwi and hapū can be involved in the 
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management of fresh water under existing legislation. Involvement may include consultation, but 
may also include other methods for iwi and hapū to participate in freshwater management. Methods 
can include, but are not limited to, joint management agreements, joint committees, decision-
making roles, relationship agreements, and statutory acknowledgements. 

Work with: Policy D1 (b) clarifies that councils should work with iwi and hapū and should not identify 
values and interests on their behalf. Councils can work with iwi and hapū in a number of ways 
including, but not limited to:  

• engagement with iwi and hapū early in the freshwater planning process to identify locally 
relevant values for fresh water 

• seeking technical advice and input to inform plan or plan change preparation  

• commissioning reports from iwi or hapū  

• using mātauranga Māori to inform policy decisions  

• including members of relevant iwi or hapū on plan hearing committees. 

Reflect: Policy D1 requires that local authorities do more than just have regard to tāngata whenua 
values and interests in the management of and decision-making regarding fresh water and 
freshwater ecosystems. Policy-making needs to reflect tāngata whenua values and interests and take 
them into account in freshwater management decisions. Councils need to be transparent in their 
decisions and demonstrate how they have reflected the values and interests.  
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5.12 Part E. Progressive implementation 
programme 

Policy E1 
 

a) This policy applies to the implementation by a regional council of a policy of this 
national policy statement. 

b) Every regional council is to implement the policy as promptly as is reasonable in 
the circumstances, and so it is fully completed by no later than 31 December 
2025. 

ba) A regional council may extend the date in Policy E1(b) to 31 December 2030 if it 
considers that: 

i. meeting that date would result in lower quality planning; or  

ii. it would be impracticable for it to complete implementation of a policy by 
that date. 

c) Where a regional council is satisfied that it is impracticable for it to complete 
implementation of a policy fully by 31 December 2015, the council may 
implement it by a programme of defined time-limited stages by which it is to be 
fully implemented by 31 December 2025 or 31 December 2030 if Policy E1(ba) 
applies. 

d) Any programme of time-limited stages is to be formally adopted by the council by 
31 December 2015, and publicly notified. 

e) Where a regional council has adopted a programme of staged implementation, it 
is to publicly report, in every year, on the extent to which the programme has 
been implemented. 

f) Any programme adopted under Policy E1(d) by a regional council is to be 
reviewed, revised if necessary, and formally adopted by the regional council by 
31 December 2015 and publically notified. 

 

Policy E1 outlines the expectations and timeframes for regional councils to implement the policies in 
the NPS-FM. The policy recognises that each region will have different circumstances in determining 
when and how to give effect to this national policy statement.  

All implementation is expected as promptly as is reasonable in the circumstances. Full 
implementation under the NPS-FM 2014 is required by 31 December 2025. However, the policy 
allows for the implementation timeframe to be extended to 2030 if the 2025 timeframe will affect 
plan quality or it would be impracticable for the council to complete implementation of a policy by 
2025. 
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Where it is impracticable for a regional council to fully implement the NPS-FM by end of 2015 it may 
develop or update a formal progressive implementation programme (PIP). The PIP will outline the 
planned progress toward meeting the 31 December 2025 (or 2030) timeframe.  

Where policies of the NPS-FM require regional councils to make or change regional policy statements 
or regional plans, these changes must be fully operative for this policy to be considered 
implemented. The timelines in Policy E1 relate to putting in place the necessary policies, plans and/or 
methods; improvements in water quality will have their own timeframes identified for achieving 
specific freshwater objectives. 

Where a change to the regional policy statement or regional plans is required, section 55(2C) 
requires the Schedule 1 process to be used (except for Policies A4 and B7). This may involve a series 
of plan changes. The NPS-FM does not need to be fully given effect to with one plan change, nor in 
the first available plan change, but the provisions in any plan change that is made (including project-
specific plan changes, or plan changes for which the NPS-FM is not the principal reason) must be 
consistent with the NPS-FM.  

The PIP will need to set out how a council plans to give effect to the NPS-FM in its entirety by the 
2025 (or 2030) deadline. The PIP must set out the stages and timeframes for their region. The council 
must formally adopt the programme, and publicly notify that the programme has been adopted. 
Preparing and adopting a PIP will need to meet Local Government Act 2002 obligations, as it involves 
resources and priorities and may be a significant part of the council work programme. Public 
notification of the PIP, along with the annual progress reports, is intended to engage the public in the 
approach and provide a mechanism for councils to be accountable to the public in demonstrating 
their progress towards fully implementing the NPS-FM. Annual reporting could be through the 
annual plan and annual report under the Local Government Act 2002. Similarly, if possible, it would 
be appropriate for the implementation programme to be part of a council’s long-term plan. 

Implementation programmes need to be flexible. For example, dates or catchment priorities may 
change. It is likely to be appropriate for a council to review and revise its PIP regularly; this could also 
be part of the annual plan or long-term plan process. Similarly, good practice would be to review and 
revise the PIP following any amendment to the NPS-FM. 

The options available for implementation recognise the differences in resourcing and in the extent of 
work that may be required in various regions. Where considerable cost and effort has to be applied 
in a region to fully achieve the NPS-FM, a progressive implementation programme provides scope to 
identify priorities, resourcing and how the council will respond to the NPS-FM’s requirements. 

An implementation programme may outline the: 

• consultation strategy/programme 

• prioritising of plan changes by catchment and/or management issues 

• expected time for key milestones, such as notification of plan changes setting limits, timing for 
hearings, and timing for any review of consents. 

As well as plan changes, the programme may outline other activities, initiatives and methods to be 
implemented, indicating timing, priorities and resourcing. Examples include consent reviews, capital 
works initiatives, changes to the council’s own work programmes, and/or landowner liaison 
programmes.  

Engagement with communities and robust durable solutions can take time. This policy recognises the 
importance of quality rather than quick processes and frameworks. 
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Policy E1 does not create a requirement for all freshwater objectives and limits under Policies A1, A2, 
and B1 to be achieved by 2025, although objectives, limits, targets (including timeframes for 
achieving the targets) and methods must be set. In some cases, where there are significant legacy 
issues and long lag times to be dealt with (ie, nutrients from past land use still in transit to water 
bodies), freshwater objectives and limits may take longer to achieve. 
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6 National Policy Statement for 
Freshwater Management 2014 
Appendices  

Appendix 1 

Purpose of Appendix 1 

The 2011 National Policy Statement for Freshwater Management 2014 (NPS-FM) preamble included 
a list of national values of fresh water. The values were derived from the Resource Management Act 
1991 (RMA), the proposed National Policy Statement (NPS), and submissions and evidence to the 
Board of Inquiry. Two groupings of national values were identified, first those providing for the well-
being and amenity of people and communities, and second, those recognising and respecting the 
intrinsic values of fresh water. The national values in the preamble of the 2011 NPS-FM are now 
included (for the most part) in Appendix 1 in the 2014 NPS-FM.  

The national values included in Appendix 1 of the NPS-FM were those considered important to all 
New Zealanders and were likely to apply to all water bodies. In determining whether or not a value 
was included in the NPS-FM as a national value, the following matters were considered: 

a. whether the value is an intrinsic value of the water body itself, or is a use that relies on the 
water body, and can be used to describe qualities or characteristics of the water that support 
the value or use 

b. whether the value reflects and helps clarify matters in Part 2 of the RMA 

c. the value should not imply a priority over other values, especially the compulsory values 

d. values should not duplicate one another, although some overlap in attributes for different values 
is anticipated 

e. the value description is broad enough to encompass the different ways people express the value 
and the different water bodies to which it might apply 

f. the value can be linked to attributes so that freshwater objectives can be set in regional plans 

g. the value should not be highly localised.20 

Each value is described in Appendix 1 of the NPS-FM. 

                                                                        
20

  Regulatory Impact Statement: Amendments to the National Policy Statement for Freshwater Management 2011. 
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How Appendix 1 is to be used 

Appendix 1 is to be used in conjunction with Policy CA2, which directs councils to consider the entire 
list of values in Appendix 1 and how they apply to local and regional circumstances. Appendix 1 
contains two compulsory national values (‘ecosystem health’ and ‘human health for recreation’), 
which must have freshwater objectives set for them, plus additional national values and uses for 
freshwater that councils must consider (Policy CA2 (a)). 

The compulsory values (ecosystem health and human health for recreation) need to be provided for 
in each freshwater management unit (FMU) through freshwater objectives included in the regional 
plan. The freshwater objectives for the compulsory values will employ the attributes provided in 
Appendix 2 plus any others the councils considers appropriate. If a council decides that one or more 
of the additional national values are also relevant, then the council must also provide for these in the 
regional plan through establishing freshwater objectives. Councils can use the attributes provided in 
Appendix 2 where these are relevant to the additional national values, or develop their own 
attributes. In developing freshwater objectives, councils must use the process outlined in Policy CA2 
and must ensure that whatever freshwater objectives they set are also sufficient to give effect to the 
wider objectives and policies of the NPS-FM (such as the requirements to support life-supporting 
capacity, and to maintain or improve overall water quality). 

Councils can also derive their own values, besides the ones provided in Appendix 1, to reflect what is 
important to the local community. 

The value descriptions in Appendix 1 are intended to guide community and council discussions on 
what is considered important (valued) for water bodies in each region. The national value 
descriptions do not imply legal rights or prioritise certain values above others. Appendix 1 contains 
both intrinsic and amenity/economic values. Intrinsic values of fresh water are substantial in 
themselves and not subordinate to economic values of fresh water for potential use for people and 
community well-being. At a national level it is not possible to prioritise individual activities and 
values, given the range of local circumstances and considerations that might apply. It is for regional 
communities, facilitated by regional councils, to consider values and priorities locally and determine 
how to respond to those values at a local level in implementing the policies of the NPS-FM.  
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Appendix 2 

Purpose of Appendix 2 

The tables of attributes and attribute states in Appendix 2 are intended to support a consistent 
approach to the setting of freshwater objectives in relation to the national values in Appendix 1. For 
those values that have been identified as being likely to be relevant nationwide, the attribute tables 
in Appendix 2 set out some of the characteristics that need to be managed to provide for each value. 
This is intended to: 

• prevent unnecessary cost and duplication that would be caused by councils independently 
developing and testing their own technical information  

• allow local discussions to focus on community values and the impacts of decisions, rather than 
on debating the validity of the science and the technical detail of how a value is measured.  

Appendix 1 is not an exhaustive list; work is ongoing to develop additional attributes relating to the 
compulsory values, and attributes relating to the other, non-compulsory national values also found in 
Appendix 1. 

The matters considered when assessing whether to include an attribute in Appendix 2 of the National 
Policy Statement for Freshwater Management 2014 (NPS-FM) included: 

a. link to the National Value 

i. is the attribute required to support the value? 

ii. does the attribute represent the value?  

b. measurement and band thresholds 

i. are there established protocols for measurement of the attribute? 

ii. do experts agree on the summary statistic and associated time period? 

iii. do experts agree on thresholds for the numerical bands and associated band descriptors? 

c. relationship to limits and management  

i. do we know what to do to manage this attribute? 

ii. do we understand the drivers associated with the attribute? 

iii. do quantitative relationships link the attribute state to resource use limits and/or 
management interventions?  

d. evaluation of current state of the attribute on a national scale  

i. what do we know about the current state of the attribute at a national scale? 

ii. is there data of sufficient quality, quantity and representativeness to assess the current 
state of the attribute on a national scale?  
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e. Implications of including the attribute in the National Objectives Framework  

i. Do we understand or can we estimate the extent (spatial), magnitude, and location of 
failures to meet the proposed bottom line for the attribute on a national scale?21  

How Appendix 2 is to be used 

Each value has several water quality characteristics, or attributes, that need to be maintained at or 
above a certain level for that value to be protected. Appendix 2 of the NPS-FM contains a list of 
attributes that are relevant for some of the values in Appendix 1. This is not an exhaustive list and 
not all of the relevant attributes are listed yet, but work is continuing to identify additional relevant 
attributes and states that can be applied nationwide.  

The attributes in Appendix 2 form the basis for setting freshwater objectives.  

Where a value is chosen for an freshwater management unit and Appendix 2 contains corresponding 
attributes for that value and for that freshwater body type, the attributes in Appendix 2 must be 
used. Where a numeric freshwater objective is able to be set using the attributes in Appendix 2, 
these must be included in regional plans. Regional councils should identify any additional attributes 
that are not in Appendix 2 that are relevant to achieving the identified value. 

 

 
 

                                                                        
21

  Regulatory Impact Statement: Amendments to the National Policy Statement for Freshwater Management 2011. 
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Receives Only – No Decisions

Report To: Regional Direction and Delivery Committee

Meeting Date: 23 February 2017

Report From: Namouta Poutasi, Water Policy Manager

National Policy Statement for Freshwater Management 
Implementation - Progress Report for 2016 

Executive Summary

In December 2015, Council adopted and publicly notified a progressive implementation 
programme of time limited stages by which it will fully implement the National Policy 
Statement for Freshwater Management 2014 (NPSFM) by 31 December 2025. Public 
notification was required by the NPSFM, and it also requires Council to publicly report every
year on the extent to which this programme has been implemented. This report meets that 
requirement, and Tables 1 and 2 will be posted on Council’s Freshwater Futures web-page.

Key points are as follows:

· The proposed Region-wide Water Quantity Plan Change (Plan Change 9) is on track
for hearings and decisions to be completed before the end of the 2017/18 year as
scheduled.

· NPSFM implementation in the Rangitāiki and Kaituna-Pongakawa-Waitahanui (Water
Management Areas (WMAs) (Plan Change 12 project) is progressing according to
the schedule at this stage. Phase 3 is likely to need to be extended by approximately
6 months. This will be discussed in the Regional Direction and Delivery Committee
(RDD) water workshop on 16 March 2017.

· The order of the next WMAs for NPSFM implementation will be discussed at the
Councillor workshop and decided at the 25 March 2017 RDD meeting.

Recommendations 

That the Regional Direction and Delivery Committee under its delegated authority: 

1 Receives the report, National Policy Statement for Freshwater Management 
Implementation - Progress Report for 2016; 

2 Notes that Council is currently progressing NPSFM implementation as scheduled. 

1 Purpose 
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In December 2015, the Regional Direction and Delivery Committee adopted a 
progressive implementation programme of defined, time limited stages by which it will 
fully implement the National Policy Statement for Freshwater Management 2014 
(NPSFM), by no later than 31 December 2025.  This programme was publicly notified, 
as required by the NPSFM, Policy E1.  This policy also requires that: 

“e) Where a regional council has adopted a programme of staged 
implementation, it is to publicly report, in every year, on the extent to which 
the programme has been implemented.” 

The purpose of this report is to meet that requirement.  Tables 1 and 2 will also be 
posted on Council’s Freshwater Futures web-page. 

2 The public notified implementation programme 

The adopted and publicly notified programme for implementing the NPSFM across 
nine Water Management Areas (WMAs) is shown in Table 1 below, and included a 
caveat that the order of the next WMAs is yet to be decided.  This committee will 
consider the proposed order on 16 March 2017 water workshop.   

Table 1: Time limited stages for implementation of the National Policy Statement for Freshwater 
Management 2014 in the Bay of Plenty Region by 31 December 2025 

Delivery year  
NPSFM 2014 

implementation programme 1
4

/1
5
 

1
5

/1
6
 

1
6

/1
7
 

1
7

/1
8
 

1
8

/1
9
 

1
9

/2
0
 

2
0

/2
1
 

2
1

/2
2
 

2
2

/2
3
 

2
3

/2
4
 

2
4

/2
5
 

Region wide water quantity 

plan change 9 
           

Kaituna- Pongakawa- 

Waitahanui 
           

Rangitāiki            

Tarawera            

Tauranga Harbour            

Rotorua Lakes            

Ōhiwa and Waiotahi            

Whakatāne and Tauranga             

Waioeka and Otara            

East Coast            

 

The adopted and notified programme also outlined the general implementation 
process for the first two Water Management Areas, as shown in Table 2.  Note that: 

· the steps are iterative and overlapping rather than linear; and 

· some of the work involved in developing the first WMA plan changes will 
establish planning frameworks that may be applied to future WMAs (e.g., 
values and attributes templates) or region-wide.  Later WMA processes may be 
more straight forward in that respect. 

 

Table 2: Publicly notified outline of the NPSFM implementation steps for Rangitāiki and Kaituna-
Pongakawa-Waitahanui Water Management Areas, showing progress as of December 2016. 
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Publicly notified outline of the NPSFM implementation steps for  

Rangitaiki and Kaituna-Pongakawa-Waitahanui WMAs. 

 shows progress made as of December 2016 

Notes regarding additional  

work in progress  

P
h
a
s
e
 1

: 
1

2
 m

o
n
th

s

Project planning and set up 

ü Collaborative process selected 

(Involve) 

ü High level planning 

ü Governance Structure agreed 

Establish structure and processes 

ü Develop Regional Freshwater

Framework

ü Specific project work packages 

agreed 

Establish and undertake processes 

to recruit community group 

ü EOI process agreed 

ü EOI section process underway 

ü Set up Community Groups 

Collate all existing information 

ü Current State Project and Gap 

Analysis 

ü NOF Attributes information 

collated 

P
h
a
s
e
 2

: 
 1

2
 m

o
n
th

s

Baseline knowledge: understand 

and expand on existing 

information; agree on what the 

story tells us from all perspectives 

ü Gap filling prioritised (science) 

ü Gap filling (social, economic,

cultural)

ü Compelling “Story” collated – 

Key Messages, RARI, WMA 

· Prioritised science gap filling 

ongoing 

· Desk top collation of social, 

economic and cultural

baseline data completed – 

further analysis necessary 

Freshwater objectives: use the 

National Objectives Framework to 

identify values, attributes and 

attribute states (collectively 

termed freshwater objectives) 

ü Confirm values (using existing 

values as a starting point) 

ü Define Freshwater Management

Units 

ü Map Values against National 

Objectives Framework attributes 

ü Review attributes against current 

state 

· Identification of outstanding 

freshwater bodies 

· Draft regional freshwater

value set approved in 

principle. Values in each FMU 

identified.  Detail and 

mapping continues. 

· Current state reported against

NPSFM National Objectives 

Framework attributes and 

bands (Environmental

Publication 2015/4). 

· Identification and selection of 

additional attributes and 

bands for values in progress. 

· Initial work on outstanding 

freshwater bodies 

progressed.  Put on hold to

wait for pending MfE funded 

guidance document. None 

likely in first two WMAs. 

P
h
a
s
e
 3

: 
1

2
 m

o
n
th

s

Assess needs: does current water 

quality and quantity provide for 

identified freshwater objectives; 

determine the gaps and priorities 

for focus; determine limits/targets 

to explore 

· Translate into objectives 

(maintain approach)

· Determine appropriate limits

· Impacts and opportunities 

discussion

· Confirm priorities and gaps

· Assessing water quality and 

quantity needs of in-river

values, and quantifying 

freshwater use value 

requirements (including in-

river) – in progress.

Scenario and impact analysis: 

detailed modelling of different 

options including environmental, 

social, economic and cultural 

outcomes; clarify trade-offs and 

balance 

· Initial modelling strategy agreed

· Confirm level of modelling, 

gather additional data and 

analyse output with Community 

Group 

· Development of potential 

scenarios

· Investment in more 

sophisticated catchment 

modelling.  Model building in 

progress.

· Work initiated to estimate 

credible future changes in 

land and water use in 

catchments and quantify 

current use. 

· MfE economic capability 

funding secured to progress 
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method for identifying, 

assessing and expressing 

management options, risk and 

uncertainty.  

· Draft resource management 

issues and risks statements in 

progress. 

 Evaluation: assessment of 

scenarios (use tools such as focus 

groups, evaluation matrix); revise 

and reassess as needed 

· Utilise tools to support 

agreement on preferred 

scenario  

 

 Develop policy and regulatory 

framework: iterative process to 

develop and agree on the policy 

and rule regime (limits and 

management options) to be 

included in the plan change 

· Development of policy and rules 

with community group feedback  

 

 

Consult on framework: not 

required but best practice to 

consult on this ‘draft’ stage prior to 

notification 

· Wider community consultation 

on ‘draft’ 

· Preparation of proposed plan 

change  

· Establish monitoring plan and 

accounting system and 

monitoring 

 

 

3 Implementation progress as of 31 December 2016 

1.1 Proposed Region-wide Water Quantity Plan Change 9 

The proposed Region-wide Water Quantity Plan Change (Plan Change 9) to the 
Regional Water and Land Plan was publicly notified on 18 October 2016 submissions 
closed on 14 December 2016.  A total of 82 submissions were received to Plan 
Change 9.  A summary of submissions received will be notified for further submissions 
around May 2017.  Plan Change 9 is on track for hearings and decisions to be 
completed by mid-2018 as scheduled.  

1.2 Rangitāiki and Kaituna-Pongakawa–Waitahanui WMAs (Plan Change 12 
project) 

Work within the Rangitāiki and Kaituna-Pongakawa-Waitahanui WMAs is well 
underway.  Phase 2 is complete and Phase 3 is progressing.  Phase 3 involves a large 
body of work including analysis of the science, developing catchment modelling, 
developing potential future scenarios, policy and management options, deciding on 
policy direction and plan drafting.  We now anticipate that Phase 3 will take 
approximately 6 months longer to complete than the 12 months originally scheduled.  
This is in part is due to greater project complexity than anticipated.  For example, to 
better inform decision making Council has decided to invest in more sophisticated 
catchment modelling than initially provided for.  This will be discussed at the RDD 
committee workshop in March 2017. 

1.3 Deciding the order of the next WMAs 

This committee will decide which WMAs will be progressed next at its 16 March 2017 
meeting.  Baseline data collation and analysis for the next tranche can begin in 
2017/2018 as scheduled.  
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It is anticipated that Council can meet the 31 December 2025 final deadline to fully 
implement the NPSFM.  A significant amount of work and learnings from the first two 
WMA processes will establish frameworks for later WMAs.  It may also be appropriate 
to progress some aspects as a region-wide quality change contributing to part of our 
10 yearly Regional Water and Land Plan review (due in 2018). 

2 Implications 

Council is currently progressing implementation of the NPSFM as planned and 
notified.  There is some likelihood of slippage for the first two WMAs in the current 
year.  Decisions need to be made as to which WMA processes (and/or region wide 
changes) it should launch next.  Options and implications of this will be discussed at 
the Councillor workshop 16 March 2017, before decisions are sought at the 29 March 
2017 RDD meeting.  

4 Council’s Accountability Framework 

Community Outcomes 

This programme directly contributes to the Water Quality and Quantity Community 
Outcome in the Council’s Long Term Plan 2015-2025.  It will establish freshwater 
quality and quantity objectives, limits, policies, rules and other methods, by way of 
changes to the Regional Water and Land Plan.  

Long Term Plan Alignment 

This work is planned under both the Land and Water Framework Activity and the 
Regional Planning Activity in the Long Term Plan 2015-2025.  Work is described as 
‘Water quality and quantity limit setting (in accordance with the National Policy 
Statement for Freshwater) for the Kaituna and the Rangitāiki catchments’. 

Current Budget Implications 

This work is being undertaken within the current budget and approved extensions for 
the Land and Water Framework Activity and Regional Planning Activity 2016/17 (Year 
2).   

Future Budget Implications 

Future work on this programme is provided for in Council’s Long Term Plan 2015-
2025.

Nicola Green 
Senior Planner (Water Policy) 

for Water Policy Manager 

15 February 2017 
Click here to enter text.  
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1 Introduction 

The National Policy Statement for Freshwater Management (NPS-FM) requires regional councils and 
unitary authorities to establish freshwater accounting systems for both water quantity and quality. 
This document provides guidance on how to establish freshwater accounting systems to meet the 
requirements of the NPS-FM. Its primary audience is people working in regional councils and unitary 
authorities (hereafter referred to as ‘councils’). However, other stakeholders, such as those involved 
in collaborative decision-making processes with councils, may also find it of value.  

1.1 Document structure 
There is no single correct or preferred way to establish a freshwater accounting system to meet the 
requirements of the NPS-FM. Rather each system needs to reflect the issues of the freshwater 
management unit for which the accounts are being generated. Therefore, to allow councils 
flexibility to establish a freshwater accounting system that suits their unique needs, the Ministry for 
the Environment has avoided providing prescriptive guidance on ‘how to account for fresh water’. 
Instead, this document provides advice on the principles and key components that make up a 
successful accounting system, along with general guidance and explanations. Case studies are used 
to illustrate key points raised in the text and/or to show how the concepts may work in practice. 
Note that, while care has been taken to provide high-quality case studies, inclusion of a case study in 
this guidance should not be taken as an indication of endorsement of the approach by the Ministry 
for the Environment.  

The outline of the remainder of this document is as follows: 

Section 2 – explains what freshwater accounting is and the relationship between the NPS-FM 
accounting requirements and other regulatory instruments used to manage fresh water. 

Section 3 – outlines nine principles for freshwater accounting that encapsulate the fundamentals of 
good accounting practice. 

Section 4 – provides general advice on matters such as the importance of scale and significance, 
spatial and temporal resolution of accounting, using models, and dealing with uncertainties.  

Section 5 – outlines the key components and main steps involved in establishing freshwater quantity 
accounting systems.  

Section 6 – outlines the key components and main steps involved in establishing freshwater quality 
accounting systems.  

A high-level overview of the NPS-FM, including the freshwater accounting guidance requirements, is 
in A Guide to the National Policy Statement for Freshwater Management 2014. This provides 
background and context information, as well as policy interpretation of the NPS-FM. It also explains 
much of the terminology from the NPS-FM that is used in this guidance on freshwater accounting. 
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1.2 Development of this guidance  
In 2014, the Ministry for the Environment engaged a project team led by the National Institute of 
Water and Atmospheric Research (NIWA) to help develop freshwater accounting guidance. The 
team’s report forms the basis of this guidance. 

Staff from six councils were also involved and provided valuable input throughout its development.  

All contributors are listed in the Acknowledgements on page 80 of this document. 

1.3 Other National Policy Statement for 
Freshwater Management guidance  
This is one in a series of guidance documents being developed to support the implementation of the 
NPS-FM. Note that some of these guidance documents will provide more detail on topics that are 
touched on in this guidance, including: 

• setting freshwater management units (FMUs) 

• freshwater objective-setting process (values, attributes and freshwater objectives) 

• limits and management methods  

• using models. 

For a full list of the guidance that is already available or under development, see 
www.mfe.govt.nz/fresh-water/tools-and-guidelines/implementing-national-policy-statement-
freshwater-management.  
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2 Background 

This section explains what freshwater accounting is and the relationship between the NPS-FM 
accounting requirement and other freshwater management instruments. 

2.1 What is freshwater accounting? 
The term ‘freshwater accounting’ refers to collecting information about the existing water use and 
the pressures on the freshwater resources being managed in a particular area. To do this, freshwater 
accounting must be carried out for both water quality and quantity. 

The NPS-FM defines freshwater accounting systems as follows: 

“Freshwater quality accounting system” means a system that, for each freshwater 
management unit, records, aggregates and keeps regularly updated, information on the 
measured, modelled or estimated: 

a) loads and/or concentrations of relevant contaminants; 

b) sources of relevant contaminants; 

c) amount of each contaminant attributable to each source; and 

d) where limits have been set, proportion of the limit that is being used. 

“Freshwater quantity accounting system” means a system that, for each freshwater 
management unit, records, aggregates and keeps regularly updated, information on the 
measured, modelled or estimated:  

a) total freshwater take; 

b) proportion of freshwater taken by each major category of use; and 

c) where limits have been set, the proportion of the limit that has been taken. 

Within a freshwater quantity accounting system, all water taken from the freshwater management 
unit must be quantified. This includes water taken under resource consent (both the total amount 
allocated within the consent and the amount of water that is actually taken), as well as any 
(estimated or modelled) takes that are permitted or do not require a resource consent, such as 
stock water. This includes both consumptive and non-consumptive takes of water.  

Similarly, a freshwater quality accounting system requires all relevant contaminants that are being 
discharged to fresh water to be quantified. This includes both point sources and diffuse sources 
of contaminants. 
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2.2 Why do we need accounting for 
fresh water? 
It is essential to have good information on how we use fresh water, to make effective decisions on 
freshwater objectives and limits for resource use, as well as managing within those limits once set. 
Freshwater accounting is one part of this information. The NPS-FM requires councils to establish 
freshwater accounting systems (Part CC) for FMUs, where decisions on freshwater management are 
being made. The aim is to deliver an improved ability to set effective freshwater objectives and limits 
across the region. 

The four main reasons councils need to account for fresh water are to: 

• inform decisions on the setting and reviewing of freshwater objectives and limits 

• inform decisions on the granting of resource consents and managing within limits, once these 
are set, to determine where reductions in discharges are needed, or where quantity is over-
allocated 

• provide feedback to communities on progress against set freshwater objectives and to act as a 
trigger for any needed changes in management practices 

• provide information for investors about catchments where there are freshwater resources 
available, where constraints exist for further development (ie, where storage may be necessary). 

Note that this guidance only covers the development of freshwater accounting systems. It does not 
cover the future use of the freshwater accounts in the setting of freshwater objectives and limits.  

2.3 Relationship between freshwater 
accounting and other provisions of 
the NPS-FM 
As indicated in Section 2.2, freshwater accounting is intended to help inform the setting of 
freshwater objectives and limits. The requirement for freshwater accounting is therefore closely 
related to Policy A1, Policy B1 and Policies CA1–CA4, which direct councils to set these freshwater 
objectives and limits using the National Objectives Framework. Other sections that relate to 
freshwater accounting include Part CB and Part D.  

Part CB of the NPS-FM directs councils to establish a monitoring plan to monitor the progress against 
freshwater objectives (once these are set), using representative sites and long-term trends. 
Freshwater accounting information could comprise part of this monitoring data, in which case the 
monitoring plan would include details of the freshwater accounting system. Part D of the NPS-FM 
requires councils to take reasonable steps to engage with iwi and hapū in the management of fresh 
water. As freshwater accounting is one of the foundations for making decisions about the 
management of fresh water, it is suggested that councils engage with iwi and hapū about the 
intended approach to freshwater accounting.  
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For a comprehensive discussion of how the various parts of the NPS-FM relate to one another, please 
refer to A Guide to the National Policy Statement for Freshwater Management 2014.  

2.4 Relationship with other freshwater 
management instruments 
While this guide covers the need for accounting as required by the NPS-FM, it is important that 
councils are also aware of other developments that may result in more prescriptive future 
requirements to collate regional records and report at the national level. The data used to inform 
freshwater accounting systems may overlap with other data requirements.  

A Guide to the National Policy Statement for Freshwater Management 2014 provides a summary of 
how the NPS-FM relates to national environmental standards (NES), national policy statements 
(NPS), the Resource Management (Measurement and Reporting of Water Takes) Regulations 2010, 
water conservation orders, the Resource Management Act 1991 (RMA), Treaty of Waitangi 
settlement legislation and the Hauraki Gulf Marine Park Act 2000. When establishing accounting 
systems, consideration must be given to ensure that all obligations under these legislative 
instruments are adequately met.  

Of particular relevance to freshwater accounting is the Resource Management (Measurement and 
Reporting of Water Takes) Regulations 2010 (commonly referred to as the ‘water metering 
regulations’). The water metering regulations require holders of consents for water takes greater 
than 5 litres per second to collect records of their water use and provide annual records to their 
council (unless the use of the water is non-consumptive, as set out in regulation 4(2)). The 
information generated under these regulations will be a substantial component of freshwater 
accounting, particularly for quantity. The regulations include staged implementation of reporting 
based on take size. Work is under way to collate this information at the national level.  

To help facilitate and support national reporting, regional councils and the Ministry for the 
Environment have partnered, through Environmental Monitoring and Reporting (EMaR), to develop 
and operate regional and national data collection networks and reporting platforms. This includes 
standard monitoring protocols, methods, robust quality assurance and a federated national data 
management system. There may be benefit in councils considering the data collection and reporting 
advice from EMaR when establishing freshwater accounting systems, so that data management 
processes are complementary.  

Case study 2.1 describes a previous national-level project to collate and analyse water quantity 
accounting information. 
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CASE STUDY 2.1 – WATER ALLOCATION SNAPSHOT 

As part of its national environmental reporting programme, the Ministry for the Environment 

has, in the past, commissioned several reports to help measure a national water quantity 

indicator: the volume of water allocated (via resource consent) to consumptive uses. (See 

www.mfe.govt.nz/environmental-reporting/fresh-water/freshwater-demand-

indicator/freshwater-demand-allocation.html.) 

The most recent report (Aqualinc Research Ltd, 2010) presents a summary of the approach 

and results of the 2010 survey of freshwater take consents for both consumptive and non-

consumptive uses, and also includes estimates of actual abstraction volumes of the 

consented takes. 

Figure 2.1 shows that, for most regions (with the exception of Gisborne), total water use is 

likely well below (65 per cent of) allocation levels. Freshwater accounting information will 

help councils determine the difference between allocation and use, and identify potential 

situations where paper allocations can be better aligned with actual use. This will enable 

councils to better provide for Objective B3, which requires councils to improve and maximise 

the efficient allocation and use of water. Note that there may also be situations where 

matching paper allocations with actual use may not be desirable. For example, a certain 

industrial use (such as frost spraying in horticulture) may often not use its allocation but still 

needs that potential water for use. 

Figure 2.1:  Estimated annual water use by regions 

 

Source: Aqualinc Research Ltd, 2010. 

The report is available at: www.mfe.govt.nz/publications/water/water-allocation-2009-10/. 
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3 Principles of freshwater 
accounting 

This section outlines nine high-level principles of freshwater accounting that encapsulate the 
fundamentals of accounting practice. The principles reflect a general philosophy of how freshwater 
accounting should ideally contribute to councils’ freshwater management ‘toolbox’. 

The nine principles are based on: 

• the six criteria used to evaluate accounting systems in the stocktake reported in Rouse et al, 
2013 (see www.mfe.govt.nz/publications/fresh-water/regional-council-freshwater-
management-methodologies-accounting-systems-and)  

• general features outlined in the Australian standard for water accounting (see 
www.bom.gov.au/water/standards/wasb/wasbawas.shtml) 

• principles and protocols for Tier 1 statistics (see www.mfe.govt.nz/environmental-
reporting/about-environmental-reporting/national-environmental-indicators/environmental-
indicator-criteria/index.html) 

• principles suggested by council representatives. 

Table 3.1:  Principles of freshwater accounting 

Principles Descriptors  

Risk-based  Accounting systems should allow for accounts to be generated using methods appropriate to 
the scale and significance of issues in a freshwater management unit (FMU). 

Identification of relevant contaminant sources should be linked to risks faced in an FMU. 

Transparent The purpose of the accounting system should be clearly stated. 

Accounting information should be easily accessible by water users, iwi and the community. 

All methods used for accounting should be clearly documented, so that calculations are 
repeatable. 

Technically 
robust 

Accounting systems should use good practice methods based on relevant science.  

Accounting systems should allow comparison between years (or reporting periods) and with 
other FMUs. 

Any errors and uncertainties of methods used should be clearly documented. 

Quality assurance steps should be documented, and methods for handling any data issues 
that may come to light outlined. 

Practical Accounting systems should allow for councils to collate information from various existing 
systems or models (eg, consents databases, monitoring databases). 

The systems should allow reports to be generated and displayed for water users, iwi and the 
community.  

Accounting systems should be future-proofed, so they remain practical, capable of being 
replicated, understood and upgraded over time. 
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Principles Descriptors  

Effective and 
relevant 

Accounting systems should be fit for purpose – that is, they should allow for the four 
potential uses of accounting information (see section 2.2) for regional freshwater 
management. 

Accounting systems should produce meaningful information (accurate, appropriate to the 
spatial scale of the issues and useful to the intended end users), noting that this may vary 
with the purpose of the accounts being produced. 

Accounting systems should be cost-effective. 

Timely Accounting systems should allow a council to produce regular accounts in a suitable form for 
water quantity and water quality for the FMUs, where freshwater objectives and limits are 
being set or reviewed. 

Accounting systems should allow councils to collect and analyse information at frequencies 
that are relevant to the intended management use (eg, seasonally, to be relevant to 
ecological systems and variability in flows; daily, if data will be used for operational water 
take and/or restriction management). 

Partnership Accounting systems should be developed and information collected in partnership with 
stakeholders, iwi and the community. This will help to ensure that the accounts produced 
are well understood and accepted. It will also help to minimise duplication of resources and 
ensure that appropriate aggregation is used to protect individual and commercial privacy. 

Adaptable Accounting systems should allow for flexibility to accommodate different methods 
appropriate to the scale and significance of the issues in different FMUs. 

The systems should allow for improvements in methods and the accuracy of measurements, 
estimates and/or modelling results over time. 

Accounting systems should allow for the integrated and iterative nature of freshwater 
management. 

Where considered appropriate or necessary, systems should allow for reporting that is 
scalable from FMUs (or water management zones, if this is different) to the regional level. 

Integrated Where appropriate, the system should allow for the consideration and combined reporting 
of, for example, surface water and groundwater interactions or discharges to different 
receiving waters, such as estuaries. 
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4 General guidance  

This section provides general guidance on applying the principles in table 3.1. A box at the beginning 
of each topic highlights which principle(s) are relevant. Guidance is provided on the following topics: 

• the importance of scale and significance (4.1) 

• setting freshwater management units (4.2) 

• spatial resolution of accounting (4.3) 

• frequency of accounting (4.4) 

• the need for flexibility (4.5) 

• comments on using models (4.6) 

• estimating accuracy and uncertainties (4.7) 

• presenting information to communities (4.8). 

4.1 The importance of scale and significance 

The following advice is aligned with the principles: Risk-based, Practical. 

While in global terms New Zealand has abundant water (Statistics New Zealand, 2011), our island 
weather and topography mean this water is unevenly distributed, both spatially and temporally 
(Salinger et al, 2004). While there is an abundance of water overall, there may be high demand (and 
thus potential scarcity) for suitable water for particular uses. The resulting variability in water supply, 
demand, run off, discharges and receiving environments means each region has very specific water 
quantity and quality issues to manage. 

The NPS-FM, through Policy CC1(b), expects that accounting happens “at levels of detail that are 
commensurate with the significance of the freshwater quality and freshwater quantity issues, 
respectively, in each freshwater management unit”. This policy direction is a fundamental starting 
point for much of the guidance that follows – that is, that FMUs (or waterbodies, catchments, 
aquifers, regions, or parts thereof) do not all have the same water resource management needs. 
Methods for accounting for all water takes and all relevant sources of contaminants can therefore 
vary between FMUs.  

One way to decide which methods may be appropriate to use is a risk-management approach. 
Understanding risk normally requires an understanding of the likelihood and consequences of an 
event or action. Freshwater management under the RMA is implicitly risk based (Rouse and Norton, 
2010). Case study 4.1 provides an example of a risk-based approach. 
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CASE STUDY 4.1 – USING A RISK-BASED APPROACH TO SELECT TECHNICAL METHODS 

The Draft Guidelines for the Selection of Methods to Determine Ecological Flows and Water 

Levels (Beca Infrastructure, 2008) outline a risk-based approach for selecting methods to be 

used to set minimum flows to protect ecological instream values (as part of setting 

environmental flows or limits, in NPS-FM terminology). 

The system looks at the degree of hydrological alteration (how much water is to be taken 

from the water body) to help assess the likelihood aspect of the risk and ranks this against 

the significance of values identified for that water body to better understand the 

consequence aspect of that risk. For example, for rivers, a low degree of alteration and low 

significance of values would mean that a simple method (or estimate) could be used to 

assess potential ecological flow requirements, such as a hydrological statistic or expert 

panel. At the opposite end of the spectrum, a high degree of alteration and high instream 

values would suggest a need to use detailed knowledge and models to predict ecological 

flow requirements. 

 

A risk-based approach similar to case study 4.1 could be used to select methods for freshwater 
accounting, using an understanding of the pressures on water quantity and quality in an FMU on one 
hand, and the values of that FMU to its community on the other. A scoping exercise could be 
undertaken first to identify priority or high-risk FMUs. For example, A Guide to the National Policy 
Statement for Freshwater Management 2014 suggests that, for water quality accounting, a 
preliminary assessment of likely values and objectives could be carried out. Along with this, an initial 
low cost accounting process could be completed to identify the most relevant contaminant(s). Once 
the range of possible freshwater objectives is narrowed, more accurate accounting may be needed. 
This is likely in cases where, for example, significant reductions in discharges of relevant 
contaminants are needed to achieve the freshwater objectives being considered. 

This risk-based approach is discussed further in 4.5, and case study 4.2 describes the risk-based 
approach used by Horizons Regional Council for setting FMUs.  

 

CASE STUDY 4.2 – HORIZONS REGIONAL COUNCIL’S RISK-BASED SETTING OF FRESHWATER 
MANAGEMENT UNITS 

Horizons Regional Council used a risk-based approach to set its water management zones 

(WMZs). In the Whanganui catchment, where the pressures on water are relatively low, 

Horizons selected relatively large WMZs. In contrast, for the Manawatū catchment, where 

pressures are high, much smaller WMZs were set, enabling more detailed information to be 

collected. Figure 4.1 illustrates the criteria used to select WMZ size. 
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Figure 4.1:  Using resource pressure and other influences in a risk-based approach to 
selecting the size of water management zones in the Horizons region 

 

More information can be found at 

www.horizons.govt.nz/assets/horizons/Images/Development%20of%20Water%20Manageme

nt%20Zones%20in%20the%20MW%20Reg.pdf. 

 

4.2 Setting freshwater management units  

The following advice is aligned with four principles: Technically robust, Effective and relevant, 

Adaptable, Integrated.  

FMUs are the fundamental units of a freshwater quantity and quality accounting system. The NPS-FM 
defines an FMU as: 

…the water body, multiple water bodies or part of a water body determined by the regional 
council as the appropriate spatial scale for setting freshwater objectives and limits and for 
freshwater accounting and management purposes.  

Additionally, accounts for FMUs could enable comparisons to be made between them, or 
aggregation to explore regional issues.  
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The main point to note is that the number and scale of FMUs in a region will have an impact on plan 
development and workability. FMUs will contain common freshwater objectives for the water body 
or bodies within it, so that representative monitoring sites can be readily established. This means 
FMUs should be not just hydrologically coherent (of similar hydrology) but also similar from a social 
perspective, so that communities and iwi with common interests and values are contributing to 
common objectives.  

Many councils had already set water management zones or units before the introduction of the 
NPS-FM. These zones may or may not be the same as an FMU. For instance, they may need scaling 
up or down for particular issues to be addressed, in order to contribute to a common objective being 
set for an FMU. These zones may have been set for water quantity management purposes and may 
need to be reviewed to assess whether they are also appropriately scaled for meeting the needs of 
the NPS-FM.  

4.3 Spatial resolution of accounting  

The following advice is aligned with five principles: Technically robust, Effective and relevant, Adaptable, 

Integrated, Practical.  

As explained in 4.2, the fundamental unit for freshwater accounting is the FMU. The most suitable 
spatial resolution used for an accounting system will be dictated by the issues and concerns needing 
to be managed within the FMU, and the availability of information.  

A freshwater accounting system could operate at a regional, FMU, catchment or sub-catchment 
level, or even at an activity (individual take or point source) level, depending on the needs of the 
council and the information available. Flexibility in the accounting system to allow accounts to be 
produced at the most relevant scale, and be aggregated to FMU or regional levels, may be desirable. 
Some councils are already able to produce accounts for regional and catchment scales, as highlighted 
in case studies 4.4 and 4.5. 
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CASE STUDY 4.4 – REGIONAL WATER ACCOUNTS 

Some councils already have systems that enable them to produce accounts at a regional 

level. For example, table 4.1 shows water quantity accounts for the Auckland region for the 

years 2004/05 and 2005/06. 

Table 4.1:  Key water use and allocation statistics for Auckland region  

Key water statistics 2004/05 2005/06 

Number of consents 1,499 1,439 

Groundwater take consents 1,172 1,132 

Surface water take consents 327 307 

Water allocated 152 Mm
3
 138 Mm

3
 

Water used 118 Mm
3
 104 Mm

3
 

Inactive consents 22% 21% 

Quarterly meter returns 90% 91% 

Failed quarterly returns 4% 9% 

Consents with use exceeding water allocation 12% 14.50% 

Note: Mm
3 

= million cubic metres. 

Source: Auckland Council, in Rouse et al, 2013 

Figure 4.2 shows surface water use data collected for the 2011/12 water year in the 

Canterbury region as a monthly allocation. The allocated volume for each month is shown 

by the green outlined portion of the bar, and the actual water use volumes are shown by the 

solid green portion. The percentage of allocation used is shown at the top of each bar. 

Figure 4.2:  Allocated versus used surface water volumes in the Canterbury region 
(2011/12 water year) 

 

Source: Environment Canterbury, in Rouse et al, 2013 
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CASE STUDY 4.5 – CATCHMENT WATER ACCOUNTS 

Waikato Regional Council has a system that enables it to produce accounts at catchment or 

sub-catchment level. For example, figure 4.3 shows allocated and actual takes from the 

Waihou catchment. 

Figure 4.3:  Allocated and actual daily use in part of Waihou catchment, March 2013 

  

Source: Waikato Regional Council, in Rouse et al, 2013 
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Figure 4.4 shows sources of nitrogen in the upper Manawatū catchment. 

Figure 4.4:  Percentage contribution from different land uses to nitrogen load in 
upper Manawatū River 

 

Source: Horizons Regional Council State of the Environment 2013 report, in Rouse et al, 2013 

4.4 Frequency of accounting 

The following advice is aligned with four principles: Technically robust, Effective and relevant, Timely, 

Adaptable. 

One of the important things to define when producing freshwater accounts is the frequency 
of reporting. Frequency of reporting is different from the frequency of measurement. For example, 
the water metering regulations require records to be produced from continuous measurement, 
recording a volume of water taken each day (or week in certain circumstances). However, these 
records of measurements taken over the duration of a water year (1 July through to 30 June) have to 
be reported annually, within a month of the end of the water year.  

The NPS-FM (Policy CC2) says that accounting information should be available ‘regularly’ and for 
FMUs where councils are setting or reviewing freshwater objectives and limits. The frequency with 
which councils choose to produce and report accounts depends on their management needs. It is 
likely that very few management questions will be answered with annual accounts. Seasonal 
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information reflecting ecological processes and drivers, such as flow conditions, may be more 
important. For example, high loads of contaminants during flood flows may not be such a problem as 
at low flows, and so rather than annual loads, councils may choose to ‘bin’ flows to better 
understand how loads vary with flow (see case study 6.4). Again, a risk-based approach would 
suggest that frequency of accounting should relate to the risks and/or issues being managed in an 
FMU, and at a frequency that allows detection of change. 

The frequency with which accounts are accessed and reported will also depend on the system being 
used. Most councils are likely to have (at least initially) a hybrid physical ‘system’ whereby some data 
is managed through information technology (IT) systems (databases, perhaps telemetered water 
quantity data) and some manually (through paper returns from consent holders). Where IT systems 
are used, thought needs to be given to ensuring any existing protocols (eg, quality assurance (QA) 
and quality control (QC)) would still be appropriate for use in an accounting sense. For manual 
systems (and possibly also for IT-based systems), councils may need to consider whether there may 
be some benefit in increasing the frequency of QA and QC processes. This applies particularly to 
water quality data where routine QA measures may not be as prevalent as those for water quantity.  

It is important that data is quality assured in advance of generating accounting reports. More detail 
on QA and QC is provided in 4.7. Further detail on national initiatives on the standardisation of data 
is in case study 4.11.  

There may be advantages in developing accounting systems that allow for more automated 
production of accounting reports. Such automation is useful for managing issues where more 
frequent accounting information (such as weekly, monthly or seasonal) could make decision-making 
easier in cases where more intensive management is required. Managing water takes within water 
quantity limits, by establishing restrictions to keep instream flows above a minimum, is an example 
of where automation may be useful.  

Case study 4.6 outlines examples of freshwater quantity accounting systems from Tasman District 
Council and Horizons Regional Council that use weekly and daily intervals respectively. 
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CASE STUDY 4.6 – FREQUENCY OF ACCOUNTING 

Councils have existing accounting systems that are fit for purpose for their freshwater 

management needs. Two contrasting systems, summarised in Rouse et al (2013), are 

discussed here. 

Tasman District Council’s water quantity accounting system uses manual returns from 

consent holders in some catchments. Levels of returns are generally high and enable the 

Council to produce accounts, such as figure 4.5, which shows the percentage of returns 

received and the weekly actual use for the Moutere Eastern Groundwater Zone, between 

November 2012 and May 2013. 

Figure 4.5:  Returns received and actual weekly use for the Moutere Eastern 
Groundwater Zone, November 2012 to May 2013 

 

Source: Tasman District Council, in Rouse et al, 2013 

Horizons Regional Council has developed a system called WaterMatters that enables it to use 

telemetry from metered water takes to produce daily accounts (as shown in figure 4.6). This 

information is used to assist with operational water take compliance and restrictions 

management.  
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Figure 4.6:  Allocated and actual daily use on the two days preceding 21 June 2013,  
for the Ohau catchment 

 

Source: Horizons Regional Council, in Rouse et al, 2013 

For more on WaterMatters, see Roygard (2009) at 

www.horizons.govt.nz/assets/horizons/Images/One%20Plan%20officers%20reports/Dr%20J

on%20Roygard.pdf.  

4.5 The need for flexibility 

The following advice is aligned with five principles: Risk based, Transparent, Technically robust, 

Adaptable, Integrated.  

The NPS-FM allows for councils to develop accounting systems and accounts at a level of detail 
“commensurate with the significance” of the issues being managed in an FMU (see also discussion 
in 4.1). That means the systems and methods used can be flexible to allow for spatial and temporal 
variability in management issues. 
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It is not easy to develop a robust accounting system for a complex real-world system. The level of 
importance of pressures or values (for water quantity or quality) varies between regions and 
catchments. The multiple individual pressures of a natural system may also interact in complex ways 
in a natural system, so an accounting system that allows an integrated approach may be desirable. 
Therefore, it is important for councils to apportion appropriate resources depending on the 
significance of their issues, to optimise the cost-benefit of any accounting exercises. For example, 
while high-frequency water sampling may be needed to assess nitrate concentration in a highly 
developed agricultural catchment to manage water quality, such an intense monitoring system 
may be unnecessary for a catchment that is near its natural state, unless the pressures are identified 
as increasing.  

A sensible approach may be to begin with a simple system for accounting, allowing for methods and 
the system itself to improve with time. A good example is the approach taken by Horizons Regional 
Council (see case study 4.7), which developed a simple accounting system to identify the catchments, 
rivers and aquifers that required more accurate estimates. Detailed scientific and technical studies 
were then conducted on these ‘hotspots’ to improve understanding of the water quality.  

More information about using a flexible, risk-based approach to select methods appropriate for 
different types of water takes (eg, permitted or consented) and different sources of contaminants is 
provided in 5.2 and 5.3. 

CASE STUDY 4.7 – APPROACHES TO ENVIRONMENTAL FLOW SETTING 

Horizons Regional Council used an explicitly risk-based approach for selecting methods to set 

minimum flows and core allocation limits for its water management zones and sub-zones. It 

has developed a decision support framework and identified six ‘scenarios’ that may require 

the use of different techniques. These range from robust techniques, such as physical habitat 

modelling, to default methods using percentages of a river’s mean annual low flow (MALF). 

For more on Horizons’ approach to flow setting, see Roygard (2009) at 

www.horizons.govt.nz/assets/horizons/Images/One%20Plan%20officers%20reports/Dr%20J

on%20Roygard.pdf.  

Otago Regional Council uses physical habitat modelling as one of the key science 

components to setting minimum flow requirements for main stem rivers in its catchments. 

At present, IFIM (physical habitat modelling) is the approach used, mostly because there are 

few alternatives at a similar cost. Habitat modelling is both data and time intensive, 

which means these studies can be relatively expensive. However, Otago rivers are either 

heavily relied on for water abstraction or contain high fisheries value (both sports fish and 

native fish), which means the risks are high and more detailed methods are justified.  

To set allocation limits, hydrological alteration, surety of supply and actual take information 

are considered as part of the minimum flow process. Actual takes are accounted for through 

summing the water use data collected under the national water metering regulations or 

consent conditions.  

Technical reports supporting Otago Regional Council’s approach can be found on its website 

www.orc.govt.nz/Utils/Search/?whole=true&query=aquatic+ecosystems.  
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In summary, allowing for flexibility is important when determining what accounting method to use. 
The method should be able to change as circumstances change. As discussed in 4.1, it may be 
appropriate to use a risk-based approach; first carry out a scoping exercise and then devise an 
appropriate approach for the region. The general approach might then be: 

• measure at an appropriate intensity in high-priority areas 

• estimate where order of magnitude is sufficient 

• model (with validation) where measurements are not possible and/or detailed predictions are 
needed. 

In practice, methods for measuring consented water takes may differ from methods used to estimate 
certain permitted uses. Whatever methods are used, it is important to ensure they can produce 
water accounts in a manner consistent with the freshwater objectives set for the FMU. Furthermore, 
accounting information for an FMU or catchment may need to feed into regional accounting systems 
to allow comparisons between FMUs and may, in the future, be useful for national reporting. 
 

CASE STUDY 4.8 – BEING PRECAUTIONARY WHEN USING ESTIMATES 

If robust measurements are unavailable, it may make sense to be conservative in producing 

estimates. Waikato Regional Council used this approach in determining allocable surface 

water flows (ie, a type of limit). It developed a default approach to setting the allocable flow 

component of water quantity limits, using a statistic (10 per cent of Q5)
1 as the allocable flow 

for streams when minimum flows were not set using a more detailed scientific study of 

instream flow requirements. As the Council learns more about stream hydrology through 

scientific studies of similar streams, it has allowed for flexibility to increase the percentage of 

allocable flow for some streams (J Smith, Waikato Regional Council, pers. comm., 8 July 

2014). Statistical methods are useful in migrating information from different scales, such as 

the size of a catchment. 

4.6 Comments on using models 

The following advice is aligned with four principles: Technically robust, Effective and relevant, 

Adaptable, Integrated.  

The well-known adage “you can’t manage what you don’t measure” is largely true. But, as outlined in 
4.5, for the sake of practicality, it is unfeasible to measure everything, at least not all the time. For 
example, some measurements, particularly water quality concentration measurements, are 

                                                                        
1
  Q5 – the seven-day low flow, which has a 20 per cent probability of occurring in any one year (one-in-five year return 

period). A seven-day annual flow minima is the lowest average flow over seven consecutive 24-hour periods for each 
complete year of flow record. 
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expensive to collect or analyse, and can cost hundreds of dollars per sample. It is therefore common 
practice to use models to obtain information that it is not feasible to measure. For example, models 
may be used to estimate contaminant loads or to extrapolate from limited existing data in order to 
inform decision-making on limits.  

For the purpose of freshwater accounting, modelling may need to be carried out at different scales in 
order to provide sufficient information for the setting of freshwater objectives and limits. 

As stated by George Box, “All models are wrong, but some are useful” (quoted in Motu, 2013). It is 
important to remember that models are abstract representations of reality and that they necessarily 
contain important assumptions and limitations. Furthermore, the amount of data and information 
available to construct a robust model can also be limited. It is therefore important to be open about 
the design and inherent assumptions used in a model, because if its structure and input data are 
inaccurate or uncertain, this will be directly reflected in the model’s outputs. Being transparent and 
expressing the assumptions, limitations, error and uncertainty associated with predictions is an 
essential part of using models. It is important to understand these limitations, particularly when they 
are to be used to communicate with communities involved in freshwater management decisions for 
an FMU (see 4.8). 

The NPS-FM requires that freshwater quality accounts identify the source and attribute the amount 
of each relevant contaminant to their sources. Modelling may therefore need to be carried out at the 
activity scale, particularly for contaminants that are discharged to the environment in a diffuse 
manner such as nutrients from farming activities. The model OVERSEER® (discussed further in 6.5) is 
commonly used for this purpose. Similarly, freshwater quantity accounts are required to identify the 
proportion of water taken by each major category of use. For unmetered water takes (for example, 
permitted takes such as stock water), it may be necessary to develop models to estimate the water 
being taken for these uses (see case study 5.5).  

However, modelling at the activity scale alone does not provide enough information to understand 
the impact of all the activities together on the receiving freshwater bodies. Integrated catchment 
models are therefore necessary to determine the cumulative impacts of all the activities together. 
Catchment models can also allow other factors that influence the impact of contaminants and water 
takes, such as lag and attenuation, to be considered as well. See Motu (2013) for further discussion 
on farm scale and catchment scale nutrient models. Case study 6.9 also provides examples of the use 
of nutrient models from around New Zealand.  

Models can also be used as a predictive tool, especially for exploring scenarios for different possible 
futures. For example, an integrated groundwater–surface water model can be used to predict the 
future effects of water quality in a river (say in 50 years’ time) due to different scenarios of land-use 
change. A third use of models is to better understand complex systems, such as when there are 
significant surface water–groundwater interactions with lag times that we need to better understand 
in order to set limits. As summarised by Motu (2013), the processes that determine nutrient loss, 
transportation and concentration are complex. This complexity arises from spatial variability of soil, 
topography and land use; and temporal variability of climate, land management practices and 
nutrient transport beneath the ground. 

There are two broad categories of models (Motu, 2013). Theoretical or conceptual models 
emphasise the key components of a system and their interactions without seeking to quantify the 
magnitude of any component or interaction (they are not quantitative). Numerical or computer 
models provide representations of reality that both describe how the different parts of the model 
interact and quantify the magnitude of the different interactions. In practical modelling systems, data 
is essential for testing and validating models. 
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Some key aspects that should be considered when selecting a model for use in freshwater accounting 
are provided below in case study 4.9.  
 

CASE STUDY 4.9 – TEN TIPS FOR SELECTING MODELS 

The following tips are taken from Wyatt et al (2014) and are based on advice from the 

Envirolink Tools decision support system (DSS) website http://tools.envirolink.govt.nz/. 

1. Clearly define the questions you need the model, tool or DSS to help answer. 

2. Define the requirements of the decision-making process you intend to follow 

(timeframes, resources, community participation). 

3. Understand how the information provided by a tool, model or DSS will need to be 

presented to be useful for the community engagement and decision-making process you 

intend to follow. 

4. Understand the underlying assumptions and limitations of the tool, model or DSS – can 

you live with these when explaining results and trying to create consensus in decision-

making? 

5. Understand what data and technical expertise is required to run the tool, model or DSS – 

can you provide or source these? 

6. Check if there are additional costs involved in using the tool, model or DSS, such as 

software or licencing. 

7. See how easy the tool, model or DSS is to use – can it be readily included into an existing 

decision-making process? 

8. Check to see if there is support for learning about, setting up and using the tool, model 

or DSS (documentation, case studies, New Zealand examples and/or users). 

9. Understand the ‘maturity’ of the tool, model or DSS – new and emerging DSSs may 

require more resourcing to learn and implement. 

10. Do more homework – take time to explore options and to understand the merits of 

using different approaches and DSSs. 

4.7 Estimating accuracy and uncertainties 

The following advice is aligned with four principles: Transparent, Technically robust, Effective and 

relevant, Adaptable.  

As freshwater accounting is used to inform the setting of freshwater objectives and limits, 
uncertainties associated with the accounting data must be considered in the subsequent decision-
making. Measurements and estimates are inherently associated with errors in that they are 
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inaccurate (they vary from the ‘true’ value) and contain uncertainty (there is some level of 
confidence in how well the estimate reflects the ‘true’ value). This uncertainty arises due to many 
factors such as limited or missing data, poor quality data, conceptual and structural errors of a 
model, and boundary condition errors. The expression of uncertainty for an estimate represents the 
compounding errors of data and the model itself (Maier and Ascough, 2006; Shepherd et al, 2013). 
Uncertainties will therefore exist whether a model is at the activity or catchment scale.  

It is also important to recognise that modelling uncertainty and predictive uncertainty are not 
the same thing. Modelling uncertainty can be quantified and represents the imperfect fit of the 
estimates or predictions to reality. Predictive uncertainty arises from extrapolation errors. Future 
predictions made using a model often have high uncertainty as the future typically does not 
look like the past – for example, future flow predictions may be uncertain due to the effects of 
climate change.  

It is vital to express an uncertainty for all estimated values because decision-makers and stakeholders 
need to understand it when considering the information. In other words, the uncertainty signals the 
level of confidence that they can place on the information. To this end, an estimate produced by a 
model or similar methodology is only complete if it is accompanied by a statement of the 
uncertainty. This uncertainty is often expressed as a statistical measure (for example, a standard 
error). It is also important to understand the impact that these uncertainties can have on the 
decision-making process. For instance, in high priority FMUs with issues of over allocation, it may be 
necessary to reduce the uncertainties in order to provide the necessary confidence in the outcomes 
of decisions. 

In situations where decisions have to be made despite high levels of uncertainty, additional 
processes should be put in place to manage the associated risk. For instance, it may be appropriate 
for a programme of work to be outlined where, over time, uncertainties can be reduced and 
estimates refined (for example, through improved input data as a result of better monitoring 
practices) to allow decisions to be reviewed in the future. Similarly, using the precautionary principle 
may be appropriate when making decisions where uncertainties are high. For a high-level overview 
and additional resources on dealing with uncertainties when making decisions, see A guide to section 
32 of the Resource Management Act: Incorporating changes as a result of the Resource Management 
Amendment Act 2013 (Ministry for the Environment, 2014).  

Examples of how councils are managing uncertainties and accuracy issues through QA and QC 
practices are summarised in case study 4.10. Case study 4.11 outlines some of the national initiatives 
under way to help standardise environmental data, to help increase consistency in data collection, 
thereby also creating consistency in accuracy and managing uncertainty.  
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CASE STUDY 4.10 – QUALITY ASSURANCE FOR HYDROLOGICAL DATA 

Agencies that collect hydrometric data generally operate under a quality management 

system – that is, a set of rules to direct and control an organisation with regard to quality. It 

may include a policy or strategy, but more than anything, quality management is a process. 

Water data collection and archiving can be managed in a number of ways to assure the 

quality of the end product. For example, staff training, technical competence, good 

measurement practices, standard operating procedures and methods, proper facilities and 

equipment, calibration and maintenance of equipment, data checking (such as correcting 

gaps or spikes in a data series), system improvements and, finally, internal and external 

audits. There are standards such as ISO 9000 that exist to help ensure quality levels. All 

councils operate quality assurance (QA) and quality control (QC) systems, which are being 

formalised through the National Environmental Monitoring Standards (NEMS) initiative (see 

case study 4.11). 

Environment Canterbury and Otago Regional Council are in the early stages of developing 

QA and QC systems for telemetered water metering data (under the water metering 

regulations). The checks are currently limited to assessing spikes and gaps in data. 

Environment Canterbury has developed a detailed approach that needs the water meters 

and associated telemetry equipment to be installed by accredited organisations, which 

ensures that the ±5 per cent accuracy requirement of the water metering regulations is 

signed off by an industry-certified water meter installer (M Ettema, Environment Canterbury, 

pers. comm., 8 July 2014).  

Horizons Regional Council has also developed requirements for water meter installation. 

Further details can be found at www.horizons.govt.nz/assets/publications/managing-our-

environment/publications-consents/HRC-Watermeter-Brochure-12pg-FIN.pdf. 

 

CASE STUDY 4.11 – NATIONAL INITIATIVES TO HELP STANDARDISE ENVIRONMENTAL DATA 

Several initiatives currently being developed will continue to improve and standardise 

environmental data collection. 

As described in 2.4, both the water metering regulations and Environmental Monitoring and 

Reporting (EMaR) are soon likely to require information fundamental to regional water 

accounting to also be reported at national level. 

Land, Air, Water Aotearoa (LAWA) has expanded from being a collaboration between 

New Zealand’s 17 regional and unitary councils, and is now a partnership between the 

councils, Cawthron Institute, Ministry for the Environment and Massey University, and has 

been supported by the Tindall Foundation. The website hosts environmental data from 

across the country, which is quality assured and archived. A user-friendly interface allows 

simple graphing and exploration of the data, and fact sheets offer more information on key 

topics (see case study 4.12). 
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The National Environmental Monitoring Standards (NEMS) steering group has prepared a 

series of environmental monitoring standards, with support from the Regional Chief 

Executive Officers and the Ministry for the Environment. The development of these 

standards was led by regional and unitary councils from across New Zealand, in partnership 

with the electricity generation industry and the National Institute of Water and Atmospheric 

Research (NIWA). These documents prescribe technical standards, methods and other 

requirements associated with the continuous monitoring of a number of environmental 

parameters. Drafts are currently under development for several topics, including water level 

recording, open channel flow measurement, water temperature, turbidity and dissolved 

oxygen. 

See www.lawa.org.nz/ for more on LAWA and NEMS 

www.mfe.govt.nz/more/environmental-reporting/about-environmental-reporting-nz/our-

environmental-reporting-programm-0. 

4.8 Presenting information to communities 

The following advice is aligned with four principles: Transparent, Effective and relevant, Partnership, 

Adaptable. 

Under the framework established by the NPS-FM, freshwater management may be approached in a 
collaborative way, and many councils are already exploring how to do this. If freshwater objectives 
and limits are to be set as part of a collaborative process, then any accounts produced need to be 
understandable to a non-technical audience. While the NPS-FM does not require collaborative 
processes to be used in this way, Policy CC2 requires councils to take, “… reasonable steps to ensure 
that information gathered … is available to the public, regularly and in a suitable form”. Furthermore, 
there are likely to be groups in each community and iwi who see value in freshwater accounts as a 
general source of information on fresh water, independent from any formal council-led decision-
making processes. Some tips to help address this requirement are listed below. 

• Make sure the purpose of the accounts is clear – which of the four key reasons for accounting 
outlined in 2.2 are you currently addressing? What are the main issues driving your need to 
account? 

• Identify the audience that the accounts are intended for. This will help determine the best way 
for presenting the information. 

• Be clear what FMU and which time period the accounts refer to. 

• Avoid jargon and acronyms as far as possible. 

• If frequently used technical terms cannot be avoided, introduce and explain each one and use 
them consistently. 

• Use every-day analogies if these help communicate complex ideas. 
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• Use visuals (for example, bar or pie charts), as well as tables of figures. Consider using other 
formats, such as videos, where appropriate. 

• Provide clear explanatory notes on methods and assumptions used, uncertainties and limitations 
associated with data such as gaps. 

• Provide sources for further information for those who might be interested in finding out more. 

Case study 4.12 provides examples of how environmental science information has been presented to 
communities to date, including the use of report cards and the LAWA website. 
 

CASE STUDY 4.12 – COMMUNICATING IN COLLABORATIVE LIMIT-SETTING PROCESSES 

In a broader freshwater management context, different councils and researchers are 

exploring different ways to communicate complex science information to communities as 

part of collaborative limit-setting processes. Examples include ‘traffic light’ tables or wheels, 

which use colours to indicate the extent to which different (often conflicting) freshwater 

objectives are being met. See section 5.6.1 of Wyatt et al (2014) for more information. 

Two other examples of communicating environmental data to the community are state of 

the environment (SoE) report cards and the Land, Air, Water Aotearoa (LAWA) website. 

Councils have been reporting SoE results to their communities for many years, and have 

developed many types of ‘report cards’ to simplify this complex information. For example, 

Auckland Council produces report cards for its SoE monitoring, including fresh water, for 

different reporting areas. An overall grade is given to the area, based on water quality, flow 

patterns, nutrient cycling, habitat quality and biodiversity. A catchment map, photo and 

quick facts are given, as well as the overall grade and grades for the five indicators. The 

report cards are available online and downloadable as a PDF. For more information, see: 

http://stateofauckland.aucklandcouncil.govt.nz/report-type/freshwater-report-card/. 

One of the key aims of LAWA (introduced in case study 4.11) is to help local communities 

find out more about their fresh water. The LAWA website allows someone to explore data, 

selecting a region and then a catchment area. Figure 4.8 is taken from the Ashburton River at 

a State Highway 1 site and shows the median state of a number of environmental indicators, 

compared with other sites, and trend information based on nine-year data. See: 

www.lawa.org.nz/explore-data/canterbury-region/ashburton-river/ashburton-river-at-sh1/. 
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Figure 4.7:  Snapshot of water quality data for the Ashburton catchment, from the Land, Air, 
Water Aotearoa website 
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5 Key components of freshwater 
quantity accounting systems 

5.1 The key components of freshwater 
quantity accounting 
Figure 5.1 outlines the key components of freshwater quantity accounting.  

Figure 5.1:  Key components of freshwater accounting for water quantity 

 

Note: M, E, M = measure, estimate or model. 

Note that, in reality, this process is likely to be iterative. For instance, although the FMU defines the 
scale at which accounting must be carried out, some knowledge of the current state (ie, the 
hydrological regime, how much water is available and what contaminants are present) is necessary 
in order to ensure the scale of the defined FMU is appropriate.  

The NPS-FM requires councils to use the National Objectives Framework to set freshwater objectives 
and limits for an FMU. There is a degree of overlap with methods that help with accounting and the 
methods (such as the use of models) used to set freshwater objectives and limits. This section 
focuses on accounting and, where possible, refers readers to other sources of information about limit 
setting and collaborative planning approaches. 

5.2 Define what you are accounting for 
The first step in establishing a freshwater accounting system (as indicated in figure 5.1) is to define 
what is being accounted for and the units to be used. 

Identifying all water takes 
The first stage of freshwater quantity accounting is to define and establish what is being accounted 
for. There are many different types of water takes, and the NPS-FM requires councils to account for 
them all. One useful approach is to separate the types of take based on their characteristics.  

Define what 
is to be 

accounted  

(see 5.2) 

Define FMU 

(see 5.3) 

Bringing it all 
together – 

system 
requirements 

(see 5.6) 

Reporting – 
using a 

suggested 
template 

(see 5.7) 

Account for 
each type 

of take 
(M, E, M) 

(see 5.5) 

Establish 
current 

(measured) 
state 

(see 5.4) 
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Because councils have managed different types of water take as business-as-usual before the 
NPS-FM required accounting, they are likely to have a thorough understanding of the topic. However, 
this section outlines the different types of take to ensure this guidance offers a complete package, 
and to reflect the important role they play in the later stages of water quantity accounting.  

Water takes can be broadly defined in three ways: 

• consumptive and non-consumptive 

• consented  

• unconsented. 

Consumptive or non-consumptive use 

Consumptive water use is when water is removed from a water body for a purpose and is not 
returned to the water resource system, such as water used for irrigation and domestic supply. 
Therefore, once removed from a water body, consumed water is not available for reuse. In areas 
with high connectivity between groundwater and surface water bodies, consumptive takes from one 
can affect the other. In this case, there may be benefit in considering both groundwater and surface 
water together in freshwater accounts.  

Non-consumptive water use (such as that defined in regulation 4(2) of the water metering 
regulations) includes water withdrawn for use but returned directly back to the source without 
significant delay. For example, water withdrawn for purposes such as hydropower generation is 
generally non-consumptive. It is important to account for both consumptive and non-consumptive 
takes for informing the setting of objectives and limits. For example, any consumptive takes located 
upstream of a non-consumptive take (such as a hydro-generation dam) may affect the ability for the 
dam to operate effectively. In some cases, non-consumptive takes may also result in a change in 
water quality. For example, water taken for cooling purposes may be returned to the water body at 
an increased temperature. In such cases, the change in quality may be relevant for freshwater quality 
accounting. 

As consumptive water takes result in water being removed from a water body and a reduction in 
available water volume (over a reasonable timeframe), it is important that water accounting 
systems clearly differentiate between consumptive and non-consumptive takes. Where only a 
portion of the take is returned to the source, a freshwater quantity accounting system should clearly 
identify the volume available for reuse in a non-consumptive take, to help ensure water resources 
are managed efficiently. 

Consented takes 

The RMA stipulates that a resource consent is needed for the take and use of water, although there 
are specific circumstances where this can occur without consent (these are discussed under 
‘unconsented takes’ below). Consent can be required for both consumptive and non-consumptive 
takes. Consented takes are likely to represent the highest proportion of water use in many FMUs. 
Therefore, accurate and appropriate information about consented takes is critical for water 
accounting. Information stored in a consent database is essential for many facets of water 
management and reporting where it may be used to avoid over allocation, improve water use 
efficiency, protect wetlands, check for compliance with consent conditions and provide input to state 
of the environment reporting, as well as for freshwater accounting purposes. 
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It may be appropriate and pragmatic to use consistent fields in a consent database, noting that 
regional flexibility to allow fit-for-purpose management is also important. The accounting 
requirements in the NPS-FM may mean there is a need to review and improve the current consent 
information collected. The suggested list of fields below is for guidance only – councils may use only 
those they determine as necessary or add more fields, as required, to meet FMU or regional 
circumstances. A certain level of standardisation is important to enable computer-based systems of 
data storage and retrieval.  

The potential fields for a consent database are:  

• Consent identifier (number) 

• FMU 

• Consumptive or non-consumptive 

• Primary source (eg, groundwater or surface water) 

• Source type (eg, river, storage) 

• Source catchment (eg, Hurunui River catchment) 

• Source name (eg, Waikato River, Kaawa aquifer) 

• Primary use 

• Secondary use (eg, stock water when the primary use is irrigation) 

• Use type (eg, pasture irrigation, vegetable irrigation, cooling) 

• Description of use 

• Instantaneous rate of take (ℓ/s) 

• Daily volume (m3/d) 

• Weekly volume (m3/week) 

• Seasonal volume (m3/season) (eg, for irrigation, if specified) 

• Annual rate (m3/year) 

• Take months (eg, October to April for irrigation) 

• Irrigated area (hectares) and irrigation method (ie, k-line, border-dyke) 

• Discharge/return volume (may need to use more fields, if necessary, to account for accurate net 
use – ie, ℓ/s, m3/d and m3/year may be required as separate fields) 

• Transfer volume (may need to use more fields, if necessary, to account for accurate transfer – 
ie, ℓ/s, m3/d, m3/year period of the transfer, transfer location, etc, may be required as 
separate fields) 

• Surface water/groundwater interaction apportion (eg, assign 20 per cent of a groundwater 
take to a nearby stream – may need more fields and association with other FMUs, if interaction 
is high) 
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• Map reference2 (ie, Easting and Northing) 

• Consent commencement date 

• Consent expiry date 

• Water meter installed (eg, yes or no) 

• Water meter telemetered (eg, yes or no) 

• Commencement date of water meter reading. 

• Link/reference to water quality accounting system where applicable  

The fields listed here range across different timeframes. As noted in section 4.4, the reporting 
frequency of accounts may vary significantly from the time periods at which data is captured. Time 
periods should be used in the accounts that reflect how the accounts are intended to be used.  

Unconsented takes 

The common unconsented water take types are:  

• permitted takes under RMA s14(3)(b) 

• permitted takes under regional/district plans 

• unauthorised takes. 

Section 14(3)(b) of the RMA permits the take and use of water for certain activities without the need 
to obtain a resource consent. These are known as ‘permitted takes’. These permitted takes allow for 
water to be taken for an individual’s reasonable domestic needs and stock water, provided that the 
use does not, or is not likely to, have an adverse effect on the environment.  

To implement the RMA statutory requirements, councils often specify in a regional plan a quantity 
of water that can be taken without a resource consent. Case law has confirmed that this is a 
legitimate practice. 

There are also potentially unauthorised takes, which are not permitted under the RMA or a 
regional/district plan, that exceed the consented volume or permitted activity rule, or are where an 
old consent has expired. It is important that the source (groundwater or surface water) of the 
unconsented take is identified and classified and assigned against the appropriate FMU. 

Units of measure for water quantity accounting 
It is important that appropriate and meaningful units are used for water accounting. The 
characteristics of surface water and groundwater differ in their availability over a timeframe 
following abstractions, and different units may need to be used. Excessive surface water takes, even 
over a short period of time, can detrimentally affect instream values (such as life-supporting 
capacity). So it is crucial to use the instantaneous rate as the fundamental mechanism to manage 
surface water (litres per second or cumecs). In most situations, it is also important to specify the 
maximum daily take (cubic metres per day) and maximum annual or seasonal volume as consent 

                                                                        
2
  Remember to check that the grid reference matches the position of the actual take, if this is not the same as 

consented. 
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conditions, to achieve efficient water management and water accounting. In FMUs that include a 
lake (including hydro storage), units such as lake levels will need to be used.  

For groundwater takes, the instantaneous rate is not the most important factor. Rather, the 
determinants of daily and annual volumes are more appropriate to ensure that sustainable aquifer 
levels are maintained. However, instantaneous rates (litres per second) may also need to be 
stipulated for consented groundwater takes, as the water metering regulations use ‘litres per second’ 
as the unit. 

5.3 Define the freshwater management unit 
The next step in figure 5.1 above is to define the FMU in which you are to set or review limits and 
therefore produce accounts. Some initial comments on defining FMUs are covered in 4.2.  

5.4  Establish the current (measured) state 
If accounting information is being used to inform limits, information on the available water resource 
(river flows or groundwater levels) will also be required.  

The NPS-FM requires that all takes from an FMU be accounted for via freshwater quantity accounting 
(see definition in 2.1). Establishing the current state also involves determining the hydrological 
regime of the water body. This baseline information will help to determine the natural variations that 
are unrelated to the identified pressures. 

Understanding water resource availability 
For accounting where limits have been set, the types of takes outlined above are likely to be the only 
things that need to be accounted for. However, for accounting where limits have not yet been set, 
councils may also need to know more about the water resource itself. For surface water bodies, such 
as rivers, to set limits for resource use as required by the NPS-FM, a key step is to determine 
minimum flow requirements (the flows required to maintain instream values). These could include 
ecological values, recreational values, amenity and natural character values and tāngata whenua 
values (Beca Infrastructure, 2008). Councils have been undertaking such analyses for some time, and 
advice already exists on these topics. However, until recently, not all councils had taken the next step 
to establish allocation limits (Rouse et al, 2013; Rouse and Norton, 2013). Naturalised flow series (ie, 
assuming no abstraction, damming, diversion or discharge) are generally used for establishing 
minimum flow requirements and allocation limits. 

Case studies 5.1–5.3 highlight some useful resources for setting environmental flows. These have 
been included in this guidance to provide context around the sorts of decisions that freshwater 
accounting systems will inform.  
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CASE STUDY 5.1 – GUIDANCE ON METHODS FOR SETTING ENVIRONMENTAL FLOWS 

Two main documents can help councils set environmental flows: 

• Flow Guidelines for Instream Values (Ministry for the Environment, 1998a and 1998b). 

• Draft Guidelines for the Selection of Methods to Determine Ecological Flows and Water 
Levels (Beca Infrastructure, 2008). 

Case study 4.1 (section 4) discusses how a risk-based approach can be used to guide the 

selection of these methods. The Draft guidelines (Beca Infrastructure, 2008) focus on 

methods to address ecological values. The Flow guidelines for instream values also discuss 

these values, along with methods to address recreational, amenity and natural character, 

and tāngata whenua values. 

For groundwater, a common and appropriate method for determining sustainable aquifer yields is to 
develop an integrated groundwater–surface water model. Developing a sufficiently accurate 
groundwater model requires a large amount of data and information, and it may be appropriate to 
first develop a basic (conceptual) groundwater model to identify where data gaps exist. The 
development process may therefore require a reasonable period of time. Basic approaches, such as 
percentage of average annual rainfall as an annual sustainable yield, can be used in the absence of an 
accurate modelling approach. However, a cautious approach should be used to arrive at conservative 
estimates when using simple methods, as it may take centuries to recharge a groundwater system 
that has been over extracted. The Draft guidelines (Beca Infrastructure, 2008) describe methods for 
deciding appropriate groundwater minimum levels. Case study 5.2 provides a brief summary of how 
Tasman District Council has set limits for managing groundwater.  
 

CASE STUDY 5.2 – SETTING GROUNDWATER LIMITS 

Tasman District Council uses an integrated groundwater–surface water model for managing 

the water of the coastal Motueka–Riwaka Plains. The primary purpose of the model is to 

ascertain the sustainable yield from the aquifer system while ensuring depletions of the 

nearby Motueka River and springs do not exceed allowable limits (as stipulated in the 

Resource Management Plan) and preventing saltwater intrusion (Aqualinc Research Ltd, 

2008). 

In determining the water resource extent and setting limits, the NPS-FM also requires councils to 
think about the reasonably foreseeable impacts of climate change. Some councils are already 
undertaking such assessments as part of their freshwater objective and limit-setting processes, as 
illustrated in the case study below (5.3). 
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CASE STUDY 5.3 – EXPLORING CLIMATE CHANGE EFFECTS ON WATER RESOURCES 

A number of regional councils and unitary authorities are undertaking or commissioning 

assessments of the potential implications of climate change for water resources in their 

regions. For example, a summary of the potential implications of climate change for water 

resources and hazards for Gisborne District Council was provided by Collins (2012). This 

included projections of mean seasonal river flow and mean annual low flow (MALF) for the 

region’s Waipaoa River under middle-of-the-road climate change scenarios for 2040 and 

2090. Flows across all seasons were projected to decrease, particularly those in winter and 

spring, while the slight decline in MALF was comparable to measurement error.  

See the Council’s website: www.gdc.govt.nz/freshwater-quantity/. 

Environment Canterbury has also commissioned a number of climate change impact studies 

focusing on water supply from several of the region’s rivers. Discharge along the Alps-fed 

Waimakariri River, for example, is projected to increase substantially, particularly during 

winter, due to increased winter precipitation in its headwaters (Zammit and Woods, 2011b). 

In contrast, discharge along the foothills-fed Ashley River, which reaches the coast only 

13 kilometres further north, is projected to experience only a marginal increase in annual 

flows, with a notable decline in spring (Zammit and Woods, 2011a). 

5.5 Account for each type of take 
The fourth step in figure 5.1 is to account for all water takes. The NPS-FM requires accounting for all 
water takes, including:  

• consented (including both consumptive and non-consumptive)  

• permitted 

• unauthorised takes.  

At present, it is more likely that accurate information will be available for consented consumptive 
takes, both what is allocated and what is used (at least for takes greater than 20 litres per second 
due to the current water metering regulations). It may therefore be appropriate for consented takes 
to be accounted for separately from unconsented (permitted and unauthorised) takes. Accounting 
for the total water use from unconsented and non-consumptive takes will most likely require the use 
of estimates or models, as it is unusual for water measurements to be available for these takes. One-
off measurements of unconsented takes may be useful to improve or validate the assumptions used 
in any estimates or models. 
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Consented takes 

Some comments on allocation 

As stated in 5.2, consented takes are likely to represent the highest proportion of water use within 
an FMU. Accurate checks and balances for consented takes are therefore essential for water 
accounting and to ensure resources are not over-allocated.  

Surface water availability at a given location may not be solely determined by the availability within 
the (sub) catchment containing that location. This is because allocation of water in an upstream sub-
catchment will reduce the availability within lower catchments. For example, in the upper Waikato 
catchment, the catchment is fully allocated at the Karapiro Dam. Although there is allocable water 
within a number of upper sub-catchments when assessed in isolation, this water cannot be allocated 
because the water resource for the lower catchment at Karapiro Dam is fully allocated. Thus, 
accounting systems need to be able to help councils understand how takes from one location in an 
FMU may impact on takes in other parts, including tributaries and smaller waterways. This is 
necessary for considering limits to avoid over-allocation (see case studies 5.1 and 5.2 for more 
information). Where possible, this issue should be considered when FMU boundaries are being 
defined. 

The allocation to non-consumptive takes can also determine the availability for consumptive use, 
rather than instream minimum flow requirements (eg, for ecological values). This is the case in the 
upper Waikato catchment, where water availability for consumptive takes within the catchment is 
primarily established based on non-consumptive takes for hydropower generation for the eight 
power stations located on the river.  

Water quantity accounting can become complex when non-consumptive takes are partly 
consumptive. For example, Huntly Power Station takes 40 cumecs for cooling and returns 38 cumecs. 
Furthermore, non-consumptive takes may be returned to a different water body from where they 
were abstracted. Therefore, councils need to understand the initial take and the return, and thus the 
net take in their accounting.  

Actual use 

The water metering regulations require all water consents that authorise water takes at a rate 
of 5 litres per second or more (with the exception of non-consumptive takes as defined by the 
regulations) to record their actual water abstraction and report this data annually to the council. 
These regulations initially only applied to takes of 20 litres per second or more. From 10 November 
2014, they have applied to takes of between 10 and 20 litres per second. From 10 November 2016, 
they will apply to takes of between 5 and 10 litres per second. If appropriate consent conditions, 
recording, reporting, storing and compliance systems are in place, councils should be able to produce 
accurate annual water accounts for the consented takes of 5 litres per second or more with relative 
ease. Case study 5.4 outlines how Horizons Regional Council is using a web-based system to manage 
telemetered water meter data. 
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CASE STUDY 5.4 – USE AND DISPLAY OF TELEMETERED WATER USE DATA 

Horizons Regional Council has installed telemetry systems on water meters in its region and 

captures close to real-time data. The data is displayed through its WaterMatters website, 

which is:  

…a web-based information system for individual consent holders and those 

organisations in the region interested in water management. It allows individual 

consent holders to monitor their water use from their computer at home, and it 

allows whole water management zone monitoring against predetermined water 

allocation limits. 

An example screenshot is shown in figure 5.2, and more information can be found at 

www.horizons.govt.nz/managing-environment/resource-

management/water/watermatters/watermatters-overview/. 

Figure 5.2:  Screenshot from WaterMatters from the Rangitikei catchment, July 2014 

 

Through consent conditions, Otago Regional Council has had telemetry systems installed 

on all water takes from the Kakanui River that are greater than 5 litres per second, to 

allow real-time water management for the catchment’s water users during times of low 

flow. The data is displayed through an independent provider’s website where individuals can 

view their own water use on their home computer while the catchment’s water allocation 

committee can view all water users’ data, allowing it to make real-time decisions during 

times when sharing is necessary to meet minimum flow expectations. The screenshot in 

figure 5.3 shows the rate of take and monthly volume used for a water take in the 

Kakanui River. 
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Figure 5.3:  Screenshot of the rate of take and monthly volume used for a water 
take in the Kakanui River 

 

 

As discussed in section 4, while the water metering regulations require consent holders to provide 
annual returns, some councils are requiring more frequent data collection. Real-time data collection 
(for example, using telemetry) may be helpful for larger takes and within catchments and streams 
that are highly allocated. Councils could consider including appropriate consent conditions to gather 
water use data at meaningful frequencies and in useful formats (such as electronic) to assist them in 
effective water management. Where net takes need to be accounted for, both take and discharge 
(returned water) should be measured at the same frequency. 

Some regional/district plans require all consented water takes to be measured, such as in the 
Waikato region. Consented takes that are not currently measured need to be estimated for water 
quantity accounts. One approach that can be used to account for unmeasured takes is to use pro rata 
estimates based on measured takes for similar water uses. For example, an estimate for an 
unmeasured consented pastoral irrigation water take could be based on a measured pastoral 
irrigation take in an area with a similar microclimate. It is also important to use data from similar soil 
types (where the soils’ plant-available water is similar) and where irrigation management practices 
are similar. However, it may be difficult to find exact matching conditions between takes for all 
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purposes, and a number of assumptions may need to be made. Another possible way for estimating 
water use from groundwater takes is by using the power consumption of pumps as a proxy measure 
for the water abstracted. For all such estimates, uncertainties can be high and it is important that the 
accounts clearly express these. 

Permitted takes 
As permitted activities (either under RMA s14(3)(b) or under regional/district plans) do not require 
resource consents, councils generally do not have detailed information about actual permitted use, 
such as the location of the take, water source and purpose of the take. However, under the NPS-FM, 
councils are required to estimate the amount of this permitted water use in their accounts. It may be 
helpful to do this by source (ie, groundwater or surface water).  

To manage water resources sustainably, councils need a reasonably accurate understanding of 
the water used under permitted takes and its significance in comparison with the total resource 
available. This is not as important for some areas – for example, on Banks Peninsula in Canterbury, 
permitted takes are considered to be minor compared with the consented takes (T Davie, 
Environment Canterbury, pers. comm., 6 July 2014). However, Waikato Regional Council has found 
that the cumulative permitted water use is significant in some catchments, to the extent that it is 
placing stress on environmental bottom lines (Waikato Regional Council, 2007). This reinforces the 
importance of councils using approaches that are appropriate for the significance of the issue in 
their FMUs. 

It is unlikely that all properties (or their owners) use the maximum authorised amount under the 
regional/district plan all the time. For example, the Waikato Regional Plan authorises use of up to 
15 cubic metres a day per property. Therefore, estimates need to be made using reasonably accurate 
demands within an FMU, such as domestic (using population figures), stock water (using stock 
numbers), and associated demands (including dairy shed demands that do not require a consent), 
and small irrigation activities (in rural residential areas).  

It is important that councils develop a pragmatic and defensible approach for estimating permitted 
water use that can be updated with relative ease. For example, Waikato Regional Council has 
developed a method for estimating water use under permitted takes, as summarised in case 
study 5.5. 
 

CASE STUDY 5.5 – ESTIMATING PERMITTED TAKES 

Waikato Regional Council has developed a model for estimating takes permitted by its 

regional plan and RMA s14(3)(b) using a geographic information system. The method 

uses population (census), livestock (AgriBase), property information (Land Information 

New Zealand) and river and groundwater bore databases to estimate reasonable water 

demands for certain uses and their potential source (ie, groundwater or surface water). The 

model’s accuracy has been tested using water measurements from seven rural water supply 

schemes (Waikato Regional Council, 2007). 

The report can be found at: www.waikatoregion.govt.nz/Services/Publications/Technical-

Reports/A-Model-for-Assessing-the-Magnitude-of-Unconsented-Surface-Water-Use-in-the-

Waikato-Region/.  
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Unauthorised water use 
There may be unauthorised water takes in a region – for instance, where a water user mistakenly 
believes their water use is authorised under the RMA/regional plan/district plan. One potential 
unauthorised water use can be for dairy shed wash down and milk cooling, as this can be a permitted 
activity if the take does not exceed the maximum amount authorised under the regional/district 
plan. However, with recent intensification and increased stocking rates, the water demands for dairy 
shed wash down and milk cooling have increased on many dairy farms. Similar water use increases 
may have occurred in small orchards, nurseries and market gardens, where the users are unaware of 
the regional/district rules. Therefore, councils need to assess such potential takes and account for 
unauthorised water takes. Councils should also have a strategy to address such unauthorised takes – 
such as requiring resource consent or reduction of takes to fall within permitted take rules. 

Assessing databases, such as AgriBase (ie, stock numbers), against consented data for both water 
takes and discharges, and examining aerial maps and visits to potential water use properties (that 
do not have resource consents) are some approaches councils can use to estimate unauthorised 
water use. 

Avoiding double counting 
Double counting, as the name implies, is where the same portion of water is accounted for more 
than once. For example, water taken for a water scheme may be quantified once as the total 
abstraction and then again as it is supplied amongst the end users. Double counting often arises as a 
result of using existing databases that were established for a different purpose (such as resource 
consent databases) to supply information for freshwater accounting. When developing freshwater 
quantity accounts, care should be taken to avoid double counting, particularly for consumptive takes. 
However, double counting of non-consumptive takes (for example, when the same water is used 
twice as it passes through two dams) is fine provided that it is adequately clear in the account that 
this is the case.  

5.6 Bringing it all together 

System needs 
The ultimate objective of the NPS-FM is to provide accounts using all of the components discussed 
above. The next stage (step five, the second-to-last step in figure 5.1) is to bring the different threads 
of information together to achieve the four intended purposes of accounting, as outlined in 2.2.  

A freshwater quantity accounting system may be a hybrid system with many components, as 
outlined in 5.1. The data and information on the available resource (where limits have been set), 
consented amounts (consent database), actual measured water use (water meter) and estimates of 
unmeasured water use (unmetered consented takes, permitted takes and unauthorised takes) may 
sit in different locations and formats within the council. Some are likely to be in electronic form, and 
others, at least at this stage, may be in paper format. The accounting system should enable these 
varied information sources to be readily collated.  

Some examples of existing water quantity accounting systems are provided in case study 5.6 below. 
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CASE STUDY 5.6 – EXAMPLE WATER QUANTITY ACCOUNTING SYSTEMS 

Figures 5.4 and 5.5 are two schematics of water accounting systems taken from Rouse et al 

(2013). These systems comprise various consent, state of the environment monitoring or 

water metering databases, linked manually or automatically to a system that enables the 

council to generate and display water quantity accounts. 

Figure 5.4:  Horizons Regional Council’s water quantity accounting system 

 

Note: IRIS = Integrated Regional Information System. 

Figure 5.5: Auckland Council’s water quantity accounting system 

  

Councils will need to produce accounts as necessary for FMUs where freshwater objectives and 
limits are being set or reviewed. As this process will be repeated across multiple FMUs, it is 
worth developing a robust accounting system. The investment needed will depend on regional 
circumstances, as some councils currently have more advanced systems than others. As almost all 
councils have some form of current system in place (at least to address a part of the accounting 
system; see Rouse et al, 2013), councils can and should consider modifying the current system (if 
required) or developing a new system.  

The most efficient system would be completely electronic, linking water availability and different 
uses, which can be updated at regular intervals. This type of system requires significant investment 
in metering, telemetry and automatic systems for QA, store and display of the data, and may not be 
necessary for all regions or FMUs. Where paper-based data is unable to be linked directly to an 
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electronic system, manual input of data and QA is likely to require significant resources. This type of 
system may be appropriate for some FMUs, such as those at near-natural state or with few 
development pressures.  

An example of an integrated electronic system used for freshwater quantity accounting by the 
Waikato Regional Council is provided in case study 5.7. 
 

CASE STUDY 5.7 – EXAMPLE OF A WATER QUANTITY ACCOUNTING SYSTEM 

Waikato Regional Council has developed a Water Allocation Calculator (WAC) for overall 

water management as shown in figure 5.6. The WAC is an integrated electronic system 

consisting of many components. These include: 

• Catchment – created using minimum flow ecological studies, the National Institute of 
Water and Atmospheric Research’s River Environment Classification (REC) and a 
purpose-built ‘tracer tool’. This provides information on total resource availability by 
stream and catchment. The database is linked to all water use types (consented and 
permitted) to tally total water use against the availability at any given time. The ‘tracer 
tool’ enables managing all the sub-catchments within a large catchment because 
allocation or use in one part of the catchment has an impact on other parts (see 5.5).  

• Aquifer – similar to ‘catchment’, but contains information on sustainable yield, 
groundwater recharge and rainfall recharge. 

• Consents – all consented takes, including non-consumptive takes. This also includes 
information about net use (ie, take – return) and percentage use of surface water and 
groundwater for a consent (determined based on knowledge of the resource 
interaction).  

• Permitted takes – estimated permitted takes for human and stock use (see 5.2). 

The WAC is a dynamic system – one part automatically updates every two hours and other 

parts update daily. The resulting calculations help consent officers understand water 

availability within any particular catchment or aquifer when assessing new water take 

applications. The tool also helps science and policy staff understand the overall water 

allocation status across the region.  

Figure 5.6:  Waikato Regional Council’s water quantity accounting system 

 

Note: IRIS = Integrated Regional Information System; GIS = geographic information system; WISKI = time series database 
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5.7 Preparing a report 
The final step (the sixth in figure 5.1) in the accounting process is to prepare a report to 
communicate the accounting information to those involved in the setting or reviewing of freshwater 
objectives and limits. 

While the main driver for freshwater accounting is to provide better information for councils to 
implement the NPS-FM requirements for limit setting, a nationally consistent reporting template 
could also deliver benefits, including: 

• allowing communities and regulators to assess the status of their water use against other 
regions and FMUs 

• the ability to compare water accounts between regions. This may allow stakeholders (eg, 
irrigators, industries, investors) to identify the potential regions and FMUs suitable for future 
growth, between, as well as within, regions 

• the ability for central government to more easily compile national accounts, if required in the 
future (while noting there is currently no prescription for this). 

We include a suggested template in table 5.1, which could be used for regular water quantity 
accounting reporting by FMUs. For example, water exports out of an FMU, which require a consent 
to take water (eg, taking water from the Waikato River for the Auckland City reticulated supply), and 
discharges (eg, Tongariro Power Scheme discharges water into the Lake Taupō catchment in the 
Waikato region after taking water from the Whanganui River catchment in the Horizons region). 
Water diversions such as these that occur between regions (or FMUs) should be considered in the 
accounts for both the exporting and importing region. If limits (minimum flows and allocation rates) 
have been set, these could be inserted into this table and reported against as well. Where limits have 
been set and are to be reported against, there may be benefit in describing or linking to a description 
of the process used to set a limit.  

Case studies 2.1, 5.4, 5.5 and 5.6 provide other examples of catchment, regional and national 
accounts that could guide councils in what to include in a freshwater quantity account.  
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Table 5.1:  Suggested template for water quantity accounting 

FMU  Name of catchment or sub-catchment, or aquifer 

Period  Date range (eg, 1 July–30 June Year) 

Location Grid ref (eg, centroid of catchment polygon, or most downstream point) 

FMU includes Both SW and GW takes √ 

SW takes only  

GW takes only  

Units eg, Million cubic metres per year (Mm3/year) 

Total volume of FMU (surface water flow/groundwater quantity)  Mm3/year   A 

Total sustainable yield available for consumptive use  Mm3/year   B 

Non-consumptive takes 

Number of consented takes x 

 Authorised volume 
(Mm3/year) 

Volume used 
(Mm3/year) 

Error estimates 
(%) Methods used 

Consented    Measured and/or estimated 

Transferred    Measured and/or estimated 

Consumptive takes 

Number of consented takes xx 

 Authorised volume 
(Mm3/year) 

Volume used 
(Mm3/year) 

Error estimates 
(%) Methods used 

Consented takes  C   F   Measured and/or estimated 

Consented 
discharge 

 D   G   Measured and/or estimated 

Net consented take   E (C-D)   H (F-G)   Measured and/or estimated 

Permitted  I  Estimated 

Unauthorised  J   Estimated 

Transferred    Measured and/or estimated 

Summary 

 Volume (Mm3/year) Percentage use (%) 

Total net use  K (H+I+J)  K/B x100 

Made available to the environment  L (A-K)  L/A x100 
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6 Key components of freshwater 
quality accounting systems  

6.1 The key components of freshwater 
quality accounting 
Figure 6.1 outlines the key components of freshwater quality accounting. 

Figure 6.1:  Key components of freshwater accounting for water quality 

 

Note: M, E, M = measure, estimate or model. 

6.2 Define what you are accounting for 
As shown in figure 6.1, and as with freshwater quantity accounting, the first step in setting up a 
freshwater quality accounting system is to determine what is to be accounted for. This includes 
identifying the relevant contaminants to be accounted for and the appropriate units to be used.  

Identifying relevant contaminants 
As with water quantity accounting (see previous section), the first stage of water quality accounting 
is to define and establish what you are accounting for. The NPS-FM requires water quality accounting 
to address all relevant sources of contaminants. Careful consideration needs to be given when 
identifying which contaminants are relevant, as there could be major cost implications if irrelevant 
contaminants are selected. As a first step, it may help to understand whether the contaminants of 
concern are conservative or non-conservative. Non-conservative contaminants are those that are 
transformed in the environment. Understanding this will help to determine how the contaminants 
should be accounted for. 

The NPS-FM requires councils to use the National Objectives Framework to set freshwater objectives 
and limits for an FMU. Because freshwater accounting is required for FMUs where freshwater 
objectives and limits are being set or reviewed, we briefly look at how some of the National 
Objectives Framework features help select relevant contaminants. 
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Compulsory values 

Appendix 1 of the NPS-FM includes two compulsory national values – ecosystem health and human 
health for recreation – for which attributes are listed in its Appendix 2. The attributes relate to 
quantifiable aspects of the freshwater environment that councils must monitor and manage in order 
to meet the compulsory national values. Table 6.1 lists the attributes relating to these two 
compulsory values for both rivers and lakes. For example, to manage ecosystem health, the National 
Objectives Framework requires the management of total nitrogen (TN) and total phosphorus (TP), 
which would need accounting for in an FMU that contains lakes. Note that Appendix 2 of the NPS-FM 
is not fully populated and that additional attributes will continue to be added over time.  

Table 6.1:  Attributes to be managed under the National Objectives Framework 

Compulsory value Rivers Lakes 

Ecosystem health Periphyton 

Nitrate (as N) 

Ammonia (as N) 

Dissolved oxygen (below point sources only) 

Phytoplankton (chlorophyll a) 

Total nitrogen 

Total phosphorus 

Human health for 
recreation 

E. coli 

Planktonic cyanobacteria (lake-fed rivers only) 

E. coli 

Planktonic cyanobacteria 

Additional national values 

As well as the compulsory values for each FMU, Appendix 1 of the NPS-FM contains additional 
national values that councils must also consider. There will be cases where an attribute listed in 
Appendix 2 for a compulsory value is also relevant to one of the additional national values. For 
example, E. coli could also be a relevant attribute for mahinga kai, mahi māra (cultivation), wai tapu 
(sacred waters) and wai Māori (water supply). It is also likely that other attributes, not currently 
listed in Appendix 2, may also be required to achieve these values. For example, an FMU that is 
deemed nationally significant with respect to mahinga kai might lie within a catchment used for 
coal mining. In this case, it may also be necessary to set freshwater objectives and limits for 
suspended sediment and heavy metals, and to include these contaminants in the freshwater 
accounts for that FMU. 

Regional values 

The NPS-FM also allows councils to set objectives and limits to protect other values that are not 
included among the additional national values in Appendix 1 (Policy CA2(b)(ii)). The setting of such 
freshwater objectives, and limits to achieve those objectives, will require accounting for the 
contaminants that impact on the values chosen.  

One instance where the use of regional values (and unique attributes) will likely arise is in urban 
FMUs. For example, in the Auckland region, suspended sediment concentrations and heavy metals 
(copper and zinc) have been shown to be important, particularly in estuarine environments. While at 
first glance this may appear outside the remit of the NPS-FM, Policies A1, B1 and Appendix 1 
specifically instruct councils to take into account the connections between water bodies, and 
connections between freshwater and coastal waters, in particular. Although the majority of the 
effect of these contaminants is on coastal ecosystems, the delivery mechanism is freshwater streams 
and creeks. This relationship is discussed further in case study 6.1.  
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CASE STUDY 6.1 – IDENTIFYING ATTRIBUTES IN AUCKLAND STREAMS RELEVANT TO REGIONAL 
VALUES OF AQUATIC ECOSYSTEMS 

A series of major studies by Auckland Regional Council (the predecessor of Auckland Council) 

found that stormwater from urban catchments could have serious long-term impacts on the 

health of receiving waters (see Mills and Williamson (2008) for a review of information up to 

2005). Heavy metals, particularly copper and zinc, were investigated. 

Also in 2008, a series of reports was published on the effects of urban stormwater on the 

ecosystem health of the Central Waitemata Harbour. One of the outputs of the study was an 

assessment of long-term accumulation of sediment, copper and zinc in large-scale harbour 

depositional zones. The potential for adverse ecological effects from copper and zinc in the 

harbour sediments was assessed against sediment quality guidelines for chemical 

contaminants. Other tools assessed the effects of different stormwater management 

interventions on sediment and stormwater chemical contaminant accumulation in the 

central harbour over a 100-year period.  

The results of the Central Waitemata Harbour study (see Green (2008a) and Green (2008b) 

for the results of scenario testing) could provide justification for selecting sediment, copper 

and zinc as relevant contaminants to be accounted for (see figure 6.2).  
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Figure 6.2:  Schematic summary of zinc sediment quality guideline exceedance in 
the Central Waitemata Harbour, based on modelling zinc inputs from 
the catchment 

 

Source: Auckland Regional Council Technical Report, TR2008/043 (Green, 2008a) 

Auckland Regional Council also developed a Benthic Health Model for use in classifying 

intertidal sites according to categories of relative ecosystem health, based on its community 

composition and predicted responses to stormwater contamination. For more information 

about this tool, see Hewitt and Ellis (2010).  

The NPS-FM requires councils to set a freshwater objective for periphyton. Councils will manage 
periphyton biomass in streams and rivers through the use of limits on nitrogen and/or phosphorus 
from point and diffuse source discharges. To manage the periphyton attribute, dissolved inorganic 
nitrogen (DIN) and dissolved reactive phosphorus (DRP) should be included in water quality accounts. 
The frequency of accounting for these contaminants may need to reflect seasonal variabilities in 
water temperature or flows (as discussed in 4.4). Similarly, although suspended solids and water 
clarity are not yet included as compulsory attributes for ecosystem health in the NPS-FM, there are 
numerous examples, particularly in lowland streams, rivers and estuaries, where they are significant 
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factors impacting ecosystem health. Where regional freshwater objectives and limits are developed 
to manage sediment inputs to streams and rivers, then suspended sediment should be included in 
water quality accounts.  

Another example of identifying relevant contaminants relates to fish species and their variable 
propensity to bioaccumulate contaminants. Bioaccumulation of contaminants may be an issue in 
some FMUs considered as nationally (or regionally) significant fisheries. The Rotorua lakes are one 
such example, where trout have been shown to bioaccumulate mercury, which potentially poses a 
health risk to people who consume more than a certain amount of trout. However, the source of the 
mercury is geothermal water, which the Bay of Plenty Regional Council can do nothing about. This is 
an example of ‘natural’ sources of contaminants, which are discussed further in 6.5. A council may 
choose not to set freshwater objectives and limits for mercury in such an FMU for this reason, but it 
is still important to account for this natural source of mercury. The inclusion of mercury (or other 
heavy metals) accounting may be justified in FMUs deemed significant fisheries where there are 
significant human-induced sources of the contaminant, where, although source control is not 
possible, other management actions such as health advisories could be used. 

Tāngata whenua values  

As with the compulsory values, additional values and regional values, measureable attributes 
that relate to any identified tāngata whenua values should also be included in freshwater 
quality accounts.  

Units of freshwater accounting 
The primary unit of water quality accounting is likely to be the load of contaminant (eg, kilograms or 
tonnes of nitrogen per year). This will be the means by which the amount of contaminant at a 
particular point in a stream network is compared with the amount attributable to different point and 
diffuse sources upstream of that point.  

However, note that ecosystem response to contaminants is usually a function of the concentration of 
the contaminant in the water column. For example, the amount of phytoplankton in a lake is related 
to the concentration of nitrogen and phosphorous in the water column (as well as other factors, such 
as clarity). Concentration is the primary unit of any water quality analysis so there will likely be 
benefit in recording concentrations as well as load in a water quality accounting system. As flow will 
also be recorded for water quantity accounting purposes, instantaneous loads (concentration × flow) 
could be computed. However, whether concentrations are recorded inside or outside, the accounting 
system will depend on the method(s) used to compute loads and the temporal unit of accounting (ie, 
is it per day, week, month or year).  

In most cases (at least initially), there may need to be paper-based calculations to compute point and 
diffuse source loads in those units. Where this is necessary, it may be more cost-effective to use 
existing databases to record concentration measurements (which are likely to be instantaneous 
measurements made at monthly intervals, for instance), computing loads and/or median 
concentrations, and then transfer the outputs to the water quality accounting ‘system’ (see 6.7). 
This can be done automatically within the accounting system, such as in case study 6.2. 
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CASE STUDY 6.2 – ESTIMATING DIFFUSE SOURCES OF NUTRIENTS IN THE HORIZONS REGION 

Roygard et al (2012) provide a good summary of work carried out by Horizons Regional 

Council to determine relative contributions from point and diffuse sources at a range of 

flows. To do this, they developed and applied a calculation framework, which took data 

inputs (monthly water quality concentrations and flow time series) and employed a 

composite load calculation and flow stratification (discussed in case study 6.3). 

6.3 Define the freshwater management unit  
As with water quantity, the next step is to define the FMU that you are producing accounts for. Initial 
comments on this topic are in 4.2. 

6.4 Establish the current (measured) state 
The suggested next step (step three in figure 6.1) for water quality accounting is to establish the 
current state – that is, the loads and/or concentrations of contaminants in the FMU that you are 
accounting for. Determining the loads and concentrations already in the receiving water provides the 
comparison point (or reference) to which the sources and sinks (such as attenuation) are compared. 
The NPS-FM allows for the loads, concentrations and sources of relevant contaminants to be 
measured, modelled or estimated. However, because what is in the receiving waters provides a 
comparison point, they should be measured where possible.  

In some cases, it is not possible or practical to measure water quality continuously, and it may be 
necessary to calculate loads and concentrations using some form of estimation. Thus, these loads 
and concentrations will have some levels of uncertainty associated with them. With a robust 
monitoring programme designed with the method of estimating loads (or concentrations) in mind, 
any bias and extraneous sources of error can be minimised, and the errors themselves known with a 
certain confidence. 

Measurement and estimation is not always possible because of resourcing issues, in which case 
modelling is the only real alternative. While good modelling practice also deals with uncertainty, the 
difficulty of using modelling for estimating receiving water loads and concentrations in an accounting 
sense is that it is:  

• difficult for stakeholders to understand 

• likely that diffuse source loads and concentrations will also be modelled.  

There is a risk that councils may end up comparing a modelled reference load/concentration (the 
load/concentration already in the receiving water) with modelled sources, possibly using the 
same model. 

The use of measurement and modelling in establishing the current state is discussed in more 
detail below. 
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Measurement 
All councils measure water quality to some extent, and have done so for extended periods. Some 
councils report on the state and trends in their water quality data through state of the environment 
reporting.3 Others, such as Waikato Regional Council, provide similar information through regular 
updates of their websites.4 Guidelines for setting up water quality monitoring networks are given by 
Davies-Colley et al (2011).  

An existing water quality monitoring system should be able to meet the needs of water quality 
accounting. If setting up a system specifically for water quality accounting, the prime considerations 
would be: 

• Relevant contaminants – these are what is required to be accounted for (see 6.2).  

• Frequency – the frequency of sampling has implications for the precision of the estimate of 
load/concentration over the interval in question. There are good statistical texts (eg, McBride, 
2005) and papers (Robertson and Roehrish, 1999) that will assist. A long record (more than 
2 years) of monthly sampling is generally adequate for calculating annual medians and/or annual 
maximums (as stated in Appendix 2 of the NPS-FM) and is the duration recommended to 
councils for Environmental Monitoring and Reporting (EMaR) (Davies-Colley et al, 2012). 

• Sampling strategy – deciding on a sampling strategy will involve considering the objectives of 
the programme and the flow distribution of the streams in question. Small ‘flashy’ streams will 
export most of their contaminants (especially particulate contaminants) during storms, which 
means estimating the load/concentration with high precision requires ‘storm chasing’ or use 
of flow-triggered automatic samplers. Such exercises may not be practical for routine 
monitoring. Some councils get around this problem by defining loads/concentrations that 
reflect river conditions ‘most of the time’, which is appropriate for most of the national values 
listed in the NPS-FM. For example, Horizons Regional Council uses flow-binning (case study 6.4) 
whereby loads are calculated according to particular flow ranges. Other councils use the fixed-
interval approach (eg, sampling on the same day each month), which, providing the record is 
long enough, will theoretically sample the range of flow conditions in proportion to their flow 
distribution.  

• Flows – measured or estimated? To calculate a load or concentration, you need a corresponding 
measurement or estimate of flow. Measured is desirable and, for existing water quality 
monitoring networks, councils may have a corresponding flow recorder. However, flow 
recorders can be expensive to install and maintain, and to get adequate spatial coverage for 
contaminant accounting it may be necessary to estimate flows from adjacent catchments. There 
are standard methods for making such estimates (see case study 6.3), but care needs to be taken 
to ensure the precision of the flow estimate is compatible with that of the load estimate.  

• Estimation methods – there are a multiplicity of methods for load estimation and no ‘one size 
fits all’ method. For example, Diffuse Sources and NIWA (2013) reviewed estimation methods 
relevant to calculating nutrient loads to Waituna lagoon from diffuse sources. They 
recommended a range of regression approaches (‘rating curves’) for estimating contaminant 
loads. These regressions are based on concentrations varying significantly with flow rate and so 
the regressions employ a rating curve for load calculations. 

                                                                        
3
  For example, www.horizons.govt.nz/managing-environment/state-of-the-environment-2013/, and 

www.es.govt.nz/environment/monitoring-and-reporting/state-of-the-environment/water-2010/.  
4 

 See www.waikatoregion.govt.nz/Environment/Natural-resources/Water/Fresh-water-quality-monitoring/.  
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Case studies 6.3–6.6 provide examples of methods that can be used to estimate contaminant loads.  
 

CASE STUDY 6.3 – ESTIMATING FLOWS FOR LOAD CALCULATIONS 

One method of establishing flow records for streams with no flow recorder is the concurrent 

gauging technique. Griffiths and Horrell (2012) recently undertook a review for Environment 

Southland of the appropriateness of the use of the concurrent gauging technique to estimate 

flows at ungauged sites. A literature review was carried out and a set of guidelines for the 

technique distilled. These guidelines address the use of natural flows, tertiary site location, 

concurrent gauging runs, concurrent gauging range, flood flows, regression, errors and 

normalisation. 

There are also other techniques for estimating flows in ungauged catchments. Woods et al 

(2006) describe the testing and development of a model that can be used to predict mean 

flows across New Zealand. Other models have been developed that can be used to optimise 

the ‘next best data’ by searching for the nearest flow recorder to the site of interest (see also 

Booker and Woods, 2014). There are often great uncertainties with using such methods. 

 

CASE STUDY 6.4 – FLOW STRATIFICATION METHODS 

Horizons Regional Council uses flow stratification to address the issue of ‘what proportion of 

the total load of contaminants arises from each flow band?’. 

Stratification includes defining 10 flow ‘bins’ based on subdivision of the flow frequency 

distribution (the flow duration curve). The component of the load associated with each flow 

bin is estimated as the product of the mean concentration and the flow associated with the 

bin. These loads are then summed to find the total load. An advantage of the method is that 

it automatically produces the proportion of the load associated with different parts of the 

flow hydrograph (eg, high flows). The flow-stratified averaging approach was found to be 

effective in reducing bias associated with monthly sampling that does not generally consist of 

either very high or low flows. However, loads at low flows (ie, below the 20th percentile) 

were calculated by removing the loads assigned to highest two flow bins. 

See Roygard et al (2012) or Roygard and McArthur (2008), available from 

www.horizons.govt.nz/about-us/publications/about-us-publications/one-plan/technical-

reports/. 
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CASE STUDY 6.5 – A TOOL FOR ESTIMATING SEDIMENT AND OTHER CONTAMINANT LOADS 

SedRate is a tool developed more than 10 years ago to help address issues with predicting 

sediment loads and, specifically, for fitting rating curves and calculating time-averaged loads 

(ie, yields). It enables a sediment rating to be established for a particular site by means of 

one of four automated methods, or by user-fit with mouse-clicks on the rating plot. This 

sediment rating is then applied to the site flow distribution to obtain the annual average 

sediment yield, along with many other useful statistics. Flow and sediment information is 

obtained from an MSAccess database. Although originally designed just for suspended 

sediment, SedRate has been expanded to fit ratings to and calculate yields for any flow 

constituent – for example, nitrogen and phosphorous.  

A feature of the tool is that results displayed enable the user to explore the sensitivity of the 

results to the way the rating is fitted and understand the uncertainties associated with the 

estimates produced. 

SedRate was used to provide sediment yield data for Hicks et al’s (2011) national modelling 

of suspended sediment yields from New Zealand rivers and has also been used by Waikato 

Regional Council. 

 

CASE STUDY 6.6 – REVIEW OF METHODS FOR CALCULATING LOADS 

Recently, Aqualinc Research Ltd (2014) reviewed eight methods for calculating loads 

(including the regression methods discussed above) in an Envirolink-funded report prepared 

for Environment Southland. The purpose of the project was to provide advice on developing 

a nationally consistent approach to contaminant load calculation and software to calculate 

loads, by:  

• identifying current methods and tools used 

• assessing the accuracy and uncertainty of contaminant load estimates produced by 
these methods and tools.  

Based on its review, Aqualinc found: 

1. Expertise, professional knowledge and judgement are required to evaluate contaminant 

loads produced. As such, a single load calculation method, or a simple rule-based 

procedure for selection of methods, may not be appropriate and is not promoted.  

2. There are existing appropriate tools to calculate loads (eg, SedRate tool and the 

Horizons Regional Council flow-stratified approach of Roygard et al, 2012), and further 

significant investment in load calculation software is not warranted. 

3. Training and support for council staff involved in load calculation should be provided, 

based on the databases (eg, Hilltop, Tideda) and existing tools (eg, SedRate and Excel) 

that analysts use. 
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4. Further research into uncertainty of load calculations, its causes and implications should 

be carried out to provide improved future guidance associated with implementing the 

NPS-FM, and to provide guidance for future data collection for the purpose of load 

estimation, particularly for nutrients. (Note that Massey University is currently carrying 

out some research in this area with Horizons Regional Council.) 

Modelling 
As discussed above, we recommend that, for accounting purposes, measurement and estimation of 
loads and concentrations should be used as references against which sources and sinks can be 
compared. This should provide a robust measure against which other modelled and measured 
sources of contaminants contributing to that reference load or concentration can be compared. 
However, if measurement and estimation is not possible for whatever reason, then there are a range 
of models available to estimate loads and concentrations at both an activity scale and on a 
catchment basis. 

Motu (2013) provides a review of the range of both activity scale and catchment scale models used in 
New Zealand for modelling nutrient losses from rural land and the concentrations and loads in 
receiving water bodies. Figure 6.3 outlines the catchment scale models currently used in terms of the 
areas that they cover and whether they include surface water or groundwater as well. In practice, it 
is likely that both activity scale models and catchment scale models will need to be used, with the 
activity scale outputs potentially feeding into the catchment scale model.  

Figure 6.3:  Classification of catchment scale water quality models in New Zealand 

 
 

Source: Motu, 2013 
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Figure 4: Classification of catchment scale transport models 

 

Figure 4 classifies these models based on their complexity and scale. Following the 

description of each model, we give examples of questions that the model is designed to answer. 

AquiferSim 

AquiferSim is a region level model of nitrogen transport via groundwater flows. It 

produces spatial estimates of groundwater discharge to streams, nitrogen in groundwater and 

concentrations in streams. Its inputs include maps of climate, topography, soil type, groundwater 

zones, land use and production. 

AquiferSim was developed by Lincoln Ventures and Landcare Research as part of the 

Integrated Research for Aquifer Protection project. It has been used for several case studies in 

the Hurunui catchment, Mataura valley, and between the Rakaia and Waimakariri rivers. The 

model is intended for use by scientists and regulators for informing land use and water resources 

planning. (Bidwell et al., 2005; Lilburne et al., 2006; Bidwell and Good, 2007). 

AquiferSim addresses questions such as: 

- What are the long-term effects of land-use change on nutrient loads in the 

groundwater and the levels of groundwater flow? 
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Motu (2013) made the point that there is no perfect model. All have their place and limitations, and 
the choice of one particular model over another will depend on the application and the skill of the 
modeller. None of the models in figure 6.3 were developed specifically with water contaminant 
accounting in mind, however, CLUES (Catchment Land Use for Environmental Sustainability) has been 
developed specifically to model nutrient, sediment and E. coli loads across the country. Recently, 
the source model developed by eWater5 in Australia has been used in New Zealand by Horticulture 
New Zealand, which notes that, unlike CLUES, it is an open source model and able to be readily 
adapted for specific purposes (C Keenan, Horticulture New Zealand, pers. comm., 9 July 2014). 

6.5 Account for relevant contaminants 
The fourth step in freshwater quality accounting as shown in figure 6.1 is accounting for the relevant 
contaminants, including attributing them to their sources. At this stage, consideration is also given to 
lag effects in groundwater and attenuation of contaminants.  

Accounting for all sources of contaminants  
As with understanding current FMU loads and concentrations as a whole (6.4), a variety of methods 
are available to measure, estimate or model sources of contaminants, each of which is applicable to 
certain situations. The following sources of contaminants are covered in this section: 

• natural sources 

• point sources 

• diffuse sources. 

Natural sources 

It is important to estimate the proportion of current loads coming from natural sources. Natural 
sources of contaminants may result from the geology, soils or hydrology (eg, geothermal waters) 
of an area. In many cases, it may be difficult to manage contaminants that occur naturally in 
given FMUs (eg, the Rotorua lakes mercury example in 6.2), but it is very important to account for 
these sources as well as human-induced sources (point and diffuse sources discussed below). 
Understanding natural sources of contaminants is also important for establishing the background 
levels when setting limits for contaminants that have both natural sources and sources resulting from 
human activities.  

Point sources 

Point sources of contaminants are the easiest to measure. They are generally visible, covered by 
resource consents or permitted activities (eg, septic tank discharges), and the contaminants of 
interest are often subject to consent monitoring conditions. A specific discharge consent (with 
associated monitoring conditions) can also provide the basis for a definition of a point source versus 
diffuse sources and thereby determine whether the contaminant load is measured, modelled or 
estimated. For example, there are approximately 11,400 dairy farms in New Zealand, the majority 

                                                                        
5
  See www.ewater.com.au/.  
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(approximately 90 per cent in Waikato) of which irrigate their shed effluent directly to pasture. 
However, even if there are only 1000 direct discharges to waterways, this is a big number to track. 
The discharges directly linked with farming activities (eg, discharges of dairy shed effluent, dairy herd 
crossings) are therefore often excluded from the definition of point source discharges and included 
within the definition of diffuse sources (discussed later in this section). The main reason for this is 
that solutions proposed to better manage agricultural contaminants revolve around the 
development and implementation of whole of farm plans.6 It may therefore be more effective to 
consider agricultural discharges as part of the whole farming system (Ledein et al, 2007).  

Therefore, point sources are usually defined as ‘large’ industrial or municipal discharges that have 
monitoring conditions – that is, data on discharge quality and quantity is available, allowing a good 
characterisation of the nutrient loadings in the discharge. 

Monitoring of point sources 

With point sources defined as above, it should usually be possible to determine the annual load of 
contaminants attributable to each point source using data collected by the consent holder. These 
data are returned to the council and held in council records under consent conditions. However, it is 
almost certain that the frequency with which point sources are monitored, and the quality of the 
data collected, will be highly variable. In determining sources of phosphorus and nitrogen in the 
Waikato and Waipa catchments, Vant (2014) commented on these aspects (see case study 6.7). 

The lesson that can be learned from Vant (2014) is that expert judgement and experience is required 
to determine the best strategy for calculating point source contaminant loads. While some 
generalised guidance is possible (such as the method outlined by Vant (2014)) for ensuring unbiased 
estimates, the selection of the most appropriate calculation method and factors, such as determining 
the most appropriate ‘average’, will depend upon the period of record in question and the quality 
and quantity of data available. 
 

CASE STUDY 6.7 – DETERMINING POINT SOURCE LOADS (VANT, 2014) 

Consent monitoring information was used to determine the average mass flows of nitrogen 

and phosphorus that were discharged from each major point source in the catchment.  

Comprehensive records were available for some sites, with daily wastewater flow rates 

available for more than half of the sites. Nutrient results were generally available at no less 

than monthly intervals, with weekly results being available for about one-third of the sites.  

Unbiased estimates of nutrient mass flow were obtained by averaging the products of 

effluent flow and nutrient concentration that were determined at regular intervals – typically 

daily, weekly or monthly. That is, mass flows were calculated as the ‘average of the 

products’, rather than as the ‘product of the averages’.  

For some point sources, changes to the respective sampling intervals during the period 

analysed meant that the raw data had to first be summarised as monthly means, with the 

average then being calculated from these. 

                                                                        
6
  See www.horizons.govt.nz/assets/horizons/Images/one_plan/point%20source%20non%20point%20source. pdf.  
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Estimation of point sources 

As noted above, in most cases, it will be possible to calculate point source contaminant loads from 
consent monitoring data and it is usually more useful to consider small farm or industrial discharges 
as part of the diffuse source landscape. However, there may be instances where the consent 
monitoring has not been carried out and estimation is required instead. Or it may be desirable to 
estimate the total load arising from, for example, all dairy shed effluents discharging directly to 
receiving waters. In this case, it would be necessary to obtain statistics on stock numbers from the 
farms that discharge directly to receiving waters, some representative contaminant loads relating to 
farm discharges in the catchment (from consent monitoring, if available, otherwise from research 
papers), derive a ‘per stock unit’ load and calculate a load based on the total number of stock units 
for which there is direct discharge. If certain farmers have more sophisticated treatment than the 
standard facultative ponds and/or significantly different water use, then it may be necessary to 
account for these discharges separately. Estimation may also be required for other permitted 
activity point source discharges, such as septic tanks, depending on regional/district plan rules 
and conditions.  

Diffuse sources 

The past 5 to 10 years have seen a huge effort to estimate/model loads (particularly of nutrients) 
from diffuse sources.  

Unlike point sources, it is impractical to measure diffuse loads routinely. Moreover, modelling also 
enables testing of land management scenarios, which provides a more effective management 
response than is possible by measurement.  

It is important to point out that, in this section, we are discussing techniques that estimate/model 
diffuse sources of pollution only. From a contaminant management perspective, it is often more 
effective to couple models estimating diffuse pollution, such as OVERSEER®, with other models that 
incorporate routing and attenuation through a river network. These models (CLUES is an example) 
were discussed in section 6.4.  

There are also distinctions to be made in the types of models that address rural and urban 
contaminants. These are discussed below. 

Estimating diffuse contaminants from rural activities 

Diffuse loads originating from rural activities can be estimated in two ways: 

• directly, through catchment load coefficients (which usually include background loads) based on 
land use 

• indirectly, from the equation: 

Diffuse anthropogenic load = Total river load – ∑Point Source load – Background load (Equation 1). 

Perversely, the indirect estimation method is more accurate provided that total river load, ∑point 
source loads and background loads are based on measurement.  

The direct method is based on published catchment coefficients attributable to single land uses. 
Usually, these are based on measured loads from small ‘single land-use’ catchment studies, which 
may or may not have been done within the region, or they have been based on modelled outputs for 
detailed pastoral land use (eg, Lilburne et al, 2010). Lysimeter studies are generally used in 
determining direct diffuse loads.  
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Vant (2014) provides a recent case study of the indirect method (case study 6.8). 
 

CASE STUDY 6.8 – ESTIMATING DIFFUSE LOADS OF NITROGEN AND PHOSPHORUS IN WAIKATO 

Vant (2014) compared the mass flows of nitrogen and phosphorus discharged from point 

sources, with the total mass flows of these nutrients that were carried by the Waikato and 

Waipa rivers during 2003–2012 (see table 6.2). Vant also estimated the contributions from 

background – that is, the mass flows that would have been carried by the rivers before 

development of their catchments. The pre-development or background mass flows were 

calculated from the respective catchment areas using methods described in Jenkins and 

Vant (2007). The background loads (3 kg N/ha/y and 0.3 kg P/ha/y) were based on actual 

measured loads on small undeveloped catchments within the region (B Vant, pers. comm., 

8 July 2014). 

Applying Equation 1, Vant (2014) derived the following ‘accounts’ in which human-induced 

diffuse loads from developed land are dubbed ‘land use’. 

The combined mass flows from the various consented moderate-to-large point source 

discharges are shown, as are estimates of the pre-development or background mass flows, 

and the mass flows resulting from catchment land use. 

Table 6.2:  Mass flows of nitrogen and phosphorus in the Waikato River catchment 
during 2003–2012 

 Upper Waikato 
Lower Waikato* 
(excl Waipa) Waipa Combined 

Nitrogen (t/yr)         

Overall 3,623  3,501  4,069  11,193  

L Taupō outflow 339 (9%)     339 (3%) 

Point sources 227 (6%) 437 (12%) 66 (1%) 730 (7%) 

Background 1,314 (36%) 904 (26%) 928 (23%) 3,146 (28%) 

Land use 1,743 (48%) 2,160 (62%) 3,076 (76%) 6,979 (62%) 

Phosphorus (t/yr)         

Overall  271  408  273  951  

L Taupō outflow 23 (9%)     23 (3%) 

Point sources 26 (9%) 127 (31%) 18 (7%) 171 (18%) 

Background 131 (49%) 90 (22%) 93 (34%) 315 (33%) 

Land use 90 (33%) 190 (47%) 162 (59%) 443 (47%) 

* Results are for Karapiro-to-Tuakau rather than Karapiro-to-Port Waikato. 

Source: Vant, 2014 

Modelling diffuse contaminants from rural activities 

Modelling diffuse loads of nutrients, particularly nitrogen, using OVERSEER® has become the industry 
standard. It is also useful for attributing contaminants to their sources. While not the only model 
available (see Motu, 2013), its acceptance by the Environment Court as a policy tool, by industry 
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support as a development path, and by farmers, has seen it widely taken up by councils looking at 
adopting nitrogen and phosphorus limits. Among other tools, Environment Canterbury has used 
OVERSEER® in its technical work to support the limit-setting process (eg, Scott, 2013;7 Robson, 2014; 
Environment Canterbury, 2012) and will require some form of nutrient accounting to monitor 
progress towards meeting limits. It is worth noting that OVERSEER® assumes best practice in its 
estimates of farm discharges (eg, it assumes effluent ponds are lined and/or do not leak), so if farms 
are not using best practice techniques, OVERSEER® will underestimate these discharges. Conversely, 
if farms are applying innovative farming practices (eg, precision farming) that have not yet been 
adopted within the model, OVERSEER® will overestimate these discharges. Furthermore, 
discrepancies have been known to arise within the modelled outputs of different versions of 
OVERSEER®. As with any model, it is important that transparency about the assumptions and 
limitations of OVERSEER® is maintained. 

Case study 6.9 outlines the approaches used in Canterbury, Bay of Plenty and Otago for the 
modelling of nutrients. The example of using the model SedNet to model sediment loads in the 
Manawatū is then provided in case study 6.10.  
 

CASE STUDY 6.9 – RURAL MODELLING CASE STUDIES 

Three case studies from different regions and catchments are provided as examples of rural 

modelling. 

Canterbury: The Selwyn Waihora catchment is a case study about modelling and accounting 

for nutrients to support a limit-setting process. 

This catchment is relatively complex, so a series of models was ‘bolted’ together and used 

to predict the effects of changes in land use on groundwater, surface water and Te 

Waihora/Lake Ellesmere, as well as for evaluating economic, social and cultural impacts. 

The biophysical modelling chain can be broken down into four stages:  

• land and climate 

• groundwater 

• surface water 

• the lake.  

Information on land and climate was derived from a variety of sources, with drainage and 

nitrate losses based on ‘Lookup Tables’ (Lilburne et al, 2010; Lilburne et al, 2013). These 

Lookup Tables estimated nitrate-N leaching losses from a range of land uses across the 

Canterbury Plains, covering multiple climate zones and soil types, and used a suite of models 

for estimating the leaching losses, including OVERSEER®, for pastoral farm types. The land 

and climate data enabled a series of geographic information system (GIS) layers to be 

created capturing soil type, rainfall, land use, irrigation, drainage and nitrate losses. These 

formed the basis of the subsequent modelling. 

The groundwater quality model used the estimated nitrate-N losses (as concentrations) 

from the GIS layers to predict the groundwater quality in the shallow aquifers (Hanson, 

2014). No denitrification, dilution or other attenuation was modelled in the unsaturated 

                                                                        
7
  See http://ecan.govt.nz/publications/Reports/hinds-plains-water-quality-modelling-report-r13-93.pdf.  
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zone and through the groundwater system on the plains, therefore, the nitrate-N 

concentrations in the shallow groundwater were assumed to be the same concentration as 

the drainage from the soil. 

To predict nitrate-N concentrations in the streams, an empirical attenuation factor was 

established for each of the modelled streams and rivers, by comparing measured surface 

water concentrations and nearby shallow groundwater concentrations. This factor would 

include dilution, denitrification and other attenuation processes. This factor was applied to 

modelled groundwater concentrations for each scenario to give predicted surface water 

nitrate-N concentrations (Hanson, 2014). 

Estimates of nitrate-N losses from non-agricultural land uses that were captured in the 

Lookup Tables (Lilburne et al, 2010; Lilburne et al, 2013) (eg, forestry, golf courses, lifestyle 

blocks) were modelled in the same way as agricultural losses. Losses from land-based 

treatment of municipal sewage were not explicitly modelled in the groundwater quality 

model; instead, typical losses under the land use to which the effluent was applied were 

used (Hanson, 2014). Estimates of point source losses were included in the overall catchment 

load calculations and were estimated by Loe (2013). 

The lake quality model used quality and quantity information preceding modelling stages to 

predict the ecological response of the lake. The model predicted effects on a suite of 

indicators, including nutrient concentrations, risk of algal blooms, likely impact on 

biodiversity and Trophic Level Index. 

The Zone Committee and community groups explored a spectrum of potential scenarios, 

understanding the consequences of each scenario across a range of indicators covering the 

four well-beings. Once a package of recommendations was agreed upon, the same modelling 

chain was used to produce the catchment limits as a loss from the rootzone, loss from 

community sewage schemes and loss from industrial processes, thus setting the limits that 

farmers and the community would need to collectively comply with, and also the limits 

passing through the receiving environment to support the agreed outcome. Table 6.3 shows 

the proposed catchment loss limits. 

Table 6.3  Catchment target and limits for nitrogen losses from farming activities, 
community sewage systems and industrial or trade processes 

Catchment Activity Nitrogen load t/yr Target or limit 

Selwyn Waihora Farming 4,830 Target to be met by no later than 2037 

Community systems 62 Limit 

Industrial or trade 
processes 

106 Limit 

Bay of Plenty: Objectives, policies and rules have been set in the Bay of Plenty Regional 

Water and Land Plan to achieve a clearly stated Trophic Level Index for Lake Rotorua, and to 

control nutrient exports in the catchment. Bay of Plenty Regional Council used the ROtorua 

and TAupo Nitrogen (ROTAN) model to make predictions of nitrogen load to Lake Rotorua, to 

explore scenarios for future land use and nitrogen export in the catchment (Rutherford et al, 

2011). A key aim of this work was to identify potential strategies to allow a reduction in 

nitrogen loads in the lake and enable the attainment of the target of 435 tN/yr, and to 
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estimate how quickly the load in the lake was likely to respond to such reductions. The 

ROTAN modelling concluded that, at current nitrogen export levels, the lake load would be 

725 tN/yr by about 2080. If exports were reduced to 320 tN/yr from 2015, the lake load 

would decrease fairly quickly, allowing an adjusted target of 405 tN/yr to be achieved within 

about 35 years. See Rutherford et al (2011) for more details. 

Otago: Otago Regional Council recognised that many of New Zealand’s lakes with agricultural 

catchments have suffered significant declines in water quality, particularly with 

intensification of land use. Lakes Wakatipu, Wānaka and Hawea are considered iconic for 

the Otago region. The risk of the existing water quality and iconic values being degraded by 

increased contaminant loads to these lakes was considered significant. As a result, the 

Council has adopted an instream concentration approach to managing water quality through 

plan change 6A (Otago’s water quality limits plan). Through the mediation process for plan 

change 6A , the landholders in the catchment acknowledged and endorsed the approach 

taken by the Council, but presented information showing the proposed 10 kg/N/ha/yr 

threshold was too tough to meet under existing practices. They asked for it to be lifted to 

15 kg/N/ha/yr, while committing to some OVERSEER® validation work in the lakes’ 

extremely high rainfall catchments (up to 3 metres per annum). The 15 kg/N/ha/yr 

threshold now stands for areas zoned as large lake catchments, as plan change 6A became 

operative on 1 May 2014. Otago Regional Council expects that the landholders will have 

OVERSEER® budgets carried out by an accredited person, based on the national protocol. 

The 15 kg/N/ha/yr threshold is applied as a whole-of-farm average to provide flexibility to 

manage the property as a whole. The Council reserves the right to ask for OVERSEER® 

budgets to ensure compliance or do catchment accounting. Plan change 6A also includes 

load limits of 20 kg/N/ha/yr for sensitive aquifer zones and 30 kg/N/ha/yr for the rest of 

the region.  

 

CASE STUDY 6.10 – USING SEDNET TO MANAGE SEDIMENT LOADS 

Horizons Regional Council’s Sustainable Land Use Initiative (SLUI) is a voluntary programme 

that aims to reduce hill country erosion in target catchments within the Manawatū–

Whanganui region. It has four goals, to reduce:  

• erosion 

• the impact of erosion on water quality 

• the impact of erosion on flood protection 

• the impact of erosion on infrastructure.  

Horizons contracted Landcare Research (Dymond et al, 2014) to undertake an analysis of the 

effect of SLUI in reducing erosion rates and sediment yield using a model, SedNet. This model 

was recently applied in the Manawatū catchment as a case study. 

The modelling used continuous sediment monitoring data and explored different scenarios 

to manage erosion. It found that a reduction of between 17 per cent and 40 per cent in 

overall sediment loads is possible if various parts of the SLUI initiative are implemented. 
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Estimating contaminants from urban stormwater  

While urban stormwater issues affect a relatively small proportion of New Zealand’s receiving 
waters, they have been intensively studied. Williamson (1993) published a summary of data 
collected around the country, which made it possible for managers to obtain load estimates of 
different contaminants according to urban land use (eg, commercial, light industrial, residential). 
Recently, NIWA has taken this concept and made it into a web-based tool called Urban Runoff 
Quality Information System (URQIS).8 While still under development, URQIS enables users to get 
reports on particular contaminants summarised by combinations of land-use type, region, water type 
or flow condition. An example of output from URQIS for ammoniacal-N, summarised by region, is 
shown in figure 6.4. 

Figure 6.4:  Example of output from the Urban Runoff Quality Information System for 
ammoniacal-N summarised by region 

 

Modelling contaminants from urban stormwater 

The Catchment Load Model (CLM) developed by Auckland Regional Council (2010) is an extension of 
the estimation method described above. It is a spreadsheet-based model, developed to enable 
estimation of stormwater contaminant loads on an annual basis. The model is very simple in principle 
– the area of a particular land use (source) within the area being studied (the catchment) is 
multiplied by the quantity of contaminants discharged from that land use (source yield) to provide an 
annual load from that source. The loads from each source within the catchment are then added 
together to provide an annual contaminant load for the catchment of interest. The model estimates 
total suspended solids (TSS), copper (Cu) and zinc (Zn) loads from roofs, roads, motorways, 
pavements, parks, construction sites, stream channels and rural areas. The model can be used for 
hindcasting loads and is available for public use. However, it has been specifically developed for 
Auckland using Auckland data. While used in other parts of New Zealand, this is with limited success, 
mainly because the yields for TSS are unlikely to be correct for rainfall, and the soils different from 

                                                                        
8
  See http://urqis.niwa.co.nz/.  

Summary statistics for data set and by groups

Summary statistics are provided for the whole dataset, and for the individual groups you selected to compare by 

(landuse type, region, water type or flow condition). See About the Statistical Outputs for further information .

No. No. below detection % below detection Median Mean Std. dev. Minimum Lower quartile Upper quartile Maximum

Whole dataset 65 3 4.6 3.2 6.5 15 0.005 0.29 5.3 120

Taranaki 50 0 0 3.7 8.4 17 0.011 2.8 7.1 120

Northland 8 1 12 0.14 0.14 0.043 0.11 0.17 0.2

Southland 7 2 29 0.077 0.095 0.087 0.005 0.041 0.12 0.4
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those in Auckland. However, the generation of chemical contaminants predicted in the CLM should 
be reasonably applicable to most urban areas of New Zealand. 

An extension to the CLM model (C-CALM), which is based on a geographic information system (GIS) 
platform, will be released by NIWA shortly.9 It uses the same yield algorithms as the CLM but allows 
geo-visualisation of contaminant sources, which can aid communication between stakeholders. It will 
be freely available for non-commercial use and is discussed in further detail in case study 6.11. 
 

CASE STUDY 6.11 – URBAN CONTAMINANT MODELLING 

The Catchment Contaminants Load Model or C-CALM is a spatial decision support system 

(DSS) for stormwater planning activities. It estimates annual contaminant loads at the 

neighbourhood to stormwater management unit (sub-catchment) scale, from diffuse 

sources, for total suspended solids (TSS) and particulate and dissolved zinc and copper. The 

estimated load is then adjusted for stormwater treatment. 

C-CALM was used by Moores et al (2013) as part of a trial of a new DSS developed under the 

Urban Planning that Sustains Waterbodies (UPSW) research project. The DSS uses C-CALM as 

one of several linked models that enabled the testing of urban development scenarios for 

effects (changes in environmental, social and economic indicators) on parts of the South-

eastern Manukau Harbour and adjoining tidal creeks. 

Groundwater lag considerations 
Where groundwater makes up a significant proportion of a catchment’s total flow, it is important 
to account for the contaminant contribution it delivers. However, travel time of groundwater in 
New Zealand can be very long (relative to the distance travelled) and models need to account for this 
lag. This is particularly important to manage expectations where limits have been set and 
management actions put in place to stay within those limits.  

The nitrogen nutrient cap in the Lake Taupō catchment is a good example The nitrogen limit was 
calculated with a knowledge of groundwater lag times (mean residence times 20–75 years). Higher 
nitrogen concentrations occur in groundwater with a greater fraction of water recharged since 
farm development some 40 years ago. Numerical groundwater modelling predicts nitrogen mass 
loading to the lake from current land use will continue to increase for a substantial period of time 
(more than 100 years). This lag is important because it relates to the considerable time required to 
replace old, pristine groundwater with nitrogen-enriched water from farming. The lags in the Lake 
Taupō area are discussed further in case study 6.12, and the use of water age assessment in 
assessing lags is outlined in case study 6.13. 
 

                                                                        
9
  Email c-calm@niwa.co.nz for the release date and more information. 
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CASE STUDY 6.12 – CONSIDERING LAGS IN LAKE TAUPŌ 

The work done by Waikato Regional Council to set objectives and limits to manage water 

quality in Lake Taupō has been used as a case study in Rouse et al (2013). In setting limits, 

they undertook scientific studies to develop a nutrient budget for the lake and established 

a current load (eg, of nitrogen 1360 tonnes/year) and ‘baseline’ or pre-development load 

(650 tonnes/year). From this, they derived a ‘manageable load’ (710 tonnes/year) that can 

be attributed to human sources. The studies confirmed a time lag between the land and the 

lake, which means that current nitrogen leaching on the land and nitrogen loads entering the 

lake are not in equilibrium. As a result, it is necessary to do more than hold nitrogen 

discharges on the land at current levels to maintain current water quality. The amount of 

nitrogen ‘still to come’ before equilibrium is reached with current land use has been 

estimated at between 30 per cent and 41 per cent of the annual manageable load attributed 

to human generation. 

 

CASE STUDY 6.13 – WATER AGEING IN THE HORIZONS REGION 

To better understand how contaminants are transported, especially through groundwater 

systems, GNS Science and Horizons Regional Council have undertaken a project to age water 

at various river and stream sampling sites at base flow conditions (Morgenstern et al, 2014). 

This data helps to determine travel times, and thus lag time, between land-use change and 

impact, which will help determine the efficiency of policies in place to manage nutrients in 

the region. 

The dating results from 29 sites across three catchments showed that the mean residence 

times were between 0 and 11 years:  

• 6–7 years in the Whanganui River 

• 3–3.5 years in the Rangitikei River 

• 9–11 years in the Manawatū River.  

These ages give an insight into lag times that need to be considered in models predicting the 

effects of land-use change on river water quality. 

Attenuation 
Nutrients, E. coli and even sediment are subject to various physical, chemical and biological 
processes during the time it takes to leach or run off an area of land, and travel through groundwater 
or in the river, before it is measured at a catchment outlet. The sum of these processes is known as 
‘attenuation’. When modelling catchment loads, it is important to factor in attenuation. Specific 
processes making up attenuation (eg, denitrification through the riparian zone) can be incorporated 
into models or, alternatively, bulk attenuation factors can be estimated. For accounting purposes, 
estimation is probably adequate, providing there is a reasonable basis for making the estimate and 
this is made clear in the accounts.  
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Clothier10 estimated an attenuation factor of 0.5 for nitrogen in the upper Manawatū catchment. 
This was consistent with other estimates made for Waikato catchments (Alexander et al, 2002). More 
recently, in Hawke’s Bay, Rutherford (2012)11 ran a series of sensitivity analyses for attenuation using 
%drainage as the variable parameter. Rutherford made the distinction between groundwater 
attenuation and stream attenuation. 

Attenuation can be estimated by comparison of the sum of exports from each land use within a 
catchment using known source coefficients (load generated per unit area (see 6.4) with measured 
actual load at the catchment outlet. Using this method requires awareness that some published 
export coefficients include attenuation while others do not. The method also does not take into 
account the physical characteristics of the catchment in question. 

There do not appear to be simple guidelines on determining attenuation suitable for contaminant 
accounts. ‘Rules of thumb’ prevail, with most authors opting for a factor of 0.5. However, given the 
large gap between catchment input loads and the load measured at the downstream catchment 
node, the lack of defensible guidelines appears to be a significant omission. Without a robust 
estimate of attenuation there is likely to be considerable argument about the significance of sources 
and their impacts on limits. There may therefore be benefit in investing in more accurate 
assessments of attenuation factors in those catchments where management actions are to be 
focused, as in the example provided in case study 6.14. 
 

CASE STUDY 6.14 – CONSIDERING LAGS AND ATTENUATION IN THE UPPER WAIKATO RIVER 

In a recent study by Elliott et al (2014), simplified catchment models were used to make 

water quality predictions for total nitrogen (TN), total phosphorus (TP) and chlorophyll a in 

the upper Waikato River (Pueto catchment shown below). Because there is significant 

uncertainty about the degree of attenuation, three different scenarios were used:  

• a maximum value, which allowed matching of current concentrations 

• a low value 

• a mid-low value (see figure 6.5). 

                                                                        
10

  See www.horizons.govt.nz/assets/one-plan-publications-and-reports/Officers-reports-water-hearing/Dr-Brent-Euan-
Clothier.pdf. 

11
  See www.hbrc.govt.nz/HBRC-

Documents/HBRC%20Document%20Library/20120829%20FINAL%20NIWA%20Modelling%20report.pdf. 
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Figure 6.5:  Predicting total nitrogen (TN) concentrations in the Pueto catchment using three 
different attenuation factors 

 

The model predictions (for future years along the horizontal axis) were sensitive to 

attenuation. In the most extreme case, concentrations in one catchment were predicted 

to increase by 147 per cent as a result of delayed responses (groundwater lags) to past 

land-use change.  

For further detail on the methodology used in this study and its limitations, see Elliot et al 

(2014), available at www.mfe.govt.nz/sites/default/files/media/Fresh%20water/niwa-

catchment-models-jul14.pdf.  

6.6 Reconcile measured and estimated loads 
The fifth step as described in figure 6.1 simply allows the comparison of the current measured state 
(loads) with the estimated loads from the various sources (natural, point sources, diffuse sources) for 
each contaminant. This calibration is an important step in the process.  

Because each number (measured, estimated or modelled) will come with an associated estimate of 
uncertainty, comparisons of these will enable refinement of estimates and clarification of 
assumptions with regard to attenuation, lags and storage of contaminants. 

6.7 Bringing it all together 

System needs  
Sections 6.3 and 6.4 describe how to measure the current state and account for all sources of 
relevant contaminants by FMUs. The ultimate objective, in terms of the NPS-FM’s intended purpose 
for accounting, is to provide accounts using all of these components. That means the next stage (step 
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six in figure 6.1) is to bring the different threads of information together. Collating this information 
into water quality accounts will help with the four intended purposes of accounting, outlined in 2.2. 

Rouse et al (2013) found that, generally, the systems councils use for water quality accounting are 
not as established as those for water quantity. Most examples of water quality accounting at that 
time were one-off source analyses rather than systems that allowed for regular accounting. 
However, if these one-off source analyses are carried out for all relevant contaminants where 
freshwater objectives and limits are being set or reviewed, this is water quality accounting. As 
accounting systems become more sophisticated, it may be possible for water quantity and quality 
accounts to be developed using a single system because there are many common components 
between the two, as outlined in case study 6.15 below.  
 

CASE STUDY 6.15 – EXAMPLE WATER QUALITY ACCOUNTING SYSTEMS 

Whereas Rouse et al (2013) were able to develop schematics for water quantity accounting 

systems, this was not possible for the water quality systems reviewed.  

However, common components of the water quality systems were: 

• consents databases for allocations and compliance data (actual discharges for some 
consented point-source discharges) 

• state of the environment monitoring data (background contaminant levels in surface 
water bodies, in particular) 

• regional plan objectives, policies and methods (including rules) and associated 
Schedules for permitted activities and numeric outcomes for water bodies 

• databases of other information – soils, climate, topography, land use 

• Lookup Tables, purpose-built calculators 

• inventories of nitrogen and phosphorous. 

From discussions with councils as part of the Rouse et al (2013) evaluation of accounting systems 
and limit setting, it was apparent there are a number of barriers to producing contaminant accounts. 
These barriers, and the approaches to overcome them, are council-specific – that is, the need for 
systems improvements and the method whereby these improvements are made, is specific to 
each council. While contaminant accounts can be produced using methods discussed above, 
currently, it would involve a lot of manual work to link outputs from all the various components to 
produce accounts – in the medium to long term, these could be automated. These issues are further 
explored below. 

Consistent plan provisions and consent conditions  

Where contaminants are identified in an FMU as being relevant and therefore featuring in 
contaminant accounts, those contaminants need to be identified in the appropriate plan and all 
relevant discharge consents need to have conditions set to reflect the limits set in the plan. While 
this may appear obvious, historic consents are not likely to include conditions reflecting the 
contaminant of interest (this is especially the case with nutrients), and care will be needed to ensure 
these consents do no simply ‘roll over’. Some thought will also need to be given to how discharge 
consent conditions are drafted to ensure that monitoring information is received in a form suitable 
for accounts. 
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Accessing consent information 

Currently, council officers producing accounts (eg, Vant, 2014) need to manually extract consent 
monitoring information from the relevant database, calculate loads and/or concentrations in 
common units and compare the results with river loads and/or concentrations (which also need to be 
calculated). It should be possible to develop automated IT systems that calculate monitored loads 
and/or concentrations and output them directly to a contaminant accounting ‘system’ or display 
interface. Similarly, IT systems should be able to automatically and regularly calculate river loads 
and/or concentrations from audited flow and concentration data. 

Systems to facilitate contaminant accounts 

If systems are developed to automate consent monitoring, load calculation and river load 
calculations, it should also be possible to automate the generation of accounts. A missing link for 
some is the calculation of diffuse anthropogenic loads (diffuse loads-background). This calculation 
could be done using the method described by Vant (2014) or, alternatively, using OVERSEER® 
output reports (at least for nutrients) to generate those loads. Comparison between OVERSEER®-
generated diffuse loads and loads generated by difference (Equation 1) would also be useful in 
providing catchment-specific attenuation coefficients. During the discussions with councils that were 
part of the Integrated Regional Information System (IRIS) consortium (Rouse et al, 2013), it looked 
hopeful that this would all be possible using that system. However, it appears that such features are 
not currently part of IRIS. 

Communicating accounts with different audiences 

It is likely that, as contaminant accounts are implemented, there will be increasing demand from 
stakeholders for councils to produce them. Thought needs to be given as to how often and in what 
form accounts are produced and the QA procedures that will need to be run before they are 
produced. Different forms of accounts may suit different audiences. For example, accounts produced 
to discuss limit setting among stakeholders may be more effective in graphical format. Such a format 
may also be suitable for a state of the environment report but should be supplemented with tabular 
format accounts as an appendix (rather like the presentation of accounts in a company report). The 
explanatory notes that accompany the report are important for those who want to find out more, 
such as methods used and assessments of uncertainties. 

Dealing with uncertainty 

All methods of estimating loads, whether using measured or modelled data, have some uncertainty 
about them – that is, the load is estimated as x ± y kg/d (or whatever the unit where x is the load and 
y is the uncertainty). The amount of uncertainty will vary between methods and between 
contaminants and may even vary spatially or temporally for the same contaminant using the same 
method (because of differences in the quality of flow information). It is important that stakeholders 
understand the uncertainty associated with load estimates, particularly in setting limits. This 
uncertainty should be explicitly stated on contaminant accounts. 
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6.8 Preparing a report 
As previously discussed (6.2) the main driver for freshwater accounting is to provide better 
information for councils to implement the NPS-FM requirements for freshwater objective and limit 
setting, and therefore the accounting system will be unique to each FMU and region. However, 
potential benefits could arise from a nationally consistent template for reporting on water quality 
accounting.  

Case studies 4.5 and 6.9 have examples of catchment and regional accounts that could provide 
guidance on what to include in a freshwater quality account. More examples can be found in Rouse 
et al (2013).  

A template suggestion is included in table 6.4 that could be used for water quality accounting 
reporting for FMUs (per contaminant). The template is intentionally simple. It assumes permitted 
activities, such as septic tanks, could be estimated with diffuse sources, but equally a line could be 
added for permitted point sources. For estimates of loads from non-point sources, lines could be 
added to specify loads from different land-use types (eg, native bush, dairy, sheep and beef, 
horticulture, cropping, forestry, urban) using a ‘hectare * loss rate’ estimate for each contaminant 
type. If limits (FMU loads per contaminant) have been set, these could be inserted into this table and 
reported against. 

Table 6.4:  Suggested template for water quality accounting (per contaminant)  

FMU  Name  

Period  Date range – eg, 1 July–30 June Year 

Location Grid ref (eg, centroid of catchment polygon, or most downstream point) 

Contaminant eg, Nitrogen  

Units eg, Tonnes per year (T/year) 

Reference loads 

 Load (T/year) Error estimates (%) Methods used 

Inflows to FMU 
(if any) 

 A  Measured and/or 
estimated 

Background/ 
natural sources 

 B  Measured and/or 
estimated 

Total leaving FMU  C  Measured and/or 
estimated 

Point sources 

Number of consented discharges xx 

 Consented load 
(T/year) Actual load (T/year) Error estimates (%) Methods used 

Sewage discharges  D  G  Measured and/or 
estimated 

Industrial 
discharges 

 E  H  Measured and/or 
estimated 

Total point source 
discharges  

 F (D+E)   I (G+H)   Measured and/or 
estimated 
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Non-point sources 

 Load (T/year) Error estimates (%) Methods used 

Authorised non-point 
discharges 

 J  Estimated and/or 
modelled 

Summary 

Total in  K (A+B+I+J) 

Total out  C 

Difference (lags, attenuation 
factors, storages, etc) 

 K-C 
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Community Group Terms of Reference 

for Rangitāiki Water Management Area 

Purpose 

The community group will help the Bay of Plenty Regional Council (Council) achieve freshwater management in the 

Rangitāiki Water Management Area (Rangitāiki WMA) as set out in the National Policy Statement for Freshwater 

Management (NPS).  

As a group you will identify your aspirations for the catchment and advise the Council on how these can be achieved 

by setting water allocation and quality limits in the Regional Water and Land Plan.  

Functions and expectations 

 

2.1 Specific function of the community group is to provide advice on:  

 identifying values for freshwater 

 translating values into freshwater objectives 

 developing water allocation and quality limits for freshwater. 

 

2.2 General functions 

 Share knowledge and information about the Rangitāiki WMA by presenting community and sector views 

 Provide perspectives and opinions about freshwater management 

 Help define values and think about the possible future state of freshwater under different scenarios, while 

recognising the existing vision for the catchment 

 Act as the channel for broader community input 

 Inform decision-makers. 

 

2.3 Expectations of community group members 

 Explain their views clearly  

 Listen to others 

 Consider and actively discuss a range of information 

 Understand, assess and balance a range of values in the Rangitaiki WMA 

 Consider issues from multiple viewpoints and seek options cooperatively  

 Assess trade-offs that are required to set water quantity and quality limits 

 Commit to finding an agreed way forward and seeking agreement with the group on its advice to Council 

 Do work outside of meetings such as engaging with community groups and reading relevant documentation 

 Have read pre-circulated background material and meeting agenda documentation. 
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Membership 

‘Community’ refers to community members and organisation representatives who have a strong relationship to 

freshwater. Members need to be able to actively contribute to the group. The group needs to be representative. It 

should include a wide range of interests and backgrounds (eg age and gender), and members should come from 

different communities.  

The group is expected to comprise a variety of members including (in randomly ordered list): 

Community interests, eg:   Local stakeholder interests, eg: 
 

• Māori 

• Urban 

• Rural  

• Recreational 

• Farm 

• Environmental groups 
 (eg Care Groups) 

• Forestry 

• Horticulturalists  

• Youth/Schools 

• Electricity 

• Tourism 

• Wood processing 

• Food gatherers. 

• Land Trusts 

• Local Government 

• Fish and Game 

• Department of Conservation 

• Forest and Bird 

• Taiapure (fisheries management) 

 

It is expected members will be appointed for an initial term of two years. 

Chairperson and facilitators  

4.1 Chairperson 

The role of the chairperson will be to: 

 act as the media spokesperson 

 liaise with decision-makers and stakeholders 

 chair the community group 

 ensure agenda is set and any agreements made by the group are recorded accurately 

 foster a supportive atmosphere at meetings so the group strives for consensus or agreed opinion as the fair way 

forward 

 fully participate as a member in the community group during workshop sessions 

 maintain a focus on progressing this work 

 ensure a fair and equitable process and adopt as neutral a stance as possible 

 manage any member of the group that does not meet the Terms of Reference and the group’s principles 

 close the group if it is no longer required. 

4.2 Facilitators 

The facilitators will help run the group meetings. Their role is to: 

 design productive and enjoyable meetings 
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 help members input to group discussions 

 suggest ways to work with different points of view 

 support group members engaging with their communities where possible. 

 

The facilitator(s) will act as a neutral support person to the community group.  The facilitator will either be a regional 

council staff member or an independent professional. The facilitator is not a member of the community group. 

Meetings 

The frequency and length of meetings will be discussed with the group at your first meeting.  This is to determine 

what best suits the group and to ensure that all have commonly understood expectations.  It is expected that the 

frequency and length of meetings will vary. 

A quorum at a meeting consists of half or more of the total number of members. 

Members are free to provide input to other public participation projects in the Rangitāiki catchment during this time 

also. 

Authority 

Council will take into account the advice provided by the group, but retains the final decision-making and sign-off 

authority to any changes proposed or made to the Regional Water and Land Plan. The group does not have the 

authority to make decisions or to commit Council resources. 

Any change must be consistent with Regional and co-governance frameworks. 

The Rangitāiki River Forum (the Forum) is a co-governance forum for the Rangitāiki River. Its document Te Ara 

Whānui o Rangitāiki – Pathways of the Rangitāiki sets the vision, desired outcomes and objectives for the 

catchment, these will play an important part in managing freshwater in the Rangitāiki catchment. The Rangitāiki 

River Forum provides guidance to local authorities and Crown agencies on the management of the Rangitāiki River. 

In carrying out its work, the Community Group will report to and seek direction from both the Forum and the 

Regional Council. 

Administration 

The Council will provide administrative support, including organising meeting venues, setting agendas, the drafting 

and distribution of minutes and other practical support that will enable the group to carry out its purposes.  

Reimbursement and honorarium 

Honoraria will be paid to members for time attending group meetings where those members are not being paid, or 

are not entitled to be paid, by another organisation or group.  
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As well reimbursements (eg travel expenses) will be paid to members for the actual cost incurred attending group 

meetings, where those costs are not being paid, or are not entitled to be paid, by another organisation or group. 

Not-for-profit sector interests and community interests may be eligible to receive honorarium and reimbursements, 

however all payments will by authorised by the Project Manager.    
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Message from  
the Ministers

Swimming in a clean river or lake is an exhilarating 
experience. It is different to having a dip in a pool 
or at the beach. It is a recreational opportunity 
that has been lost to billions of people in the world 
due to pollution. New Zealand is blessed with so 
much fresh water that most of our rivers and lakes 
remain suitable for swimming but agricultural 
and urban development over the past 50 years 
is putting some areas at risk. This plan is about 
protecting and enhancing this Kiwi way of life for 
future generations.

The benefits of improving the water quality of our 
rivers and lakes for swimming are broader than 
this one activity. Activities like rafting, kayaking, 
collecting mahinga kai, and recreational fishing also 
benefit. The measures to improve swimmability, like 
fencing, riparian planting, and better wastewater 
treatment, also improve the clarity and ecological 
health of our waterways. The gains are not just for 
recreation and the environment. Tourism is now New 
Zealand’s largest industry and we must ensure our 
water quality matches up to our clean, green brand.
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This plan is ambitious but also practical. Requiring 
every place to be swimmable all of the time is 
unachievable and would lack credibility. Water 
quality varies dramatically with the weather and 
even our cleanest waterways exceed safe levels of 
contaminants during flood events. That is why this 
package focuses on the frequency that the water 
quality in our rivers and lakes meets swimming 
standards. The improvements we are seeking come 
at an estimated $2 billion cost but we believe this is 
well justified for the environmental benefits.

There are five key components of this plan.

• A new target that 90% of our rivers and lakes are 
swimmable by 2040.

• New maps and information on the current water 
quality for swimming.

• Changes to the National Policy Statement for 
Freshwater Management including water quality 
requirements for recreation, limiting nutrients 
and for ecological health.

• Criteria for allocation of the $100 million 
Freshwater Improvement Fund.

• Details of new national stock exclusion 
regulations.

This plan builds on our work beginning in 2009 to 
improve water management with compulsory water 
metering introduced in 2010, the first National 
Policy Statement on Freshwater in 2011 and the 
National Objectives Framework in 2014. The Clean 
Water package is the next step but we have further 
reform in the pipeline. We have important work 
ahead in developing good management practice for 
both rural and urban users and the difficult issue of 
improving water allocation.

We pay tribute to the work of the Land and Water 
Forum and the Iwi Leaders Group who have 
contributed so much to these ongoing freshwater 
reforms. These are thorny long-term problems 
and it is easy to be divisive and play the blame 
game. It is a credit to organisations like the 
Environmental Defence Society, the Royal Forest 
and Bird Protection Society, Federated Farmers, the 
Freshwater Iwi Leaders Group and so many other 
organisations that have come together through 
the Land and Water Forum to pave the way for the 
huge changes occurring across New Zealand in 
water management.

Region by region, river by river, we are seeing 
New Zealanders stepping up to the challenge of 
better managing our fresh water. We hope you will 
contribute to the policies and initiatives outlined 
here to better care for our water.

Hon Dr Nick Smith 
Minister for the Environment

Hon Nathan Guy 
Minister for Primary Industries
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The purpose of  
this document 

This document sets out the Government's further work in the  
ongoing programme of water reform following consultation on  

Next steps for fresh water (Next steps). Specifically, we are now:

• proposing a target of 90% of rivers and lakes swimmable by 2040
• seeking feedback on proposed amendments to the National Policy Statement for Freshwater 

Management 2014 (Freshwater NPS)
• inviting applications for the Freshwater Improvement Fund
• seeking feedback on the detail of policy proposals for excluding stock from waterways.

During consultation on Next steps, we outlined 
proposals for:

• amending the Freshwater NPS 

• criteria for a Freshwater Improvement Fund

• excluding stock from waterways by regulation.

We received nearly 4000 written submissions – 
expressing the views of over 6000 New Zealanders 
– about the proposals in Next steps. A summary of 
these submissions is available on the Ministry for 
the Environment website.

Freshwater Reform Programmes

2009 – 16 NOW 2017 onwards

Water metering
Swimming targets Good management practices 

(urban and rural)
Swimmability maps and website

Freshwater NPS AllocationFreshwater NPS amendments

Freshwater Improvement Fund

National bottom lines Our Land and Water National  
Science ChallengeStock exclusion

Iwi rights and interests
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2009
› Land and Water Forum established to advise on water reform
› Land, Air, Water Aotearoa (LAWA) website launched

2010
› Resource Management (Measurement and Reporting of Water Takes)  

Regulations introduced

2011
› National Policy Statement for Freshwater Management introduced
› Fresh Start for Fresh Water Clean-up Fund established
› Irrigation Acceleration Fund established

2013
› Consultation on Freshwater reform 2013 and beyond

2014
› National Policy Statement for Freshwater Management amendments introduce 

National Objectives Framework and national bottom lines for water quality
› Te Mana o Te Wai Fund established

2015
› Environmental Reporting Act passed
› Environment Aotearoa released

2016
› Consultation on proposed changes to the National Policy  

Statement for Freshwater Management (Next Steps for Fresh Water)
› Our Land and Water Science Challenge launched

2017
› Consultation on Clean Water
› Targets for freshwater quality for swimming proposed
› Swimming maps launched

› Freshwater Improvement Fund established

› Regulations for stock exclusion from waterways progressed

Freshwater reform timeline
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Freshwater Reform Programmes

2009 – 16 NOW 2017 onwards

Water metering
Swimming targets Good management practices 

(urban and rural)
Swimmability maps and website

Freshwater NPS AllocationFreshwater NPS amendments

Freshwater Improvement Fund

National bottom lines Our Land and Water National  
Science ChallengeStock exclusion

Iwi rights and interests

1. 90% of rivers and lakes 
swimmable by 2040

New Zealanders value swimming in our rivers and lakes  
and we want to know future generations will enjoy this  

pastime too. This message came through loud and clear at  
public meetings and in the thousands of submissions we  

received during consultation on Next steps.

We have many great places to swim but we can do 
even better. We want to make sure that more of our 
rivers and lakes are swimmable more of the time.

We’re proposing a target of ensuring 90% of 
rivers and lakes are swimmable by 2040. This 
target sends a strong signal that we want to see 
improvement but at the same time, we recognise 
there are costs and choices to be made to achieve this.

Our first goal is to make 80% of our rivers 
and lakes swimmable by 2030. We think this is 
challenging but achievable. We’ll get most of the way 
there through a combination of measures set out in 
these proposals, work already underway, and some 
new initiatives.
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Reaching 90% of rivers and lakes being swimmable 
by 2040 is more ambitious. We’ll need to do 
further work to clarify the costs and impacts of 
improvements. Communities will decide which 
rivers and lakes are most important to them for 
swimming, what improvements are needed, and 
how quickly they will be made. The cost to meet the 
target for swimmable lakes and rivers will depend 
on the measures put in place locally to meet them. 

We’ll ask regional councils to tell us by 2018 how 
the target can be achieved, including the likely costs 
and the impacts on their communities. Current 
water quality for swimming varies for different water 
bodies within regions and from region to region. The 
costs of achieving swimming targets will also vary 
between and within regions. The water quality by 
region according to the total length of rivers and 
shoreline of lakes is shown in the graph below.

Current swimmability of New Zealand rivers and lakes
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We propose applying the target to rivers that are 
deep enough to swim in and lakes with perimeters 
longer than 1,500 metres.  It is based on the 
concentration of Escherichia coli (E. coli) in rivers 
and toxic algae in lakes. E. coli indicates the likely 
presence of Campylobacter (and other potentially 
harmful organisms) that can make people sick, while 
toxic algae blooms also have the potential to make  
people sick. 

The graph on the following page shows what 
realising the national target would mean for rivers 
and lakes across the country. The ‘swimmable’ 
categories of excellent, good and fair (blue, green and 
yellow – where the water is suitable for swimming 
more than 80% of the time) are comparable with 
European standards. 

The targets will be supported through the Clean 
Water package which:

• provides communities with better information. 
We have developed national and regional maps 
that set out E. coli levels in rivers and toxic algae 
volumes in lakes and how those levels affect 
where and when people can swim. The maps are 
complemented by the Land, Air, Water Aotearoa 
(LAWA) website which provides current water 
quality information from freshwater monitoring 
sites across the country

• directs regional councils to implement a 
transparent programme of improving water 
quality towards a swimmable standard over 
time, and to monitor and report on this progress 

• invests $100 million in projects that make a 
significant and measurable improvement to 
freshwater quality

• introduces new regulations for keeping stock 
out of our waterways.

This package is part of the Government’s ongoing 
commitment to improving freshwater quality. We 
have already committed $350 million to cleaning  
up some of our iconic lakes and rivers and  
$97 million in the Our Land and Water National 
Science Challenge, which will develop new 
practices and technology to improve water quality 
while enhancing primary sector productivity.
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50%
(26,272 km)

Poor 
Not safe to swim
Meet guideline values less than 
70% of the time
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Safe to swim in normal conditions  
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Not safe to swim except if LAWA 
website confirms it’s ok
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the time

Good  
Safe to swim except following 
heavy rain
Meet guideline values 90-95% 
of the time

Excellent  
Safe to swim except following 
flood events
Meet guideline values 95% of 
the time

• The target is based on length of swimmable rivers which in total length are 45,000 kilometres, 
and lakes with perimeters longer than 1,500 metres (9,000 kilometres), totalling 54,000 
kilometres nationally.

• E. coli guideline value for rivers is 540 E. coli per 100 mls, and the toxic algae guideline for lakes 
is 1.8 cubic millimetres per litre.

• 'Swimmable definition' is excellent, good and fair categories, that is, where it meets the guideline 
value more than 80% of the time (comparable with European standards).

• Further detail on the categories can be found at www.mfe.govt.nz/fresh-water/freshwater-
management-reforms/water-quality-swimming-maps/developing-water-quality.

• The national target is to increase proportions of swimmable waters (blue, green and yellow) to 
80% by 2030 and to 90% by 2040, but also to improve water quality across all categories to an 
average of 90% (ie, to increase the proportion of rivers in all three swimmable categories of blue, 
green and yellow).

• 'Safe to swim' is based on water quality information alone. It excludes other factors that can 
affect safety, such as access, flow rates, adverse weather, or cyanobacteria in rivers for which 
there is insufficient data for modelling to map reliably.

90% of rivers and lakes swimmable by 2040
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Manawatu River

• 12 fish passage improvements 

• six wastewater treatment plants 
have been upgraded.

Improvements to water quality can 
take time to become apparent but 
there are already some encouraging 
signs in the Manawatu catchment. 
So far these projects have improved 
600 kilometres of river into a more 
swimmable category. Of the 16 
sites in the Manawatu catchment 
that have 10 years of data, over 

In response to growing concern over 
the state of the Manawatu River, in 
2010 representatives of iwi, local 
and central government, farming 
and other sector groups established 
the Manawatu River Forum. Later 
that year, the Forum developed 
the Manawatu River Leaders' 
Accord which provides for a multi-
stakeholder approach to improving 
the quality and mauri of the 
Manawatu River and its catchment. 

From 2010 through to 2016, 
$46 million has been spent on 
projects to improve the state of the 
Manawatu catchment, including 
$5.2 million from the Fresh Start 
for Fresh Water Fund. Highlights 
of the Manawatu River Leaders' 
Accord to date include:

• 11,900 more natives plants 
established alongside waterways

• 474km of extra stream fencing

• 98 farm environment plans 
completed

• 14 information signs throughout 
the catchment sharing the 
cultural history of each site

CASE STUDY

30% show improving trends for 
E. coli (no sites show a decline). 
These improving sites show annual 
average reductions of 6-9%. 75% of 
the 16 sites also show improvement 
for total oxidised nitrogen and half 
show improvement for dissolved 
reactive phosphorus. 

An example of the E. coli 
improvements is shown in the 
figure below for Manawatu River  
at Weber Road. 
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Lake Brunner  

Lake Brunner/Kotuku-Whakaoho is 
the largest lake on the West Coast 
of New Zealand’s South Island, 
significant for both recreation and 
tourism. A special management 
area, it is highly prized by tāngata 
whenua and is an important area 
ecologically. The catchment itself is 
unique in that it receives an average 
of 5000mm of rainfall per year.

Intensive dairy farming around 
the lake was identified as the 
primary driver of nutrient 
increases degrading the water 
quality. The West Coast Regional 
Council identified Lake Brunner as 
‘phosphorus sensitive’ and highly 
susceptible to nutrient run-off 
from the land. Water quality 
monitoring identified increasing 
phosphorus, declining autumn 
oxygen levels, decreasing water 
clarity, and a Trophic Level Index 
(TLI) rating of 3.03 – indicating a 
high risk of algal bloom. 

The Council notified a plan 
change in September 2010 with 
new provisions preventing stock 
access to waterways, imposing 
strict effluent management rules 
and minimising further land 
development. 

In 2013, the Crown committed 
$200,000 towards a $440,000 
project to clean up Lake Brunner. 
Led by the Council, in partnership 
with industry, Landcare Trust, 
and land owners, the funding was 
instrumental in assisting with 
remediation activities including 
community environmental projects 
and farm environment plans. 

These activities saw the installation 
of 55km of stream fencing and the 
planting of nearly 30,000 plants.

CASE STUDY

The combined effort of all partners 
has seen some real tangible 
outcomes for Lake Brunner, 
including:

• improved trends for ammonia, 
nitrogen and dissolved reactive 
phosphorus

• a significant improvement in 
water quality, reaching the TLI 
target of 2.8 within six months 
of the project’s completion

• lower levels of turbidity in 
connecting river catchments 
that affect water quality in  
Lake Brunner

• voluntary improved farming 
practices implemented on 
nearby properties.
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Freshwater Reform Programmes

2009 – 16 NOW 2017 onwards

Water metering
Swimming targets Good management practices 

(urban and rural)
Swimmability maps and website

Freshwater NPS AllocationFreshwater NPS amendments

Freshwater Improvement Fund

National bottom lines Our Land and Water National  
Science ChallengeStock exclusion

Iwi rights and interests

2. Better information on  
water quality for swimming 

Understanding the state of our rivers and lakes is key to  
deciding where and when improvements are necessary. 

Working with councils, we’ve gathered national data 
on levels of E. coli in rivers and toxic algae in lakes. 
We’ve used this to build an online tool that shows 
water quality for swimming. The maps are available 
on the Ministry for the Environment website.

The maps use a combination of data gathered from 
monitored sites and modelled data. They show any 
river deep enough to swim in and all lakes with 
perimeters longer than 1,500 metres. 

The maps complement information on the LAWA 
website which provides up-to-date local information 
on water quality for swimming. They are among 
a range of tools that will help communities and 
councils make decisions about improving water 
quality in their local rivers and lakes.
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National rivers and lakes

See Annex 2 for detailed information on each region.
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These maps are available at:
www.mfe.govt.nz/fresh-water/freshwater-management-reforms/water-quality-swimming-maps

Water quality for swimming maps, showing the Wellington region
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3. Amending the National  
Policy Statement for 

Freshwater Management 2014

Central government sets out its expectations for how  
councils should manage fresh water under the National Policy  

Statement for Freshwater Management 2014. In early 2016,  
we outlined proposed changes to the Freshwater NPS and sought  

public feedback. We’ve considered the feedback we received  
and are now consulting on specific amendments. 

Freshwater Reform Programmes

2009 – 16 NOW 2017 onwards

Water metering
Swimming targets Good management practices 

(urban and rural)
Swimmability maps and website

Freshwater NPS AllocationFreshwater NPS amendments 
(including iwi rights and interests)

Freshwater Improvement Fund

National bottom lines Our Land and Water National  
Science ChallengeStock exclusion

Iwi rights and interests
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3.1 Swimming and    
 recreational values
Most Kiwis have grown up swimming in a local lake 
or river. We need our Freshwater NPS to safeguard 
these waterways for our future. The Government 
recognises public concerns about the quality of our 
fresh water for swimming and is proposing to amend 
the Freshwater NPS to require councils to identify 
where the quality of lakes and rivers will be improved 
so they are suitable for swimming more often. The 
proposed amendments will require regional councils 
to consider swimming at all points of the objective 
and limit-setting process.  

We have also proposed amendments to 
requirements for monitoring water quality, to 
require regional councils to report how often lakes 
and rivers are suitable for swimming. Councils will 
be required to identify in regional plans lakes and 
rivers that are currently suitable for swimming, and 
which water bodies will be improved so they are 
suitable for swimming more often, with specified 
timeframes for that improvement.

The references to secondary contact (wadeable 
rivers) in Objective A2 and elsewhere in the 
Freshwater NPS are confusing and have given rise 
to a perception the Freshwater NPS only requires 
regional councils to manage freshwater bodies 
so they are safe for boating and wading. This was 
not the intention, which was for council to identify 
with their communities those water bodies that 
needed to meet a swimmable standard. We propose 
removing the reference to secondary contact from 
throughout the Freshwater NPS and making it 
explicit that regional councils must improve the 
suitability of waterways for swimming. 

3.2 Monitoring    
 macroinvertebrates
Freshwater macroinvertebrates are aquatic animals 
that have a crucial role in freshwater ecology 
and respond quickly to changes in water quality. 
Therefore, monitoring macroinvertebrates is useful 
to assess quality trends in freshwater ecosystems. 

We propose amending the Freshwater NPS 
to require regional councils to monitor 
macroinvertebrates in appropriate1 rivers and 
streams as part of councils’ assessment of the 
national value of ecosystem health.

Where monitoring indicates freshwater objectives 
are not being met, regional councils are required 
to establish methods, for example action plans, to 
respond to the results.

1 Practicalities mean that macroinvertebrate monitoring 
can only be done in rivers or streams that are wadeable. 
Wadeable in this sense does not refer to quality but the 
physical characteristics of the river or stream, that is, it must 
be possible for someone to wade into the river and gather the 
necessary data. 
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3.3 Maintain or improve  
 overall water quality
Regional councils have been required to maintain 
or improve overall water quality across their 
regions. This provides regional councils and their 
communities some flexibility when establishing 
freshwater objectives in their regions. It is currently 
unclear how regional councils can demonstrate that 
water quality will be at least maintained. 

We propose limiting the concept of ‘maintain or 
improve’ to within a freshwater management unit, 
the scale at which regional councils and communities 
are addressing freshwater management. Freshwater 
management units are usually catchments or parts 
of catchments. We also propose clarifying that 
regional councils can demonstrate water quality is at 
least maintained if:

• freshwater objectives are set within the same 
attribute band as current water quality, or 

• where attributes are not described in the 
Freshwater NPS, if the value is maintained to its 
current level. 

3.4 Managing nitrogen   
 and phosphorus
Nitrogen and phosphorus are nutrients that 
promote aquatic plant growth. In high quantities, 
nitrogen and phosphorus can promote excessive 
aquatic plant growth, causing harm to freshwater 
ecosystems and in very high quantities nitrogen can 
be harmful to human health. Dissolved inorganic 
nitrogen (DIN) and dissolved reactive phosphorus 
(DRP) are measures of nitrogen and phosphorus 
available for plant growth. 

The Freshwater NPS requires councils to manage 
for periphyton (slime), but is silent on managing for 
DIN or DRP. We propose amending the Freshwater 
NPS to clarify that regional councils must establish 
in-stream objectives for concentrations of DIN  
and DRP when they are managing for the 
periphyton attribute. 
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3.6 The effect of    
 national bottom lines  
 on infrastructure
The Freshwater NPS requires regional councils to 
set freshwater objectives (ie, the desired state of 
fresh water using measurable characteristics such 
as E. coli) for all freshwater bodies in their region. 
For the two compulsory values of ecosystem health 
and human health these freshwater objectives 
must be set above national bottom lines unless the 
provisions of Policy CA3 or CA42 apply. 

Regional councils can consider setting freshwater 
objectives below national bottom lines if current 
water quality is below national bottom lines and is 
caused by either naturally occurring processes or 
infrastructure (provided that infrastructure is listed 
in Appendix 3 of the Freshwater NPS). 

Appendix 3 is currently empty and we do not 
propose populating it at this stage. 

We propose to amend Policy CA3 to clarify that 
regional councils can only set freshwater objectives 
below national bottom lines for attributes that 
are currently below national bottom lines and 
only in the physical area where the infrastructure 
contributes to the degraded water quality. We also 
propose to amend Policy CA3 to make clear that 
councils can only set freshwater objectives below 
national bottom lines if it is reasonably necessary 
for the continued operation of the infrastructure. 

2  This proposal does not relate to Policy CA4. 

3.5 Economic well-being
Fresh water is vital to New Zealand’s economy. It 
is critical to the success and future of our primary 
industries and tourism sector. Concerns have been 
raised that the Freshwater NPS does not specifically 
oblige councils to consider implications for economic 
well-being before they establish environmental 
limits. Meeting the requirements of the Freshwater 
NPS has substantial economic impacts and it is 
important community discussions are open and 
transparent about the costs and benefits. 

To address these concerns, we propose amending 
the Freshwater NPS to make clear that regional 
councils must consider the community’s economic 
well-being when making decisions about water 
quantity, deciding what level or pace of water 
quality improvements will be targeted, and when 
establishing freshwater objectives.
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3.7 Coastal lakes  
 and lagoons
The Freshwater NPS applies to all fresh water 
but a footnote to the total nitrogen lakes attribute 
has caused confusion as to whether the lake 
attributes apply to coastal lakes and lagoons 
that intermittently open to the sea. To address 
this confusion, we propose removing the footnote 
and providing some direction about the unique 
monitoring requirements for these coastal lakes 
and lagoons. 

3.8 Te Mana o Te Wai
Te Mana o Te Wai was introduced in the Freshwater 
NPS in 2014 but its meaning and effect in the 
Freshwater NPS is unclear. It encompasses the 
integrated and holistic health and well-being of 
a water body. When Te Mana o Te Wai is given 
effect, the water body will sustain the full range of 
environmental, social, economic and cultural values 
the community holds.

We propose further clarification of the meaning of 
Te Mana o Te Wai in the preamble, the inclusion of 
a descriptor in the section ‘National significance of 
fresh water and Te Mana o Te Wai’ and amending 
the names and some of the descriptions of the 
national values in Appendix 1 of the Freshwater 
NPS. We also propose a new objective and policy, 
requiring regional councils to consider and 
recognise Te Mana o Te Wai when giving effect 
to the Freshwater NPS. Clarification of how to 
implement Te Mana o Te Wai will be provided within 
Policy CA2.

Give us your feedback: Amending the Freshwater NPS
If these matters are not addressed, we think it could lead to issues such as degraded water quality, 
ineffective freshwater management, and lost economic opportunity. Annex 1 of this document 
contains a marked up version of the Freshwater NPS incorporating these proposed changes 
and further information can be found in the draft regulatory impact statement for the proposed 
amendments and the section 32 analysis of the proposed amendments. We want to hear your 
comments on these proposals.
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Freshwater Reform Programmes

2009 – 16 NOW 2017 onwards

Water metering
Swimming targets Good management practices 

(urban and rural)
Swimmability maps and website

Freshwater NPS AllocationFreshwater NPS amendments

Freshwater Improvement Fund

National bottom lines Our Land and Water National  
Science ChallengeStock exclusion

Iwi rights and interests

4. Funding to  
improve fresh water

Targets and better data will help us prioritise for  
the future, and our new maps will give New Zealanders 

 better information about water quality.  
But many of our waterways need action now.
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The Government has committed more than  
$350 million to clean up or protect some of  
New Zealand’s most iconic lakes and rivers. Over 
$144m of this funding has been spent to date.

The map on the following page shows examples  
of Government investment in freshwater protection 
and clean ups.

Freshwater  
Improvement Fund
Last year the Government approved a  
$100 million Freshwater Improvement Fund for 
projects that improve freshwater management.  
The fund is available for the next 10 years.

The aim is to make the biggest difference with the 
available funding. That’s why we’re focusing on 
water bodies (lakes, rivers, streams, groundwater 
and wetlands) in vulnerable catchments that are 
showing signs of stress but have not yet reached 
a ‘tipping point’ where it becomes more expensive 
and more difficult to restore these water bodies to 
good health.

Eligibility criteria for the fund are:

1. The project must contribute to the improvement 
of the management of New Zealand’s  
freshwater bodies.

2. The project must meet one or more of the 
following:

• achieve demonstrable co-benefits such as:

 -  improved fresh, estuarine or marine water 
quality or quantity

 -  increased biodiversity

 -  habitat protection

 -  soil conservation

 -  improved community outcomes such as to 
recreational opportunity or mahinga kai

 -  reduction to current or future impacts of 
climate change

 -  reduced pressure on urban or rural 
infrastructure

• increase iwi/hapū, community, local 
government or industry capability and capacity 
in relation to freshwater management

• establish or enhance collaborative 
management of fresh water

• increase the application of mātauranga Māori 
in freshwater management

• include an applied research component which 
contributes to improved understanding of 
freshwater interventions and their outcomes.

3. The minimum request for funding is $200,000 
(excluding GST).

4. The fund will cover a maximum of 50% of the 
total project cost.

5. The project will be funded for a maximum period 
of up to 5 years after which the project objectives 
will have been achieved or the project will be 
self-funding.

6. The project must achieve benefits that would  
not otherwise be realised without the fund or  
are not more appropriately funded through  
other sources.

7. The effectiveness of the project and its outcomes 
will be monitored, evaluated and reported.

8. An appropriate governance structure is in place 
(or one will be established as part of the project).

9. The applicant must be a legal entity.

Applications for the Freshwater Improvement Fund 
are open now. Find out more at www.mfe.govt.nz/
more/funding/freshwater-improvement-fund.
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MANAWATU-WHANGANUI

 Manawatu River $5.2 million

  Lake Horowhenua $540,000

  Ngā Puna Rau Rangitīkei $708,000

 Tū te Manawa $534,000

 Te Kakapa Manawa o Muaūpoko 
 (Lake  Horowhenua) $972,000

MARLBOROUGH

  Para Wetland Restoration   
 Project $80,000

NORTHLAND

 Waitangi River Catchment $112,000

 Living Waters, Bay of Islands $80,000

 Nga Roto Tapokapoka $319,000

OTAGO

   Kakanui Community Catchment Project $140,000

AUCKLAND

  Community-led integrated restoration of  
 the Kaipara $135,000

  Volcano to sea: community catchment  
 restoration $240,000

WELLINGTON

  Wairarapa Moana $1 million

CANTERBURY

  Te Waihora/Lake Ellesmere $6 million 

  Wainono Lagoon $800,000

  Willow control in the Upper Rangitata Catchment $39,000

 Te Mana o Te Wai Wainono Lagoon Restoration $518,000

HAWKE’S BAY

  Whangawehi Catchment 
 Restoration Project $89,000

  Tūtira mai ngā iwi (Lake Tutira)   
 $414,000

  Maraetotara River Restoration   
 Project $130,000

  CCCC Restoration Project $50,000

  Whangawehi Restoration Project   
 $42,000

SOUTHLAND

  Waituna Lagoon $785,000

  Southland Wetland and Peatland Restoration Project $59,000

KEY

Community Environment Fund projects 

Fresh Start for Freshwater Clean-up 
Fund projects

Te Mana o Te Wai Fund projects 

Other Crown funded clean-up and 
protection projects

WAIKATO

 Habitat Enhancement and Landcare   
 Partnership $55,000

  Lake Taupō $35.6 million

  Waikato River $210 million

  Eastern Te Matapuna Wetland 
 Restoration Project $181,000

TARANAKI -MANAWATU-WHANGANUI

 Te Kaahui o Rauru Waterways 
 Restoration Project $374,000

TASMAN

  Buller River Enhancement  
 Project $120,000

WEST COAST

  Lake Brunner $200,000

BAY OF PLENTY

  Rotorua Te Arawa 
 Lakes $72.1 million

EAST COAST

  Uawanui A Ruamatua –  
 Healthy River – Healthy  
 People $503,000

DOC Community Fund projects 
(2014/15)

Examples of significant Government investment in freshwater protections and clean ups
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Freshwater Reform Programmes

2009 – 16 NOW 2017 onwards

Water metering
Swimming targets Good management practices 

(urban and rural)
Swimmability maps and website

Freshwater NPS AllocationFreshwater NPS amendments

Freshwater Improvement Fund

National bottom lines Our Land and Water National  
Science ChallengeStock exclusion

Iwi rights and interests

5. Keeping stock out  
of our waterways

We know that livestock in our waterways can lead to  
problems with water quality, erosion and sediment, particularly  

in terms of health risk. We’ve proposed new requirements to  
stop livestock from entering streams, rivers, lakes and wetlands.  

For many waterways this will have an immediate benefit. 

We propose starting with excluding dairy cattle 
and pigs from most lakes, rivers and streams from 
1 July 2017, with compulsory stock exclusion 
to follow on a staggered basis through to 2030, 
extending to include beef and deer and depending 
on land gradient.

These requirements would apply to the bed 
and banks of lakes and natural wetlands, and 
permanently flowing waterways on plains (including 
rivers, streams and drains). On rolling and steep 
land they only apply for waterways that are over  
1 metre wide at any point. 

Land owners unable to meet the requirements can 
apply for permission to instead develop a stock 
exclusion plan with their regional council. Land 
owners who fail to meet the requirements may face 
a fine of up to $2000.
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1 July 2022
On steeper land, deer that 
are break feeding must be 
excluded from waterways 
over 1 metre wide, lakes 
and wetlands.

1 July 2022
On rolling land, deer that 
are break feeding must be 
excluded from waterways 
over 1 metre wide, lakes 
and wetlands. 

1 July 2030
On rolling land, deer 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

DeerDairy 
support

1 July 2022
On steeper land, dairy 
support cattle that are 
break feeding must 
be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

1 July 2022
On rolling land, dairy 
support cattle must be 
excluded from waterways 
over 1 metre wide, lakes 
and wetlands.

1 July 2022
On the plains, dairy support 
cattle must be excluded 
from all waterways, lakes 
and wetlands.

Dairy cows
[on milking platform]

1 July 2017
On steeper land, dairy 
cattle on milking platforms 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

1 July 2017
On rolling land, dairy 
cattle on milking platforms 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

1 July 2017
On the plains, dairy cattle 
on milking platforms 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

1 July 2020
On the plains, dairy cattle 
on milking platforms 
must be excluded from 
all waterways, lakes and 
wetlands.

Pigs

1 July 2017
On steeper land, pigs 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

1 July 2017
On rolling land, pigs 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

1 July 2017
On the plains, pigs 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

1 July 2020
On the plains, pigs must 
be excluded from all 
waterways, lakes and 
wetlands. 

1 July 2022
On the plains, deer that 
are break feeding must 
be excluded from all 
waterways, lakes and 
wetlands. 

1 July 2025
On the plains, deer must 
be excluded from all 
waterways, lakes and 
wetlands.

938 of 1008



90% OF RIVERS AND LAKES SWIMMABLE BY 2040

27

1 July 2022
On steeper land, beef cattle 
that are break feeding 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

Beef cattle

1 July 2022
On the plains, beef cattle 
that are break feeding 
must be excluded from 
all waterways, lakes and 
wetlands. 

1 July 2025
On the plains, beef cattle 
must be excluded from 
all waterways, lakes and 
wetlands.

1 July 2022
On rolling land, beef cattle 
that are break feeding 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands. 

1 July 2030
On rolling land, beef cattle 
must be excluded from 
waterways over 1 metre 
wide, lakes and wetlands.

Steeper land > 15°

Rolling land > 3–15°

Plains 0–3°
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What’s planned
Any regulation for stock exclusion will be drafted  
by the Parliamentary Counsel Office following  
this consultation. An outline of the proposal is 
provided here.3

Proposal for stock exclusion
Dairy cattle on milking platforms4 and farmed pigs 
must be excluded from water bodies (as defined 
below) by 1 July 2017 (see table 1).

Dairy support cattle5 (including third party dairy 
grazing), plus beef cattle and farmed deer, must be 
excluded from water bodies on land that has a slope 
of between 0 and 15 degrees, according to the Land 
Resources Inventory (LRI) slope dataset6, by the 
dates in table 1.

This information will be communicated to land 
owners and regional councils using an online 
interactive mapping tool.

In addition to the above, where strip-grazing (break 
feeding) is undertaken (ie, where stock are kept 
behind a temporary fence which is moved regularly 
to allow access to sections of the paddock at a 
time), dairy support cattle, beef cattle and deer in 
the paddock must be excluded from water bodies, 
regardless of slope of the land, by 1 July 2022.

To achieve the above, there must be in place an 
effective method of exclusion preventing stock 
access to water bodies. 

Stock crossings

Cattle, deer and pigs are able to enter water bodies 
for the purpose of crossing from one side to the 
other as long as they are being supervised and 
are actively driven across the water body in one 
continuous movement, where this occurs less 
frequently than once per week. Stock crossings 
used once or more per week, must be bridged or 
culverted by 1 July 2019.

Water bodies
The stock exclusion requirements outlined above 
apply to the bed and banks of:

a. waterways (rivers, streams and drains) 
that are permanently flowing, and where 
the active channel is over 1 metre wide at 
any point

b. lakes as defined in the Resource 
Management Act (bodies of fresh water 
which are entirely or nearly surrounded 
by land)

c. natural wetlands, as per the Resource 
Management Act definition (permanently 
or intermittently wet areas, shallow water, 
and land water margins that support a 
natural ecosystem of plants and animals 
that are adapted to wet conditions) but 
not including wet pasture, or where water 
temporarily ponds after rain or pasture 
containing patches of rushes

d. permanently flowing waterways (rivers, 
streams and drains) of any size on land 
with a slope of between 0 and 3 degrees 
as classified by the LRI slope dataset. 
Dairy cattle on milking platforms and pigs 
have until 1 July 2020 before they must 
be excluded from these smaller streams. 
For dairy support, beef cattle and deer 
the relevant deadline for exclusion on the 
plains relates to all waterways including 
streams wider than 1 metre.

3 The outline of the proposal is subject to further 
refinement.

4 The milking platform is the area of a dairy farm where 
dairy cattle being milked are kept on a daily basis 
during the milking season. This can include grazing.

5 Dairy support cattle are dairy cattle not being 
milked (young animals or mixed-aged cows) that are 
grazed off the milking platform either temporarily or 
throughout the year.

6 A national spatial dataset developed by Landcare 
Research that classifies land into slope classes 0-3°, 
4-7°, 8-15°, 16-20°, 21-25° and over 25°.
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Give us your feedback: Keeping stock out of waterways
In March 2016, we sought public feedback on our intention to exclude stock from waterways. Further 
information can be found in the draft regulatory impact statement for stock exclusion. We want to hear 
your comments on the detail of these proposals. 

Farm/stock type Plains (0-3˚) Undulating / rolling 
land (>3-15˚)

Steeper land  
(>15˚ and over)

Dairy cattle (on milking 
platforms) and pigs

1 July 2017 for waterways over 1 metre wide on all slopes

1 July 2020 for waterways less than 1 metre wide on the plains 

Dairy support (on either land 
owned/leased by the dairy 
farmer or third party land)

1 July 2022 for all waterways on the plains regardless 
of size and waterways over 1 metre wide on rolling land

Only where break feeding, 
by 1 July 2022

Beef cattle and deer 1 July 2025 for all 
waterways regardless 
of size

1 July 2030 for 
waterways over  
1 metre wide

Where break feeding, by 1 July 2022

The requirements do not apply to ephemeral 
surface flows that only exist after periods of rainfall. 
They also do not apply to artificial water bodies 
that do not flow into natural water bodies (eg, stock 
dams, irrigation storage ponds, effluent ponds).

Alternative option
Where a land owner is unable to meet the 
requirements set out above (eg, due to significant 
practical constraints), they may apply to the 
relevant regional council for permission to instead 
develop a ‘stock exclusion plan’. This must set 
out where and when stock will be excluded from 
water bodies on their land, and where complete 
stock exclusion is not feasible, what alternative 
mitigations will be undertaken to manage the 
environmental impacts of stock access to water 
bodies. This could be standalone or form part of a 
wider farm environment plan or land environment 
plan and must be approved in writing by the 
regional council.

Enforcement
If a land owner does not meet the requirements 
above, they may be required by the regional council 
to pay an infringement fee of up to $2000 for each 
instance of non-compliance. The regional council 
must allow the land owner a reasonable length of 
time to achieve compliance before any additional 
fines are given out.

In the case of repeat or serious breaches, regional 
councils can take other enforcement such as 
prosecution.

Regional council discretion
Regional councils are able to set more stringent 
requirements than outlined above.

Including a riparian buffer would be best 
management practice. Regional councils should 
consider whether riparian buffers should be required, 
particularly where water quality issues exist. 

Table 1: 
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Freshwater Reform Programmes

2009 – 16 NOW 2017 onwards

Water metering
Swimming targets Good management  

practices 
(urban and rural)

Swimmability maps and website

Freshwater NPS AllocationFreshwater NPS amendments

Freshwater Improvement Fund

National bottom lines Our Land and Water National  
Science ChallengeStock exclusion

Iwi rights and interests

6. Future work  
programme

Along with the many proposals in this document  
there is significant work also underway on the next steps 

of our freshwater management programme.
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6.1 Freshwater allocation
Since 2013, we’ve worked with the Land and Water 
Fourm, the Iwi Leaders Group, and other partners 
to develop clearer direction for councils, to support 
them to maximise the economic opportunity 
from their fresh water, while working within 
environmental limits. This work is still in progress. 

Officials are working with a Technical Advisory 
Group, established in 2016. In November, a review 
of allocation in different jurisdictions was produced. 
The Group is due to report back in late 2017, for 
Government, the Land and Water Forum and 
Freshwater Iwi Leaders Group consideration in 2018.

Better allocation of fresh water will ensure our 
freshwater resources are used as efficiently and 
equitably as is possible. It will also ensure our 
freshwater ecosystems will be protected and,  
if needed, enhanced.

6.2 Good management   
 practices
Good management of fresh water, both in the urban 
and rural environments, is critical to improving our 
lakes, rivers and aquifers. Many land owners and 
developers are already leading the way when it 
comes to good practice of freshwater management. 
We have the opportunity to make these practices 
more widespread.

Working with our partners in councils and industry 
groups, the Government is working with relevant 
sectors to adopt good management practices – 
both in the rural and urban environments. We have 
provided funding for innovative projects through  
the Sustainable Farming Fund and the Primary 
Growth Partnership. We expect to have good 
management practices progressed in key sectors  
in 2019.

6.3 National Science   
 Challenge –  
 Our Land and Water
National Science Challenges are dedicated to 
breaking new ground in areas of science that are 
crucial to New Zealand’s future.

One of 11 projects, the Our Land and Water 
Challenge receives up to $96.9 million over  
10 years. Hosted by AgResearch, it involves the six 
other Crown research institutes' research partners 
and five universities and affiliates.

The research focuses on projects such as:

• developing ‘next generation’ farming systems 
that deliver high profits with low environmental 
footprint through new speciality products, new 
forage, and new feed and infrastructure systems

• designing effective collaborative processes

• tools for achieving water limits. 

Find out more on the Ministry of Business, 
Innovation and Employment’s website. 
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How to make  
a submission

The Government welcomes your feedback on  
the proposed amendments to the National Policy Statement 

 for Freshwater Management and the stock exclusion  
proposals contained within this document. You are welcome 

 to comment on other aspects of the document  
and all comments will be considered. 

To ensure your point of view is clearly understood, 
you should explain your rationale and provide 
supporting evidence where appropriate. 

There are two ways you can make a submission:

• Use our online submission tool, available 
at www.mfe.govt.nz/consultation/clean-
water-2017.

• Type up or write out your own submission. 

If you are posting your submission, send it to  
Clean Water Consultation 2017, Ministry for  
the Environment, PO Box 10362, Wellington 6143 
and include:

• the title of the consultation (Clean Water 
Consultation 2017)

• your name or organisation name

• postal address

• telephone number 

• email address.

If you are emailing your submission, send it to 
watercomments@submissions.mfe.govt.nz as a:

• PDF

• Microsoft Word document.

Submissions close at 5.00pm on Friday  
28 April 2017.

Contact for queries 
Please direct any queries to:

Phone: +64 4 439 7400 
Email: watercomments@mfe.govt.nz
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Publishing and releasing 
submissions
All or part of any written submission (including 
names of submitters), may be published on the 
Ministry for the Environment’s website  
www.mfe.govt.nz. 

Unless you clearly specify otherwise in your 
submission, the Ministry will consider that 
you have consented to posting of both your 
submission and your name on our website.

Contents of submissions may also be released 
to the public under the Official Information Act 
1982 following requests to the Ministry for the 
Environment (including via email). Please advise 
if you have any objection to the release of any 
information contained in a submission and, in 
particular, which part(s) you consider should 
be withheld, together with the reason(s) for 
withholding the information. We will take into 
account all such objections when responding 
to requests for copies of, and information on, 
submissions to this document under the Official 
Information Act. 

The Privacy Act 1993 applies certain principles 
about the collection, use and disclosure of 
information about individuals by various agencies, 
including the Ministry for the Environment. It 
governs access by individuals to information 
about themselves held by agencies. Any personal 
information you supply to the Ministry in the 
course of making a submission will be used by the 
Ministry only in relation to the matters covered 
by this document. Please clearly indicate in your 
submission if you do not wish your name to be 
included in any summary of submissions that the 
Ministry may publish. The Ministry will not release 
other personal information (email address, phone 
numbers, or postal address). 
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Annex 1: Proposed 
amendments to the National 
Policy Statement for 
Freshwater Management 2014

Reader’s note: For ease of reading, the first half of the Additional National Values 
table in Appendix 1 on pages 26-28 is shown in strike-out, and that content has been 
moved and is presented in its proposed new order within the table on pages 28-30.
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Preamble 
Fresh water is essential to New Zealand’s economic, environmental, cultural and social 
well-being.  Fresh water gives our primary production, tourism, and energy generation 
sectors their competitive advantage in the global economy. Fresh water is highly valued 
for its recreational aspects and it underpins important parts of New Zealand’s biodiversity 
and natural heritage. Fresh water has deep cultural meaning to all New Zealanders. Many 
of New Zealand’s lakes, rivers and wetlands are iconic and well known globally for their 
natural beauty and intrinsic values. 

The Treaty of Waitangi (Te Tiriti o Waitangi) is the underlying foundation of the Crown–iwi/
hapū relationship with regard to freshwater resources. Addressing tāngata whenua values and 
interests across all of the well-beings, and including the involvement of iwi and hapū in the 
overall management of fresh water, are key to meeting obligations under the Treaty of Waitangi. 

All New Zealanders have a common interest in ensuring the country’s freshwater lakes, 
rivers, aquifers and wetlands are managed wisely. 

New Zealand faces challenges in managing our fresh water to provide for all of the values 
that are important to New Zealanders. The quality, health, availability and economic value 
of our fresh waters are under threat. These challenges are likely to increase over time due 
to the impacts of climate change. 

To respond effectively to these challenges and issues we need to have a good 
understanding of our freshwater resources, the threats to them and provide a management 
framework that enables water to contribute both to New Zealand’s economic growth and 
environmental integrity and provides for the values that are important to New Zealanders. 

Given the vital importance of freshwater resources to New Zealand and New Zealanders, 
and in order to achieve the purpose of the Resource Management Act 1991 (the Act), the 
Crown recognises there is a particular need for clear central government policy to set a 
national direction, though the management of the resource needs to reflect the catchment-
level variation between freshwater bodies and different demands on the resource across 
regions. This includes managing land use and development activities that affect fresh water 
so that growth is achieved with a lower environmental footprint.

This national policy statement recognises Te Mana o te Wai and sets out objectives and 
policies that direct local government to manage water in an integrated and sustainable way, 
while providing for economic growth within set water quantity and quality limits. The national 
policy statement is a first step to improve freshwater management at a national level.

As demand for fresh water increases, it is vital to account for all freshwater takes and 
sources of relevant contaminants. The freshwater accounting requirements of this national 
policy statement will provide information for councils to use in establishing freshwater 
objectives and limits and in targeting their management of fresh water.
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This national policy statement provides a National Objectives Framework to assist regional 
councils and communities to more consistently and transparently plan for freshwater 
objectives. Te Mana o te Wai is an integral part of the framework that forms the platform 
for community discussions about the desired state of fresh water relative to the current 
state. New Zealanders generally aspire to high standards for our waterways and outcomes 
that are better than those achieved under the status quo.  Freshwater planning will require 
an iterative approach that tests a range of possible objectives and methods for their 
achievement, including different timeframes for achieving objectives. This is intended to 
ensure that the implications of proposed objectives are clear for councils and communities.

The national policy statement sets national bottom lines for two compulsory values – 
ecosystem health and human health for recreation  and minimum acceptable states for 
other national values. recognises acknowledges iwi and community values by recognising 
the range of iwi and community interests in fresh water, including environmental, social, 
economic, and cultural values. There are two compulsory values – ecosystem health and 
human health – and national bottom lines have been set for these values.

National bottom lines in the national policy statement are not standards to aim for. Where 
freshwater management units are below national bottom lines they must be improved to at 
least the national bottom line, or better, over time. It is up to communities and iwi, through 
councils, to determine the pathway and timeframe for ensuring freshwater management 
units meet the national bottom lines. Where changes in the way communities use water 
are required, the pace of those changes should take into account economic impacts. 
Improvements in freshwater quality may take generations depending on the characteristics 
of each freshwater management unit.

Freshwater objectives for a range of tāngata whenua values are intended to recognise Te 
Mana o tTe Wai. Iwi and hapū have a kinship relationship with the natural environment, 
including fresh water, through shared whakapapa. Iwi and hapū recognise the importance 
of fresh water in supporting a healthy ecosystem, including human health, and have a 
reciprocal obligation as kaitiaki to protect freshwater quality.  

Overall The national policy statement requires freshwater quality within a region 
freshwater management unit must to be maintained at its current level (where community 
values are currently supported) or improved (where community values are not currently 
supported). For large lakes and rivers, the water quality in terms of E. coli levels must be 
improved. This national policy statement allows some variability in terms of freshwater 
quality, including between freshwater management units, as long as the overall freshwater 
quality is maintained within a region freshwater management unit.

National bottom lines in the national policy statement are not standards that must be 
achieved immediately.  Where freshwater management units are below national bottom 
lines, they will need to be improved to at least the national bottom lines over time.  It is up 
to communities and iwi to determine the pathway and timeframe for ensuring freshwater 
management units meet the national bottom lines. Where changes in community 
behaviours are required, adjustment timeframes should be decided based on the economic 
effects that result from the speed of change. Improvements in freshwater quality may take 
generations depending on the characteristics of each freshwater management unit.
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The Government wants New Zealand’s rivers and lakes to be safe for swimming as often 
as possible. Specifically, it has set a target of 90% of rivers and lakes (as defined) to 
be swimmable by 2040. The expectation is that more of these rivers and lakes will be 
swimmable more of the time. The risks to human health from contact with fresh water 
must be reduced. There is an interim goal of 80% of these rivers and lakes to be swimmable 
by 2030.

Monitoring plans are intended to be practical and affordable. It is not possible for regional 
councils to monitor every drop of fresh water. Monitoring against freshwater objectives 
need only be undertaken at representative sites within a region as identified by regional 
councils. Monitoring plans are also intended to recognise the importance of long term 
trends in data.

Setting enforceable quality and quantity limits is a key purpose of this national policy 
statement. This is a fundamental step to achieving environmental outcomes and creating the 
necessary incentives to use fresh water efficiently, while providing certainty for investment. 
Water quality and quantity limits must reflect local and national values. The process for 
setting limits should be informed by the best available information and scientific and socio-
economic knowledge. 

Once limits are set, freshwater resources need to be allocated to users, while providing the 
ability to transfer entitlements between users so that we maximise the value we get from 
water. Where water resources are over-allocated (in terms of quality and quantity) to the 
point that national and local values are not met, we also need to ensure that over-allocation 
is reduced over agreed timeframes. 

The New Zealand Coastal Policy Statement 2010 addresses issues with water quality in 
the coastal environment. The management of coastal water and fresh water requires an 
integrated and consistent approach.

This preamble may assist the interpretation of the national policy statement.
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Review 
The Minister for the Environment intends to seek an independent review of the 
implementation and effectiveness of this national policy statement in achieving all its 
objectives and policies and in achieving the purpose of the Act, no later than 1 July 2016. 
The Minister shall then consider the need to review, change or revoke this national policy 
statement. Collection of monitoring data to inform this review will begin at least two years 
prior to the review.

This preamble may assist the interpretation of the national policy statement. 
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National significance of fresh 
water and Te Mana o Te Wai
This national policy statement is about recognising the national significance of fresh water 
for all New Zealanders and Te Mana o te Wai.

A range of community and tāngata whenua values, including those identified as appropriate 
from Appendix 1, may collectively recognise the national significance of fresh water and Te 
Mana o te Wai as a whole. The aggregation of community and tāngata whenua values and 
the ability of fresh water to provide for them over time recognises the national significance 
of fresh water and Te Mana o te Wai.
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Title
This national policy statement is the National Policy Statement for Freshwater 
Management 2014.

Commencement
This national policy statement will take effect 28 days after the date of its issue by notice in 
the New Zealand Gazette.  

National significance of fresh 
water and Te Mana o te Wai
The matter of national significance to which this national policy statement applies is the 
management of fresh water through a framework that considers and recognises Te Mana o 
te Wai as an integral part of  freshwater management.

The health and well-being of our freshwater bodies is vital for the health and well-being of 
our land, our resources (including fisheries, flora and fauna) and our communities.

Te Mana o te Wai is the integrated and holistic well-being of a freshwater body.

Upholding Te Mana o te Wai acknowledges and protects the mauri of the water. This 
requires that  in using water you  must also provide for Te Hauora o te Taiao (health of the 
environment), Te Hauora o te Wai (health of the water body) and Te Hauora o te Tangata (the 
health of the people).

Te Mana o te Wai incorporates the values of tangata whenua  and the wider community in 
relation to each water body.

The engagement promoted by Te Mana o te Wai will help the community, including tangata 
whenua, and regional councils develop tailored responses to freshwater management that 
work within their region.

By recognising Te Mana o te Wai as an integral part of the freshwater management 
framework it is intended that the health and well-being of freshwater bodies is at the 
forefront of all discussions and decisions about freshwater, including the identification of 
freshwater values and objectives, setting limits and the development of policies and rules. 
This is intended to ensure that  water is available for the use and enjoyment of all New 
Zealanders, including tāngata whenua, now and for future generations.
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Interpretation
In this national policy statement:

“Attribute” is a measurable characteristic of fresh water, including physical, chemical and 
biological properties, which supports particular values.

“Attribute state” is the level to which an attribute is to be managed for those attributes 
specified in Appendix 2.

“Compulsory values” mean the national values relating to ecosystem health and to 
human health for recreation included in Appendix 1 and for which a non-exhaustive list of 
attributes is provided in Appendix 2.

“Contact with fresh water” means all recreational contact with water on a spectrum 
from activities involving occasional immersion to those involving frequent immersion.

“Efficient allocation” includes economic, technical and dynamic efficiency.

“Environmental flows and/or levels” are a type of limit which describes the amount 
of water in a freshwater management unit (except ponds and naturally ephemeral water 
bodies) which is required to meet freshwater objectives. Environmental flows for rivers 
and streams must include an allocation limit and a minimum flow (or other flow/s). 
Environmental levels for other freshwater management units must include an allocation 
limit and a minimum water level (or other level/s).

“Existing freshwater quality” means the quality of the fresh water at the time the 
regional council commences the process of setting or reviewing freshwater objectives and 
limits in accordance with Policy A1, Policy B1, and Policies CA1-CA4.

“Freshwater management unit” is the water body, multiple water bodies or any part of 
a water body determined by the regional council as the appropriate spatial scale for setting 
freshwater objectives and limits and for freshwater accounting and management purposes.  

“Freshwater objective” describes an intended environmental outcome in a freshwater 
management unit. 

“Freshwater quality accounting system” means a system that, for each freshwater 
management unit, records, aggregates and keeps regularly updated, information on the 
measured, modelled or estimated:

a) loads and/or concentrations of relevant contaminants;

b) sources of relevant contaminants; 

c) amount of each contaminant attributable to each source; and

d) where limits have been set, proportion of the limit that is being used.

“Freshwater quantity accounting system” means a system that, for each freshwater 
management unit, records, aggregates and keeps regularly updated, information on the 
measured, modelled or estimated:

a) total freshwater take;

b) proportion of freshwater taken by each major category of use; and

c) where limits have been set, proportion of the limit that has been taken.
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“Freshwater take” is a take of ground or surface fresh water whether authorised or not.

“Immersion” means human immersion in fresh water.

“Large rivers and lakes” means, for the purposes of Objective A3, Policy A5, Policy CA2(f) 
(iaaa), rivers that are fourth order or above, and lakes larger than 1.5 kilometres in 
perimeter on average.

“Limit” is the maximum amount of resource use available, which allows a freshwater 
objective to be met. 

“Minimum acceptable state” means is, where specified in Appendix 2, the minimum 
level, specified in Appendix 2, at which a freshwater objective may be set in a regional plan 
in order to provide for the associated national value.  

“National bottom line” means, where specified, the minimum acceptable state for the 
compulsory values specified in Appendix 2.

“National value” means any value described in Appendix 1.

“Naturally occurring processes” means processes that could have occurred in  
New Zealand prior to the arrival of humans. 

“Outstanding freshwater bodies” are those water bodies identified in a regional policy 
statement or regional plan as having outstanding values, including ecological, landscape, 
recreational and spiritual values.

“Over-allocation” is the situation where the resource:

a. has been allocated to users beyond a limit; or 

b. is being used to a point where a freshwater objective is no longer being met.

This applies to both water quantity and quality.

“Secondary contact” means people’s contact with fresh water that involves only 
occasional immersion and includes wading or boating (except boating where there is high 
likelihood of immersion).

“Suitable for immersion more often” means reducing the frequency and magnitude  
of E. coli exceedances over time, according to the monitoring methodology included  
in Appendix 5.

“Target” is a limit which must be met at a defined time in the future. This meaning only 
applies in the context of over-allocation. 

“Value” means:

a) any national value; and

b) includes any value in relation to fresh water, that is not a national value, which 
a regional council identifies as appropriate for regional or local circumstances 
(including any use value).

Terms given meaning in the Act have the meanings so given.
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AAA. Te Mana o te Wai

Objective AAA1
To consider and recognise Te Mana o te Wai in the management of fresh water.

Policy AAA1

By every regional council making or changing regional policy statements and plans to 
consider and recognise Te Mana o te Wai, noting that:  

a)   Te Mana o te Wai recognises the connection between water and the broader 
environment - Te Hauora o te Taiao (health of the environment), Te Hauora o te Wai 
(health of the waterbody) and Te Hauora o te Tangata (the health of the people; and

b)   local and regional values identified through engagement and discussion with 
the community, including tangata whenua must inform the setting of freshwater 
objectives and limits.
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A. Water quality

Objective A1
To safeguard: 

a) the life-supporting capacity, ecosystem processes and indigenous species including 
their associated ecosystems, of fresh water; and 

b) the health of people and communities, at least as affected by secondary contact 
with fresh water;

in sustainably managing the use and development of land, and of discharges of contaminants.

Objective A2 
The overall quality of fresh water within a region is freshwater management unit is 
maintained or improved while:

a) protecting the significant values of outstanding freshwater bodies;

b) protecting the significant values of wetlands; and 

c) improving the quality of fresh water in water bodies that have been degraded by 
human activities to the point of being over-allocated.

then providing for economic well-being, including productive economic opportunities, within 
environmental limits.

Objective A3 
The quality of fresh water in large rivers and lakes is improved so the risk to human health 
is reduced and they are suitable for immersion more often.

Policy A1

By every regional council making or changing regional plans to the extent needed to ensure 
the plans:

a) establish freshwater objectives in accordance with Policies CA1-CA4 and set 
freshwater quality limits for all freshwater management units in their regions to give 
effect to the objectives in this national policy statement, having regard to at least the 
following:

i. the reasonably foreseeable impacts of climate change;

ii. the connection between water bodies; and

iii. the connections between freshwater bodies and coastal water; and

b) establish methods (including rules) to avoid over-allocation.

958 of 1008



13

NATIONAL POLICY STATEMENT
FOR FRESHWATER MANAGEMENT 2014

Policy A2 

Where freshwater management units do not meet the freshwater objectives made pursuant 
to Policy A1, every regional council is to specify targets and implement methods (either 
or both regulatory and non-regulatory), in a way that considers the sources of relevant 
contaminants recorded under Policy CC1, to assist the improvement of water quality in the 
freshwater management units, to meet those targets, and within a defined timeframe.

Policy A3

By regional councils:

a) imposing conditions on discharge permits to ensure the limits and targets specified 
pursuant to Policy A1 and Policy A2 can be met; and 

b) where permissible, making rules requiring the adoption of the best practicable 
option to prevent or minimise any actual or likely adverse effect on the environment 
of any discharge of a contaminant into fresh water, or onto or into land in 
circumstances that may result in that contaminant (or, as a result of any natural 
process from the discharge of that contaminant, any other contaminant) entering 
fresh water.

Policy A4 and direction (under section 55) to regional councils 

By every regional council amending regional plans (without using the process in Schedule 
1) to the extent needed to ensure the plans include the following policy to apply until any 
changes under Schedule 1 to give effect to Policy A1 and Policy A2 (freshwater quality 
limits and targets) have become operative:

“1. When considering any application for a discharge the consent authority must have 
regard to the following matters:

a. the extent to which the discharge would avoid contamination that will have an 
adverse effect on the life-supporting capacity of fresh water including on any 
ecosystem associated with fresh water; and

b. the extent to which it is feasible and dependable that any more than minor adverse 
effect on fresh water, and on any ecosystem associated with fresh water, resulting 
from the discharge would be avoided.

2. When considering any application for a discharge the consent authority must have 
regard to the following matters:

a. the extent to which the discharge would avoid contamination that will have an 
adverse effect on the health of people and communities as affected by their 
secondary contact with fresh water; and

b. the extent to which it is feasible and dependable that any more than minor adverse 
effect on the health of people and communities as affected by their secondary 
contact with fresh water resulting from the discharge would be avoided.
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3.  This policy applies to the following discharges (including a diffuse discharge by any 
person or animal):

a. a new discharge; or

b. a change or increase in any discharge – 

 of any contaminant into fresh water, or onto or into land in circumstances that may 
result in that contaminant (or, as a result of any natural process from the discharge of 
that contaminant, any other contaminant) entering fresh water.

4. Paragraph 1 of this policy does not apply to any application for consent first lodged  
before the National Policy Statement for Freshwater Management 2011 took effect on  
1 July 2011.

5. Paragraph 2 of this policy does not apply to any application for consent first lodged 
before the National Policy Statement for Freshwater Management 2014 takes effect.”

Policy A5

By every regional council making or changing regional plans to the extent needed to ensure 
the plans:

a) identify large rivers and lakes and whether they are suitable for immersion and;

b) state what improvements will be made to large rivers and lakes so they are suitable 
for immersion more often and over what timeframe.

For purposes of A5(a), suitable for immersion means large rivers and lakes in Attribute 
State A, B or C in the E. coli attribute table in Appendix 2 of this national policy statement.
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B. Water quantity

Objective B1 
To safeguard the life-supporting capacity, ecosystem processes and indigenous species 
including their associated ecosystems of fresh water, in sustainably managing the taking, 
using, damming, or diverting of fresh water., while providing for economic well-being, 
including productive economic opportunities.

Objective B2 
To avoid any further over-allocation of fresh water and phase out existing over-allocation.

Objective B3
To improve and maximise the efficient allocation and efficient use of water.

Objective B4
To protect significant values of wetlands and of outstanding freshwater bodies.

Policy B1

By every regional council making or changing regional plans to the extent needed to ensure 
the plans establish freshwater objectives in accordance with Policies CA1-CA4 and set 
environmental flows and/or levels for all freshwater management units in its region (except 
ponds and naturally ephemeral water bodies) to give effect to the objectives in this national 
policy statement, having regard to at least the following:

a) the reasonably foreseeable impacts of climate change;

b) the connection between water bodies; and

c) the connections between freshwater bodies and coastal water.

Policy B2

By every regional council making or changing regional plans to the extent needed to provide 
for the efficient allocation of fresh water to activities, within the limits set to give effect to 
Policy B1.

Policy B3

By every regional council making or changing regional plans to the extent needed to ensure 
the plans state criteria by which applications for approval of transfers of water take permits 
are to be decided, including to improve and maximise the efficient allocation of water.

Policy B4

By every regional council identifying methods in regional plans to encourage the efficient 
use of water.
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Policy B5 

By every regional council ensuring that no decision will likely result in future over-allocation 
– including managing fresh water so that the aggregate of all amounts of fresh water in a 
freshwater management unit that are authorised to be taken, used, dammed or diverted 
does not over-allocate the water in the freshwater management unit.

Policy B6 

By every regional council setting a defined timeframe and methods in regional plans 
by which over-allocation must be phased out, including by reviewing water permits and 
consents to help ensure the total amount of water allocated in the freshwater management 
unit is reduced to the level set to give effect to Policy B1.

Policy B7 and direction (under section 55) to regional councils 

By every regional council amending regional plans (without using the process in Schedule 
1) to the extent needed to ensure the plans include the following policy to apply until 
any changes under Schedule 1 to give effect to Policy B1 (allocation limits), Policy B2 
(allocation), and Policy B6 (over-allocation) have become operative: 

“1. When considering any application the consent authority must have regard to the 
following matters:

a. the extent to which the change would adversely affect safeguarding the life-
supporting capacity of fresh water and of any associated ecosystem; and 

b. the extent to which it is feasible and dependable that any adverse effect on the life-
supporting capacity of fresh water and of any associated ecosystem resulting from 
the change would be avoided.

2.  This policy applies to:

a. any new activity; and

b. any change in the character, intensity or scale of any established activity –

 that involves any taking, using, damming or diverting of fresh water or draining of any 
wetland which is likely to result in any more than minor adverse change in the natural 
variability of flows or level of any fresh water, compared to that which immediately 
preceded the commencement of the new activity or the change in the established 
activity (or in the case of a change in an intermittent or seasonal activity, compared to 
that on the last occasion on which the activity was carried out).

3. This policy does not apply to any application for consent first lodged before the National 
Policy Statement for Freshwater Management 2011 took effect on 1 July 2011.”
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C. Integrated management

Objective C1
To improve integrated management of fresh water and the use and development of land 
in whole catchments, including the interactions between fresh water, land, associated 
ecosystems and the coastal environment.

Policy C1

By every regional council: managing fresh water and land use and development in 
catchments in an integrated and sustainable way, so as to avoid, remedy or mitigate 
adverse effects, including cumulative effects.

a) recognising the interactions, ki uta ki tai (from the mountains to the sea) between 
fresh water, land, associated ecosystems and the coastal environment; and

b) managing fresh water and land use and development in catchments in an integrated 
and sustainable way, so as to avoid, remedy or mitigate adverse effects, including 
cumulative effects. 

Policy C2

By every regional council making or changing regional policy statements to the extent needed 
to provide for the integrated management of the effects of the use and development of:

a) land on fresh water, including encouraging the co-ordination and sequencing of 
regional and/or urban growth, land use and development and the provision of 
infrastructure; and

b) land and fresh water on coastal water.
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CA. National Objectives 
Framework

Objective CA1
To provide an approach to establish freshwater objectives for national values, and any other 
values, that: 

a) is nationally consistent; and

b) recognises regional and local circumstances.

Policy CA1

By every regional council identifying freshwater management units that include all 
freshwater bodies within its region.

Policy CA2

By every regional council, following discussion with communities, including tāngata 
whenua, applying the following processes in developing freshwater objectives for all 
freshwater management units:

a) considering all national values and how they apply to local and regional 
circumstances;

b) identifying the values for each freshwater management unit, which

i. must include the compulsory values; and

ii. may include any other national values or other values that the regional council 
considers appropriate (in either case having regard to local and regional 
circumstances); and

c) identifying:

i. for the compulsory values or any other national value for which relevant 
attributes are provided in Appendix 2: 

A. the attributes listed in Appendix 2 that are applicable to each value identified 
under Policy CA2(b) for the freshwater body type; and

B. any other attributes that the regional council considers appropriate for each 
value identified under Policy CA2(b) for the freshwater body type; and

ii. for any national value for which relevant attributes are not provided in Appendix 2 
or any other value, the attributes that the regional council considers appropriate 
for each value identified under Policy CA2(b) for the freshwater body type;

d) for those attributes specified in Appendix 2, assigning an attribute state at or above 
the minimum acceptable state for that attribute, where a minimum acceptable state 
is specified;
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e) formulating freshwater objectives:

i. in those cases where an applicable numeric attribute state is specified in 
Appendix 2, in numeric terms by reference to that specified numeric attribute 
state; or

ii. in those cases where the attribute is not listed in Appendix 2, in numeric terms 
where practicable, otherwise in narrative terms;

iia.  in those cases where a freshwater objective seeks to maintain overall water 
quality in accordance with Objective A2, by every regional council ensuring:

a.    where an attribute is listed in Appendix 2, that freshwater objectives are set 
at least within the same attribute state as existing freshwater quality; and

b.    where an attribute is not listed in Appendix 2, that freshwater objectives are 
set so that values identified under Policy CA2(b) will not be worse off when 
compared to existing freshwater quality; and

iii. on the basis that, where an attribute applies to more than one value, the most 
stringent freshwater objective for that attribute is adopted; and

f) considering the following matters at all relevant points in the process described in 
Policy CA2(a)-(e):

iaaa.  how to improve the quality of fresh water in large rivers and lakes so the 
 human health risk is reduced and they are suitable for immersion more often;

iaaab. how to provide for economic well-being, including productive economic 
 opportunities, within the context of environmental limits;

i.  the current state of the freshwater management unit, and its anticipated future 
state on the basis of past and current resource use, including community 
understandings of the health and well-being of the freshwater management unit;

ii. the spatial scale at which freshwater management units are defined;

iii. the limits that would be required to achieve the freshwater objectives;

iv. any choices between the values that the formulation of freshwater objectives 
and associated limits would require;

v. any implications for resource users, people and communities arising from the 
freshwater objectives and associated limits including implications for actions, 
investments, ongoing management changes and any social, cultural or economic 
implications; 

vi. the timeframes required for achieving the freshwater objectives, including the 
ability of regional councils to set long timeframes for achieving targets; and

vii. such other matters relevant and reasonably necessary to give effect to the 
objectives and policies in this national policy statement, in particular Objective 
AAA1 and Objective A2.
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Policy CA3 

By every regional council ensuring that freshwater objectives for the compulsory values 
are set at or above the national bottom lines for all freshwater management units, unless 
the existing freshwater quality of the freshwater management unit is already below the 
national bottom line for an attribute or attributes and the regional council considers it 
appropriate to set the freshwater objective below the national bottom line for that attribute 
or attributes because: 

a) the existing freshwater quality is caused by naturally occurring processes; or

b) any of the existing significant infrastructure (that was operational on 1 August 2014) 
listed in Appendix 3 contributes to the existing freshwater quality.; and

i. setting freshwater objectives below a national bottom line is reasonably 
necessary to realise the benefits provided by the listed infrastructure; and

ii. the freshwater objective applies only to the water body, multiple water bodies 
or any part of a water body, where the listed infrastructure contributes to the 
existing water quality.

For the purpose of CA3(b)(i) benefits provided by listed infrastructure means the 
positive effects of the infrastructure on the well-being of the community and can include, 
but are not limited to, renewable electricity generation, employment and economic  
well-being.

Policy CA4

A regional council may set a freshwater objective below a national bottom line on a 
transitional basis for the freshwater management units and for the periods of time specified 
in Appendix 4.
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CB. Monitoring plans

Objective CB1
To provide for an approach to the monitoring of progress towards, and the achievement of, 
freshwater objectives.  and the values identified under Policy CA2(b).

Policy CB1

By every regional council developing a monitoring plan that:

a) establishes methods for monitoring progress towards, and the achievement of, 
freshwater objectives established under Policies CA1-CA4;

aa) establishes methods for monitoring the extent to which the values identified under 
Part CA2(b) are being provided for in a freshwater management unit. These methods 
must at least include:

i. E.coli exceedances over time as specified in Appendix 5;

ii. the monitoring of macroinvertebrate communities;

iii. measures of the health of indigenous flora and fauna;

iv. information obtained under Policy CB1(a) and Policy CC1; and

v. Mātauranga Māori;

b) identifies a site or sites at which monitoring will be undertaken that are 
representative for each freshwater management unit; and

c) recognises the importance of long-term trends in monitoring results.  and the 
relationship between results and the overall state of fresh water in a freshwater 
management unit; and

d) establishes methods, for example action plans, for responding to monitoring that 
indicates freshwater objectives will not be met and/or values will not be provided for 
in a freshwater management unit.

Policy CB2

By every regional council taking reasonable steps to ensure information gathered in 
accordance with Policy CB1 is available to the public, regularly and in a suitable form.
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CC. Accounting for 
freshwater takes and   
contaminants
Objective CC1
To improve information on freshwater takes and sources of freshwater contaminants, in 
order to:

a) ensure the necessary information is available for freshwater objective and limit 
setting and freshwater management under this national policy statement; and

b) ensure information on resource availability is available for current and potential 
resource users.

Policy CC1

By every regional council: 

a) establishing and operating a freshwater quality accounting system and a freshwater 
quantity accounting system for those freshwater management units where they are 
setting or reviewing freshwater objectives and limits in accordance with Policy A1, 
Policy B1, and Policies CA1-CA4; and

b) maintaining a freshwater quality accounting system and a freshwater quantity 
accounting system at levels of detail that are commensurate with the significance 
of the freshwater quality and freshwater quantity issues, respectively, in each 
freshwater management unit.

Policy CC2

By every regional council taking reasonable steps to ensure that information gathered in 
accordance with Policy CC1 is available to the public, regularly and in a suitable form, for 
the freshwater management units where they are setting or reviewing, and where they have 
set or reviewed, freshwater objectives and limits in accordance with Policy A1, Policy B1, 
and Policies CA1-CA4.

Objective CC1 and Policies CC1 and CC2 will take effect 24 months from the date of 
entry into effect of the National Policy Statement for Freshwater Management 2014.  
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D. Tāngata whenua roles 
and interests
Objective D1
To provide for the involvement of iwi and hapū, and to ensure that tāngata whenua values 
and interests are identified and reflected in the management of fresh water including 
associated ecosystems, and decision-making regarding freshwater planning, including on 
how all other objectives of this national policy statement are given effect to.

Policy D1

Local authorities shall take reasonable steps to:

a) involve iwi and hapū in the management of fresh water and freshwater ecosystems 
in the region; 

b) work with iwi and hapū to identify tāngata whenua values and interests in fresh 
water and freshwater ecosystems in the region; and

c) reflect tāngata whenua values, and interests  in the management of, and decision-
making regarding, fresh water and freshwater ecosystems in the region. 
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E. Progressive 
implementation programme
Policy E1 

a) This policy applies to the implementation by a regional council of the a policy 
objectives and policies of this national policy statement. 

b) Every regional council is to implement the policy objectives and policies as promptly 
as is reasonable in the circumstances, and so it is fully completed by no later than 
31 December 2025. 

ba) A regional council may extend the date in Policy E1(b) to 31 December 2030 if it 
considers that: 

i. meeting that date would result in lower quality planning; or 

ii. it would be impracticable for it to complete implementation of a policy by  
that date.

c) Where a regional council is satisfied that it is impracticable for it to complete 
implementation of a policy fully by 31 December 2015, the council may implement it 
by a programme of defined time-limited stages by which it is to be fully implemented 
by 31 December 2025 or 31 December 2030 if Policy E1(ba) applies. 

d) Any programme of time-limited stages is to be formally adopted by the council by  
31 December 2015 and publicly notified. 

e) Where a regional council has adopted a programme of staged implementation, it 
is to publicly report, in every year, on the extent to which the programme has been 
implemented. 

f) Any programme adopted under Policy E1 c) of the National Policy Statement for 
Freshwater Management 2011 by a regional council is to be reviewed, revised if 
necessary, and formally adopted by the regional council by 31 December 2015, and 
publically notified.

f) Any programme adopted under Policy E1(c) of the National Policy Statement 
for Freshwater Management 2011 or under Policy E1(c) of the National Policy 
Statement for Freshwater Management 2014 by a regional council is to be reviewed, 
revised if necessary, formally adopted by the regional council by 31 March 2018, and 
publicly notified.
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APPENDIX 1: National values 
and uses for fresh water

COMPULSORY NATIONAL VALUES 

Te Hauora o te Wai / the health and mauri of water

Ecosystem health 

The freshwater management unit supports a healthy ecosystem appropriate to that 
freshwater body type (river, lake, wetland, or aquifer). 

In a healthy freshwater ecosystem ecological processes are maintained, there is a range 
and diversity of indigenous flora and fauna, and there is resilience to change.

Matters to take into account for a healthy freshwater ecosystem include the 
management of adverse effects on flora and fauna of contaminants, changes in 
freshwater chemistry, excessive nutrients, algal blooms, high sediment levels, high 
temperatures, low oxygen, invasive species, and changes in flow regime. Other matters 
to take into account include the essential habitat needs of flora and fauna and the 
connections between water bodies. The health of flora and fauna may be indicated by 
measures of macroinvertebrates.

Te Hauora o te Tangata / the health and mauri of the people   

Human health for recreation

As a minimum, the freshwater management unit will present no more than a moderate 
risk of infection to people when they are wading or boating or involved in similar activities 
that involve only occasional immersion in the water. Other contaminants or toxins, such as 
toxic algae, would not be present in such quantities that they would harm people’s health.

In freshwater management units where a community values more frequent immersion 
in the water such as swimming, white-water rafting, or water skiing, the risk of infection 
will be no more than moderate. In some freshwater management units, the risk of 
infection to people undertaking any activity would be no greater than what would exist 
there under natural conditions.

In a healthy water body, people are able to connect with the water through a range of 
activities such as swimming, waka, boating, fishing, mahinga kai and water-skiing, in a 
range of different flows.

Matters to take into account for a healthy water body for human use include pathogens, 
clarity, deposited sediment, plant growth (from macrophytes to periphyton to 
phytoplankton), cyanobacteria, and other toxicants.
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ADDITIONAL NATIONAL VALUES

Te Hauora o te Taiao / the health and mauri of the environment 

Natural form and  character – Where people value particular natural qualities of the 
freshwater management unit.

Matters contributing to the natural form and character of a freshwater management 
unit are its visual and physical characteristics that are valued by the community, 
including its flow regime, colour, clarity, morphology or location. They may be freshwater 
management units with exceptional, natural, and iconic aesthetic features. 

Mahinga kai / food gathering, places of food

Mahinga kai – Kai are safe to harvest and eat.

Mahinga kai generally refers to indigenous freshwater species that have traditionally 
been used as food, tools, or other resources.  Mahinga kai provide food for the people of 
the rohe and these sites give an indication of the overall health of the catchment.

For this value, kai would be safe to harvest and eat and knowledge transfer is present 
(intergenerational harvest). In freshwater management units that are highly valued for 
providing mahinga kai, the desired species are plentiful enough for long-term harvest 
and the range of desired species is present across all life stages.

Mahinga kai – Kei te ora te mauri (the mauri of the place is intact).

For this value, freshwater resources would be available and able to be used for 
customary use at some places (but not everywhere). In freshwater management units 
that are highly valued for providing mahinga kai, resources would be available for 
use, customary practices able to be exercised to the extent desired, and tikanga and 
preferred methods are able to be practised. 

Fishing – The freshwater management unit supports fisheries of species allowed to be 
caught and eaten. 

For freshwater management units valued for fishing, the numbers of fish would be 
sufficient and suitable for human consumption. In some areas, fish abundance and 
diversity would provide a range in species and size of fish, and algal growth, water clarity 
and safety would be satisfactory for fishers. Attributes will need to be specific to fish 
species such as salmon, trout, eels, lamprey, or whitebait. 
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Mahi māra / cultivation

Irrigation and food production – The freshwater management unit meets irrigation 
needs for any purpose.

Water quality and quantity would be suitable for irrigation needs, including supporting 
the cultivation of food crops, the production of food from domesticated animals, non-food 
crops such as fibre and timber, pasture, sports fields and recreational areas. Attributes 
will need to be specific to irrigation and food production requirements.

Animal drinking water – The freshwater management unit meets the needs of stock. 

Water quality and quantity would meet the needs of stock, including whether it is 
palatable and safe.

Wai Tapu / Sacred Waters

Wai tapu – Wai tapu represent the places where rituals and ceremonies are performed. 

Rituals and ceremonies include, but are not limited to, tohi (baptism), karakia (prayer), 
waerea (protective incantation), whakatapu (placing of raahui), whakanoa (removal of 
raahui), and tuku iho (gifting of knowledge and resources for future generations).  

In providing for this value, the wai tapu would be free from human and animal waste, 
contaminants and excess sediment, with valued features and unique properties of the 
wai protected to some extent.  Other matters that may be important are that identified 
catchments have integrity (there is no artificial mixing of the wai tapu) and identified 
taonga in the wai are protected.

Wai Māori / municipal and domestic water supply

Water supply – The freshwater management unit can meet people’s potable  
water needs.

Water quality and quantity would enable domestic water supply to be safe for drinking 
with, or in some areas without, treatment.

Āu Putea / economic or commercial development

Commercial and industrial use – The freshwater management unit provides 
economic opportunities to people, businesses and industries.

Water quality and quantity can provide for commercial and industrial activities. 
Attributes will need to be specific to commercial or industrial requirements.

Hydro-electric power generation – The freshwater management unit is suitable for 
hydro electric power generation. 

Water quality and quantity and the physical qualities of the freshwater management 
unit, including hydraulic gradient and flow rate, can provide for hydro-electric power 
generation.
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He ara haere / navigation

Transport and tauranga waka – The freshwater management unit is navigable for 
identified means of transport.

Transport and tauranga waka generally refers to places to launch waka and water craft, 
and appropriate places for waka to land (tauranga waka). 

Water quality and quantity in the freshwater management unit would provide for 
navigation. The freshwater management unit may also connect places and people 
including for traditional trails and rites of passage, and allow the use of various craft.

Te Hauora o te Wai

Wai tapu 

Wai tapu represent the places where rituals and ceremonies are performed, or where 
there is special significance to iwi and/or hapū. 

Rituals and ceremonies include, but are not limited to, tohi (baptism), karakia (prayer), 
waerea (protective incantation), whakatapu (placing of raahui), whakanoa (removal of 
raahui), and tuku iho (gifting of knowledge and resources for future generations).

In providing for this value, the wai tapu would be free from human and animal waste 
contaminants and excess sediment, with valued features and unique properties of the 
wai protected. Other matters that may be important are that there is no artificial mixing 
of the wai tapu and identified taonga in the wai are protected.

Mahinga kai – Kei te ora te mauri (the mauri of the place is intact)

For this value, freshwater resources would be available and able to be used for 
customary use. In freshwater management units that are valued for providing mahinga 
kai, resources would be available for use, customary practices able to be exercised to 
the extent desired, and tikanga and preferred methods are able to be practised.
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Te Hauora o te Taiao

Natural form and character

Where people value particular natural qualities of the freshwater management unit.

Matters contributing to the natural form and character of a freshwater management unit 
are its visual and physical characteristics that are valued by the community, including:

i. its biophysical, ecological, geological, geomorphological and morphological 
aspects; 

ii. the natural movement of water and sediment including hydrological and fluvial 
processes; 

iii. the location of the water body relative to its natural course;

iv. the relative dominance of indigenous flora and fauna;

v. the presence of culturally significant species;

vi. the colour of the water; and

vii. the clarity of the water.

They may be freshwater management units with exceptional, natural, and iconic 
aesthetic features.

Te Hauora o te Tangata

Fishing

The freshwater management unit supports fisheries of species allowed to be caught  
and eaten. 

For freshwater management units valued for fishing, the numbers of fish would be 
sufficient and suitable for human consumption. In some areas, fish abundance and 
diversity would provide a range in species and size of fish, and algal growth, water clarity 
and safety would be satisfactory for fishers. Attributes will need to be specific to fish 
species such as salmon, trout, eels, lamprey, or whitebait.

Mahinga kai – Kai are safe to harvest and eat

Mahinga kai generally refers to indigenous freshwater species that have traditionally 
been used as food, tools, or other resources. It also refers to the places those species 
are found and to the act of catching them. Mahinga kai provide food for the people of the 
rohe and these sites give an indication of the overall health of the water.

For this value, kai would be safe to harvest and eat. Transfer of knowledge would occur 
about the preparation, storage and cooking of kai. In freshwater management units  
that are used for providing mahinga kai, the desired species are plentiful enough for 
long-term harvest and the range of desired species is present across all life stages.
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Transport and tauranga waka

The freshwater management unit is navigable for identified means of transport.

Transport and tauranga waka generally refers to places to launch waka and water craft, 
and appropriate places for waka to land (tauranga waka).

Water quality and quantity in the freshwater management unit would provide for 
navigation. The freshwater management unit may also connect places and people 
including for traditional trails and rites of passage, and allow the use of various craft.

Extractive uses

Water supply

The freshwater management unit can meet people’s potable water needs.

Water quality and quantity would enable domestic water supply to be safe for drinking 
with, or in some areas without, treatment.

Animal drinking water

The freshwater management unit meets the needs of stock. 

Water quality and quantity would meet the needs of stock, including whether it is 
palatable and safe.

Irrigation and food production

The freshwater management unit meets irrigation needs for any purpose.

Water quality and quantity would be suitable for irrigation needs, including supporting 
the cultivation of food crops, the production of food from domesticated animals, non-food 
crops such as fibre and timber, pasture, sports fields and recreational areas. Attributes 
will need to be specific to irrigation and food production requirements.

Hydro-electric power generation

The freshwater management unit is suitable for hydro-electric power generation. 

Water quality and quantity and the physical qualities of the freshwater management unit, 
including hydraulic gradient and flow rate, can provide for hydro-electric power generation.

Commercial and industrial use 

The freshwater management unit provides economic opportunities to people, businesses 
and industries.

Water quality and quantity can provide for commercial and industrial activities. 
Attributes will need to be specific to commercial or industrial requirements.
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APPENDIX 2: Attribute tables
Value Ecosystem health

Freshwater  
Body Type

Lakes

Attribute Phytoplankton (Trophic state)

Attribute Unit mg/m3 (milligrams chlorophyll-a per cubic metre)

Attribute State Numeric Attribute State Narrative Attribute State

Annual Median Annual Maximum

A ≤2 ≤10 Lake ecological communities 
are healthy and resilient, 
similar to natural reference 
conditions.

B >2 and ≤5 >10 and ≤25 Lake ecological communities 
are slightly impacted by 
additional algal and/or plant 
growth arising from nutrients 
levels that are elevated above 
natural reference conditions.

C >5 and ≤12 >25 and ≤60 Lake ecological communities 
are moderately impacted by 
additional algal and plant 
growth, or phytoplankton 
biomass, arising from 
nutrients levels that are 
elevated well above natural 
reference conditions. 
Reduced water clarity likely 
to affect habitat available for 
native macrophytes.

National  
Bottom Line

12 60

D >12 >60 Lake ecological communities 
have undergone or are at 
high risk of a regime shift 
to a persistent, degraded 
state (without macrophyte/
seagrass cover), due to 
impacts of elevated nutrients 
leading to excessive algal 
and/or plant growth, as well 
as from losing oxygen in 
bottom waters of deep lakes.

Note: 
For lakes and lagoons that intermittently open to the sea, the median is to apply both 
during periods when the lake/lagoon is open and during periods when the lake/lagoon is 
closed. Based on a rolling median of at least 12 samples for each situation (ie, open or 
closed), and assuming a regular (eg, monthly) monitoring regime. 
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Value Ecosystem health

Freshwater  
Body Type

Lakes

Attribute Total Nitrogen (Trophic state)

Attribute Unit mg/m3 (milligrams per cubic metre)

Attribute State Numeric Attribute State Narrative Attribute State

Annual Median Annual Median  

Seasonally 
Stratified and 
Brackish*

Polymictic

A ≤160 ≤300 Lake ecological communities 
are healthy and resilient, 
similar to natural reference 
conditions.

B >160 and ≤350 >300 and ≤500 Lake ecological communities 
are slightly impacted by 
additional algal and/or plant 
growth arising from nutrients 
levels that are elevated above 
natural reference conditions.

C >350 and ≤750 >500 and ≤800 Lake ecological communities 
are moderately impacted 
by additional algal and 
plant growth, or additional 
phytoplankton and 
macroalgae, arising from 
nutrients levels that are 
elevated well above natural 
reference conditions.

National  
Bottom Line

750 800

D >750 >800 Lake ecological communities 
have undergone or are at 
high risk of a regime shift 
to a persistent, degraded 
state (without macrophyte/
seagrass cover), due to 
impacts of elevated nutrients 
leading to excessive algal 
and/or plant growth, as well 
as from losing oxygen in 
bottom waters of deep lakes.

* Intermittently closing and opening lagoons (ICOLs) are not included in brackish lakes.

Note: 
For lakes and lagoons that intermittently open to the sea, the median is to apply both 
during periods when the lake/lagoon is open and during periods when the lake/lagoon is 
closed. Based on a rolling median of at least 12 samples for each situation (ie, open or 
closed), and assuming a regular (eg, monthly) monitoring regime.
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Value Ecosystem health

Freshwater  
Body Type

Lakes

Attribute Total Phosphorus (Trophic state)

Attribute Unit mg/m3 (milligrams per cubic metre)

Attribute State Numeric Attribute State Narrative Attribute State

Annual Median

A ≤10 Lake ecological communities are 
healthy and resilient, similar to 
natural reference conditions.

B >10 and ≤20 Lake ecological communities are 
slightly impacted by additional 
algal and plant growth arising from 
nutrients levels that are elevated 
above natural reference conditions.

C >20 and ≤50 Lake ecological communities are 
moderately impacted by additional 
algal and plant growth, or additional 
phytoplankton and macroalgae, 
arising from nutrients levels that are 
elevated well above natural reference 
conditions.

National  
Bottom Line

50

D >50 Lake ecological communities have 
undergone or are at high risk of a 
regime shift to a persistent, degraded  
state (without macrophyte/seagrass 
cover), due to impacts of elevated 
nutrients leading to excessive algal 
and/or plant growth, as well as from 
losing oxygen in bottom waters of 
deep lakes.

Note:
For lakes and lagoons that intermittently open to the sea, the median is to apply both 
during periods when the lake/lagoon is open and during periods when the lake/lagoon is 
closed. Based on a rolling median of at least 12 samples for each situation (ie, open or 
closed), and assuming a regular (eg, monthly) monitoring regime.
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Value Ecosystem health

Freshwater  
Body Type

Rivers

Attribute Periphyton (Trophic state)

Attribute Unit mg chl-a/m2 (milligrams chlorophyll-a per square metre)

Attribute State Numeric 
Attribute State 
(Default Class)

Numeric 
Attribute State 
(Productive 
Class1)

Narrative Attribute State

Exceeded no 
more than 8% of 
samples2 

Exceeded no 
more than 17% 
of samples2

A ≤50 ≤50 Rare blooms reflecting 
negligible nutrient enrichment 
and/or alteration of the 
natural flow regime or habitat.

B >50 and ≤120 >50 and ≤120 Occasional blooms reflecting 
low nutrient enrichment and/
or alteration of the natural 
flow regime or habitat.

C >120 and ≤200 >120 and ≤200 Periodic short-duration 
nuisance blooms reflecting 
moderate nutrient enrichment 
and/or alteration of the 
natural flow regime or habitat.

National  
Bottom Line

200 200

D >200 >200 Regular and/or extended-
duration nuisance blooms 
reflecting high nutrient 
enrichment and/or significant 
alteration of the natural flow 
regime or habitat.

1. Classes are streams and rivers defined according to types in the River Environment 
Classification (REC). The Productive periphyton class is defined by the combination of REC 
“Dry” Climate categories (ie, Warm-Dry (WD) and Cool-Dry (CD)) and REC Geology categories 
that have naturally high levels of nutrient enrichment due to their catchment geology (ie, 
Soft-Sedimentary (SS), Volcanic Acidic (VA) and Volcanic Basic (VB)). Therefore the productive 
category is defined by the following REC defined types: WD/SS, WD/VB, WD/VA, CD/SS, CD/
VB, CD/VA. The Default class includes all REC types not in the Productive class.

2. Based on a monthly monitoring regime. The minimum record length for grading a site 
based on periphyton (chl-a) is 3 years. 

Note:
The attribute for nitrate toxicity is not applicable in rivers that support periphyton growth.
Before using this attribute to set an objective for periphyton, maximum concentrations 
of dissolved inorganic nitrogen and dissolved reactive phosphorus will need to be 
determined for the freshwater management unit. The maximum concentrations of 
dissolved inorganic nitrogen and dissolved reactive phosphorus will also need to consider 
the sensitivity of downstream environments.
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Value Ecosystem health

Freshwater  
Body Type

Rivers

Attribute Nitrate (Toxicity)

Attribute Unit mg NO3-N/L (milligrams nitrate-nitrogen per litre)

Attribute State Numeric Attribute State Narrative Attribute State

Annual Median Annual 95th 
Percentile

A ≤1.0 ≤1.5 High conservation value 
system. Unlikely to be effects 
even on sensitive species.

B >1.0 and ≤2.4 >1.5 and ≤3.5 Some growth effect on up to 
5% of species.

C >2.4 and ≤6.9 >3.5 and ≤9.8 Growth effects on up to 20% 
of species (mainly sensitive 
species such as fish). No 
acute effects.

National  
Bottom Line

6.9 9.8

D >6.9 >9.8 Impacts on growth of 
multiple species, and starts 
approaching acute impact 
level (ie, risk of death) for 
sensitive species at higher 
concentrations (>20 mg/L).
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Value Ecosystem health

Freshwater  
Body Type

Lakes and rivers

Attribute Ammonia (Toxicity)

Attribute Unit mg NH4-N/L (milligrams ammoniacal-nitrogen per litre)

Attribute State Numeric Attribute State Narrative Attribute State

  Annual  
Median*

Annual 
Maximum*

 

A ≤0.03 ≤0.05 99% species protection 
level: No observed effect on 
any species tested.

B >0.03 and ≤0.24 >0.05 and ≤0.40 95% species protection 
level: Starts impacting 
occasionally on the 5% 
most sensitive species.

C >0.24 and ≤1.30 >0.40 and ≤2.20 80% species protection level: 
Starts impacting regularly 
on the 20% most sensitive 
species (reduced survival of 
most sensitive species).

National  
Bottom Line

1.30 2.20

D >1.30 >2.20 Starts approaching acute 
impact level (ie, risk of 
death) for sensitive species.

* Based on pH 8 and temperature of 20⁰C. 

   Compliance with the numeric attribute states should be undertaken after pH adjustment.

982 of 1008



37

NATIONAL POLICY STATEMENT
FOR FRESHWATER MANAGEMENT 2014

Value Ecosystem health

Freshwater  
Body Type

Rivers (below point sources) 

Attribute Dissolved Oxygen

Attribute Unit mg/L (milligrams per litre)

Attribute State Numeric Attribute State Narrative Attribute State

7-day mean 
minimum1 
(Summer Period: 
1 November to 
30th April)

1-day minimum2 
(Summer Period: 
1 November to 
30th April)

A ≥8.0 ≥7.5 No stress caused by low 
dissolved oxygen on any 
aquatic organisms that are 
present at matched reference 
(near-pristine) sites.

B ≥7.0 and <8.0 ≥5.0 and <7.5 Occasional minor stress on 
sensitive organisms caused 
by short periods (a few hours 
each day) of lower dissolved 
oxygen. Risk of reduced 
abundance of sensitive fish 
and macroinvertebrate 
species.

C ≥5.0 and <7.0 ≥4.0 and <5.0 Moderate stress on a number 
of aquatic organisms caused 
by dissolved oxygen levels 
exceeding preference levels 
for periods of several hours 
each day. Risk of sensitive 
fish and macroinvertebrate 
species being lost.

National Bottom 
Line

5.0 4.0

D <5.0 <4.0 Significant, persistent 
stress on a range of aquatic 
organisms caused by 
dissolved oxygen exceeding 
tolerance levels. Likelihood 
of local extinctions of 
keystone species and loss of 
ecological integrity.

1. The mean value of 7 consecutive daily minimum values.

2. The lowest daily minimum across the whole summer period.
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Value Human health for recreation

Freshwater  
Body Type

Lakes and rivers

Attribute E. coli* 

Attribute Unit E. coli/100 mL (number of E. coli per hundred millilitres)

Attribute State Numeric 
Attribute State 

Sampling 
Statistic

Narrative Attribute State

A ≤260 Annual  
median

People are exposed to a very low 
risk of infection (less than 0.1% risk) 
from contact with water during 
activities with occasional immersion 
and some ingestion of water

95th  
percentile

People are exposed to a low risk 
of infection (up to 1% risk) when 
undertaking activities likely to 
involve full immersion.

B >260 and ≤540 Annual  
median

People are exposed to a low risk of 
infection (less than 1% risk) from 
contact with water during activities 
with occasional immersion and 
some ingestion of water.

95th  
percentile

People are exposed to a moderate 
risk of infection (less than 5% 
risk) when undertaking activities 
likely to involve full immersion. 
540 / 100ml is the minimum 
acceptable state for activities 
likely to involve full immersion.

C >540 and ≤1000 Annual  
median

People are exposed to a moderate 
risk of infection (less than 5% risk) 
from contact with water during 
activities with occasional immersion 
and some ingestion of water. 
People are exposed to a high risk of 
infection (greater than 5% risk) from 
contact with water during activities 
likely to involve immersion.

National Bottom 
Line

1000 Annual 
median

D >1000 Annual 
median

People are exposed to a high risk of 
infection (greater than 5% risk) from 
contact with water during activities 
with occasional immersion and 
some ingestion of water (such as 
wading and boating).

*Escherichia coli
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Value Human health for recreation

Freshwater  
Body Type

Lakes and rivers

Attribute Escherichia coli (E. coli)

Attribute Unit E. coli/100 mL (number of E. coli per hundred millilitres)

Attribute State Numeric Attribute State 

Exceedance of the E. coli 
threshold 540 E. coli/100 ml

Narrative Attribute State

A

(Blue)

Exceeds the E. coli threshold 
less than 5 percent of the time

The river or lake is excellent for 
swimming. The estimated risk of 
Campylobacter infection is less 
than 50 cases in every 1,000 
exposures.

B

(Green)

Exceeds the E. coli threshold 
between 5 percent and  
10 percent of the time

The river or lake is good to 
swim in most of the time. The 
estimated risk of Campylobacter 
infection is likely higher than 50 
cases in every 1,000 exposures.

C

(Yellow)

Exceeds the E. coli threshold 
between 10 percent and  
20 percent of the time

The river or lake is fair to swim in 
some of the time. The estimated 
risk of Campylobacter infection 
is likely higher than 50 cases in 
every 1,000 exposures.

D

(Orange)

Exceeds the E. coli threshold 
between 20 percent and  
30 percent of the time

The river or lake is intermittently 
suitable to swim in. The 
estimated risk of Campylobacter 
infection is likely higher than 50 
cases in every 1,000 exposures.

E

(Red)

Exceeds the E. coli threshold 
more than 30 percent of the 
time

The river or lake is not safe to 
swim in. 

Note: 
Attribute state must be determined using a minimum of 100 samples, collected on a 
regular basis regardless of weather conditions, over a maximum of 10 years.

Reader’s note:  Further detail on the E. coli numeric attribute states can be found at  
www.mfe.govt.nz/fresh-water/freshwater-management-reforms/water-quality-
swimming-maps/developing-water-quality.
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Value Human health for recreation

Freshwater Body 
Type

Lakes and lake fed rivers

Attribute Cyanobacteria - Planktonic

Attribute Unit Biovolume - mm3/L (cubic millimetres per litre) OR Cell Count - 
cells/mL (cells per millilitre)

Attribute State Numeric Attribute State Narrative Attribute State

80th percentile*  

A ≤0.5 mm3/L biovolume 
equivalent for the combined 
total of all cyanobacteria  OR 

≤500 cells/mL of total 
cyanobacteria

Risk exposure from 
cyanobacteria is no different to 
that in natural conditions (from 
any contact with fresh water).

B N/A  

C >0.5 and ≤1.8 mm3/L biovolume 
equivalent of potentially toxic 
cyanobacteria OR 

>0.5 and ≤10 mm3/L total 
biovolume of all cyanobacteria

Low risk of health effects from 
exposure to cyanobacteria (from 
any contact with fresh water).

National Bottom 
Line

1.8 mm3/L biovolume 
equivalent of potentially  
toxic cyanobacteria OR 

10 mm3/L total biovolume  
of all cyanobacteria

D Biovolume equivalent of  
>1.8 mm3/L of potentially  
toxic cyanobacteria OR  
>10 mm3/L total biovolume  
of all cyanobacteria

Potential health risks (eg, 
respiratory, irritation and allergy 
symptoms) exist from exposure 
to cyanobacteria (from any 
contact with fresh water).

* The 80th percentile must be calculated using a minimum of 12 samples collected over 
3 years. 

30 samples collected over 3 years is recommended
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APPENDIX 3: Existing 
infrastructure for the 
purposes of Policy CA3(b)
[Editor’s note: This appendix is currently empty.]
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APPENDIX 4: Freshwater 
management units and 
periods of time for transition 
under Policy CA4
[Editor’s note: This appendix is currently empty.]
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APPENDIX 5: Monitoring 
methodologies for Policy CB1

Monitoring requirements for E. coli

During the bathing season (as specified in the regional plan), sampling frequency must 
be at least weekly.  

If a single sample collected during the bathing season is greater than 260 E. coli  
per 100mL:

a) sampling frequency must be increased to daily until a sample less than  
260 E. coli per 100mL is collected; and

b) the regional council must notify the public.

If a single sample collected during the bathing season is greater than 540 E. coli  
per 100mL: 

a) sampling frequency must be increased to daily until a sample less than  
260 E. coli per 100mL is collected; and

b) the regional council should inform the medical officer of health, and notify the 
public that the site is unsuitable for recreation.

Outside of the bathing season (as specified in the regional plan), sampling frequency 
must be at least monthly.
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Annex 2: Regional  
swimming maps
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Regional swimming map – Northland
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Regional swimming map – Auckland
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Regional swimming map – Waikato
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Regional swimming map – Bay of Plenty
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Regional swimming map – Gisborne
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Regional swimming map – Taranaki
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Regional swimming map – Manawatu-Whanganui
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Regional swimming map – Hawke's Bay
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Regional swimming map – Wellington
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Regional swimming map – Tasman and Nelson
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Regional swimming map – Marlborough
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Regional swimming map – West Coast
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Regional swimming map – Canterbury
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Regional swimming map – Otago
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Regional swimming map – Southland
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