
Soil Structure

“Good tilth, a good mechanical 
condition in the soil, is just 
as important as available 
plant food, and in its absence 
fertilizers cannot perform their 
normal function and bring about 
the desired results.” 
W P Kelley, 1909

Soil structure and 
its importance 
Soil structure refers to the 
arrangement of the primary 
soil particles sand, silt and 
clay into peds or aggregates. A 
modern definition recognises 
the importance of soil pores by 
referring to soil structure as the 
size, shape and arrangement of 
solids and pores, the continuity of 
pores, their capacity to retain and 
transmit air, water and dissolved 
substances, and the ability to 
support vigorous root growth 
and development. Soil structure 
is a physical manifestation of 
the processes involved in soil 
development. Surface soil 
structure is also influenced by soil 
management through addition of 
organic matter, cultivation, and 
animal and vehicle traffic. 

Soil structure is often said to be 
the key to soil productivity since 
a fertile soil, with desirable soil 
structure and adequate moisture 
supply, constitutes a productive 
soil. In New Zealand pastures, poor 
soil structure can cut the land’s 
productive capacity by up to 
20 percent.

Soil structure affects plant growth 
through its influence on infiltration, 
percolation, water retention and 
runoff, aeration, and mechanical 
impedance to root growth. A soil 
with a well-developed structure 
has a significant proportion of 
large pores that promotes aeration 
and accommodates infiltrating 

water, resulting in reduced erosion 
due to decreased runoff. Good 
aggregation also holds particles 
together, enabling the soil to resist 
the detachment forces of surface 
runoff and raindrop impact. 

An ideal soil contains about 50 
percent solids, 25 percent water, 
and 25 percent air by volume. 
This means an optimal balance 
between pores that contain water 
and air. This condition provides a 
favourable environment for plant 
root growth and microbial activity 
in soils. 

Describing soil structure
Soil structure is described in terms 
of shape (type), size (fine, medium, 
coarse) and grade (distinctness) 
of the peds or aggregates (weak, 
moderate, strong). For example, 
topsoils may be described as 
having a “weakly developed, fine, 
granular structure” or a “moderately 
developed, medium, subangular 
blocky (nutty) structure.”

The shapes or types of soil 
structure include crumb, granular, 

angular blocky, subangular blocky 
(subrounded or nutty), prismatic, 
columnar, single grain, and 
massive. Common shapes and 
their associated permeability rates 
are illustrated below. Crumb and 
granular structures commonly 
occur in surface soils. A crumb 
structure is highly porous relative 
to a granular aggregate. A platy 
structure occurs in some soils 
just below the surface horizon 
and impedes drainage. Blocky 
and subangular blocky types are 
common in subsoils but may also 
occur in surface soils. They have 
moderate drainage. Prismatic 
and columnar structures are 
common in subsoils of arid and 
semi-arid regions. Single grain is 
characteristic of sands with very 
little organic matter content (e.g. 
dune sand). Massive soils have 
their particles adhering without 
any regular cleavage like many 
hardpans, puddled soils or soils 
repeatedly cultivated at the wrong 
(very wet) moisture contents. 
Soils which are single grained or 
massive are also referred to 
as “structureless.”
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Soil structural shapes and their associated permeability (Adapted from Bowler 1980. The Drainage of 
Wet Soils).
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Structural grade or distinctness 
refers to the degree of structural 
development and the strength of 
the peds. The structural grade 
is described as weak, moderate 
or strong. Structural grade is 
important because it affects soil 
porosity and soil strength. Soils 
with moderate or strong structures 
are ideal because they have good 
mixtures of large and small pores 
and optimum environments for 
growing plants. The peds tend to 
resist breakdown under the impact 
of falling raindrops or from vehicle 
or animal traffic. 

Structure of 
Bay of Plenty soils
In the Bay of Plenty, many topsoils 
are sandy and exhibit only weakly 
to moderately developed structures 
due to the youthfulness of the 
region’s soils. Exceptions occur 
as in the case of some Allophanic 
and Gley topsoils which have 
moderately to strongly developed 
soil structures. Some subsoils 
and buried soil horizons may 
also possess strongly developed 
structures. Since sandy soils lack 
sufficient clay to hold the particles 
together, soil organic matter is 
crucial to the development of 
structure in these soils.

How does soil  
structure form?
Natural soil-forming processes 
including the growth and 
development of plant roots 
contribute to soil structure 
formation. The major binding 
agents responsible for aggregate 
formation are silicate clays, 
allophane clay, oxides of iron and 
aluminium, and organic matter. 
There is a lot we do not know about 
these processes, but it is generally 
understood that chemical unions 
occur between organic matter and 
clay particles. 

Clay and organic matter are the 
most common soil constituents 
that bind particles together. In 
general, soils containing more 
than 15 percent clay tend to 
form aggregates or peds through 
both physical and biological 
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processes. Too much clay favours 
the formation of large, hard clods 
when dry. Too little clay results in 
single grain structure that does not 
retain adequate amounts of water 
and nutrients. Thus, soil texture 
strongly dictates the kind of soil 
structure that will form. The texture 
of a soil cannot be changed easily 
but one may improve the soil’s 
structure significantly by adding 
organic matter. 

 Although aggregation seems to 
be largely a physico-chemical 
process, biological processes are 
also important. Earthworms pass 
soil through their digestive systems, 
adding viscous juices which bind 
soil particles together. Roots, fungi 
and bacteria enhance aggregation 
by enmeshing soil particles and 
providing extracellular compounds 
(or exudates) that cement soil 
particles together. Organic matter 
is an important factor in the 
formation of soil aggregates and 
it adds greatly to their stability. 
Soil organic matter, particularly 
humus, is a binding agent which 
holds clay particles together. It 
is clear that soil organic matter 
plays a major role in aggregate 
formation. Increasing the stability 
of soil aggregates makes the soil 
easier to work and more resistant 
to compaction.

Organic matter not only improves 
the structure of fine-textured soils; 
it is equally beneficial for coarse 
textured soils. Sandy soils have 
a high proportion of large pores 
or macropores (>0.06 mm) which 

facilitates gas exchange and 
water movement. However, due 
to a low proportion of micropores, 
these soils tend to be droughty 
and require frequent irrigation 
during dry spells or prolonged 
drought periods. Organic matter 
substantially increases the 
proportion of micropores, greatly 
improving the water-holding 
capacity of sandy soils. Since Bay 
of Plenty topsoils are generally 
sandy, formation of aggregates is 
mainly through the binding action 
of organic matter on inorganic soil 
particles. Hence, the importance 
of maintaining or adding organic 
matter in these soils cannot be 
overemphasised.

Soil management practices can 
either enhance or impede the 
development of soil structure. For 
example, by cultivating a medium 
to fine-textured soil at the proper 
soil moisture content, one can 
improve water infiltration and 
percolation and gas exchange 
while still maintaining the ability 
to retain water for plant growth. 
However, excessive tillage with the 
aim of preparing a fine seedbed, 
especially when the soil is dry, will 
destroy soil aggregates and can 
make the soil more prone to wind 
erosion. At the other extreme, 
tillage at very wet moisture 
contents will puddle the soil which 
eventually results in a massive 
soil structure that is virtually 
impermeable to water and air. 

Many topsoils of the Bay of Plenty are sandy and exhibit only weakly to moderately 
developed structures. Organic matter is crucial in the formation of aggregates in these soils 
(From left to right: Gley soil with moderately developed subangular blocky (nutty) structure; 
Pumice soil with mostly single grain structure; Recent soil with a mixture of single grain and 
few weakly developed subangular blocky (nutty) structure).

Onepu sand 
(Gley)

Matahina sand 
(Pumice)

Matatā sandy loam 
(Recent)
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Indices of soil structure
In New Zealand, the three most 
commonly used indices of soil 
structure which form part of many 
regional councils’ topsoil quality 
monitoring programmes are 
bulk density, macroporosity and 
aggregate stability. 

Bulk density

Bulk density is a physical property 
that can be used as a simple index 
to assess the general structural 
condition of the soil. It provides 
a general indication of air-water 
relations and impedance to root 
growth. Bulk density is the dry 
weight of soil per unit volume 
expressed in grams per cubic 
centimetre (g/cm3) or tonnes 
per cubic metre (t/m3) which 
are numerically equivalent. Dry 
weight refers to the weight of soil 
oven-dried for 24 hours at 105°C 
and volume of soil refers to the 
combined volume of soil solids and 
pore spaces (i.e. the bulk volume). 
If 1 cm3 of soil weighs 
1.2 g, then its bulk density is 
1.2 g/cm3 (or 1.2 t/m3). 

The bulk density of most mineral 
surface soils usually ranges from 
1.0 to 1.6 g/cm3. However, soils 
with high organic matter content 
and soils derived from volcanic ash 
such as Pumice and Allophanic 
soils generally have bulk density 
less than 1 g/cm3. Their low bulk 
density is attributed to the well-
developed aggregate structures 
made of non-crystalline minerals 
that result in high porosity 
(allophane and oxides of iron and 
aluminium) and the granulating 
effect of organic matter that 
increases soil porosity. On the 
other hand, organic soils such 
as peat have extremely low bulk 
densities ranging from 0.2 to 
0.4 g/cm3.

Soils with low bulk density (less 
than 1 g/cm3) have pore space 
volumes that constitute more than 
half of the total soil volume. Such 
highly porous soils allow rapid 
infiltration and percolation of water, 
but they also exhibit adequate 
water retention due to their high 
organic matter content. 

When the soil gets compacted, the 
volume of pore space is reduced 
for a given amount of soil, thus, 
increasing its bulk density. For 
example, a 1 gram soil sample with 
a bulk density of 1 g/cm3 occupies 
a volume of 1 cm3. If this soil is 
compacted to a volume of 0.6 cm3, 
it would then have a bulk density of 
1.7 g/cm3. 

In subsoils, high bulk density 
values greater than 1.6 g/cm3 
indicates limited soil aeration, 
very slow water movement, poor 
drainage and impedance to 
root growth. High bulk density 
of surface soils indicates the 
presence a soil crust that can 
retard seed germination. For most 
mineral soils, desirable bulk density 
values range from 0.5 to 
1.4 g/cm3 with 0.6 to 1.3 g/cm3 
being regarded as optimal.

Macroporosity

Another important index of soil 
structure is macroporosity which is 
a measure of the number of large 
pores or macropores in the soil. It 
is the proportion of large pores 
per unit volume of soil expressed 
as a percentage. Macropores are 
those pores with a diameter greater 
than 0.06 mm (or 60 micrometers). 
Macropores are important for air 
penetration into soil. They are 
crucial for supplying oxygen to 
plant roots and aerobic soil micro-
organisms. They are the first pores 
to be lost when soils become 
compacted. Very low macroporosity 
(<6 percent) reduces soil aeration 
which results in decreased pasture 
and crop yields and less clover 
growth and nitrogen fixation. On 
the other hand, extremely high 
macroporosity (>40 percent) is 
undesirable as this promotes water 
loss through rapid drainage and 
the leaching of important nutrients 
such as nitrate, sulphate, calcium, 
magnesium and potassium. Good 
soil macroporosity values generally 
lie in the range of 8 to 30 percent.

Aggregate stability

Aggregate stability is an index of 
the structural stability of the soil. 
It is expressed as a weighted 
mean diameter of aggregates in 
millimetres (mm). In New Zealand, 

it is specifically used as a soil 
quality indicator for cropping or 
arable soils since these soils 
are generally subjected to tillage 
operations. Soil aggregates are 
clusters of mineral particles bound 
together by organic matter and 
chemical forces. They need to 
be of a size, shape and packing 
that maintains the necessary 
soil porosity for roots to easily 
access air, water and nutrients. 
Soils with high aggregate stability 
are better able to withstand the 
impacts of cultivation, wheel traffic 
or animal treading, and falling 
raindrops. Aggregates with low 
structural stability are more prone 
to dispersion by wind and water. 
Particles dispersed by water tend to 
fill the surrounding pores, restricting 
the movement of water and air into 
the soil profile. When this occurs at 
the soil surface, caps may form that 
can restrict seedling emergence 
and water infiltration. 

Aggregate stability of New Zealand 
cropping soils generally range 
from 1.2 to 2.0 mm and 1.5 mm 
is considered a desirable target 
value. In Bay of Plenty cropping 
soils, however, aggregate stability 
is generally below 1.5 mm 
because of the sandy nature of 
the topsoils and the effect of long-
term cultivation. Thus, increasing 
soil aggregate stability would 
need the incorporation of more 
organic matter in the soil through 
crop residue management and by 
employing reduced tillage practices. 

Soil compaction and 
its management
An increase in the soil’s bulk 
density or reduction in porosity 
is referred to as compaction. It 
is a process of packing the soil 
particles closer together causing 
a reduction in the volume of air. 
Compaction usually eliminates 
the largest air-filled pores first. 
Compaction can be caused by 
cultivation when the soil is wet, 
animal treading, and farm traffic. 
Driving on wet soils breaks down 
soil aggregates and compacts the 
soil. Excessive soil compaction 
restricts soil aeration, reduces plant 
growth and productivity, impedes 
drainage, reduces infiltration, and 
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increases runoff generated during 
intense rains, leading to greater 
soil erosion losses.

Compaction can be minimised 
by waiting for the surface soil to 
dry out before driving on the soil, 
maintaining good soil structure and 
drainage, restricting the number 
of cultivation passes across the 
paddock, fitting dual wheels to 
reduce contact pressure, restricting 
heavy vehicles to the edge of 
the paddock, practicing zero or 
minimum tillage, and the use of 
precision agriculture techniques.

Compared with other regions, 
there are fewer problems with 
compaction in the Bay of Plenty 
due to the sandy nature of many of 
the topsoils. However, compaction 
may occur in finer textured alluvial 
soils that are used intensively, 
ploughed often, or when using 
heavy machinery with rubber 
tyres. Some pumice soils compact 
in the subsurface particularly 
soils derived from Taupō pumice 
in the Kāingaroa Plateau. The 
compaction is broken up by ripping. 

Compaction by animal treading 
under very wet soil conditions 
(“pugging”) may also occur in soil 
types derived from Rotomahana 
Mud in the Rotorua area. Careful 
grazing management such as 
allowing the soil to dry below field 
capacity before grazing, limiting 
the number of hours animal graze 
on wet paddocks, the use of feed 
pads, animal shelters, etc. should 
be considered on such soil types.

On-farm monitoring of 
soil structure
A quick and simple tool to monitor 
the physical qualities of the soil is 
to perform a visual soil assessment 
(VSA) in the paddock. In VSA, 
structure is one of the most 
important soil qualities considered. 
Details of the method are provided 
in the Visual Soil Assessment 
booklet by Graham Shepherd 
(2009). Briefly, the structural 
evaluation consists of selecting 
about 4 representative sites over 
a 5-hectare area and 1 relatively 
undisturbed site (e.g. near the 
fence line) for use as a reference 

to detect changes in colour and soil 
management. A spadeful of topsoil 
(about 200 cubic mm) is dug and 
dropped (maximum of 3 times) 
from a height of about 1 meter 
above the ground. The aggregates 
are then sorted from big to small 
and given a visual score (VS) 
ranging from 0 (poor) to 2 (good). 
If majority of the aggregates are 
fine and friable, the soil is given 
score of 2. If the soil is dominated 
by coarse clods with very few fine 
aggregates, it is given a score 
of 0. Soil structure intermediate 
between these two extremes is 
given a score of 1 (moderate). 
The VS scale can be modified to 
accommodate varying degrees 
of soil structural condition (e.g. 
VS of 0.5 or 1.5 is possible). It is 
recommended that VSA be carried 
out when the soils are moist and 
suitable for grazing or cultivation, 
and also be performed at a similar 
time annually to make the results 
more comparable from year to year.
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Visual soil assessment shows the effect of cultivation on the structure of a silt loam soil. The 
relatively undisturbed fence line soil on the left has a mixture of coarse, medium and fine friable 
aggregates (VS=1.5).The soil in the middle has been ploughed at the correct moisture content and 
contains some medium and mostly fine friable aggregates (VS=2.). The soil on the right has lost its 
structure (massive, impervious to air and water) as a result of ploughing under very wet conditions 
(VS=0).


