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Soil surface roughness (SSR) and porosity were evaluated from soils located in two farms belonging to the Plant Breeding Institute
of the University of Sidney. The sites differ in their soil management practices; the first site (PBI) was strip-tilled during early fall
(May 2010), and the second site (JBP) was under power harrowed tillage at the end of July 2010. Both sites were sampled in mid-
August. At each location, SSR was measured for three 1 m2 subplots using shadow analysis. To evaluate porosity and aggregation,
soil samples were scanned using X-ray computed tomography with 5 µm resolution. The results show a strong negative correlation
between SSR and porosity, 20.13% SSR and 41.38% porosity at PBI versus 42.00% SSR and 18.35% porosity at JBP. However,
soil images show that when soil surface roughness is higher due to conservation and soil management practices, the processes
of macroaggregation and structural porosity are enhanced. Further research must be conducted on SSR and porosity in different
types of soils, as they provide complementary information on the evaluation of soil erosion susceptibility.

1. Introduction

Soil surface roughness (SSR), which describes the microvari-
ations in soil elevations primarily resulting from tillage
practices and textural porosity, is one of the major factors
affecting wind and water erosion [1–4]. SSR is a direct
indicator of the degradation of soil microstructure, which
is mainly due to a loss of physical, chemical, and biological
properties [1, 2, 5]. In this case, SSR is closely related to
erosion, which is the primary cause for the loss of soil
structure and organic matter, and it leads to a decrease in
soil productivity and reduced fauna diversity [4, 6].

SSR promotes soil biota activity, which plays an impor-
tant role in the rehabilitation of sealed soil surfaces and
the restructuring of soils, particularly after compaction
events [7]. SSR is mainly affected by management practices
and, depending on the techniques used, SSR can increase
the number and variability of microorganisms through

the improvement of soil porosity and flow water in the
vadose zone [8]. The increase in microorganism activity is
very important in most biogeochemical cycles within soils
because it improves the physical and biological state of the
soil [4, 9, 10]. Thus, tillage influences the development of
different types of microorganisms. Techniques that conserve
pore systems tend to enhance the activity of microorganisms
and conserve the biota that are beneficial to the development
of crops [7, 11, 12].

However, the study of soil porosity and its relation to
other properties is complicated because soil is one of the
most complex materials on all scales [12, 13].

By defining soil structure as the arrangement of particles
and associated pores in soils, ranging from nanometres to
centimetres, we can demonstrate the biological influence
on the stabilisation of aggregates at macro-to-micro scales
and their relationship with soil surface processes [14]. This
assumption was proposed by Oades [14], who found that
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degradation of cultivated land starts with the breakdown
of aggregates from larger structures and the corresponding
pores, which control drainage and aeration (>30 µm).

Soil porosity includes textural porosity and structural
porosity. Textural porosity is also known as matrix, intraag-
gregate, or intrapedal porosity. It is produced by the voids
between primary mineral particles. Structural porosity, also
called interaggregate or interpedal porosity, is produced by
the pores between aggregates or soil blocks. The morphology
and interconnection of structural porosity is closely related
to the shape, size, and stability of aggregates and blocks, and
it is generally also related to the soil genesis and type of
soil use. Knowledge of the pore size distribution allows the
evaluation of connectivity and soil flow properties [9, 10, 15].

Dexter [9] found that management factors, such as
tillage, cropping, and compaction, have great influence
on structural porosity and showed that soils with poorer
physical quality produce more clods. There is a strong
relation between small aggregates (<8 mm) and large aggre-
gates (>32 mm) because from an agronomic point of view,
tillage must create fine aggregates to obtain optimal plant
emergence. From this point of view, large aggregates or clods
have no agronomic significance and may create problems
for soil management, causing soil aggregation to be very
important in preventing soil erosion [1].

The aggregate hierarchy proposed by Hadas [16] and
reviewed by Dexter [17] represents one of the most fre-
quently applied theories due to its simplicity. The lowest
hierarchical order is the combination of single mineral
particles, such as clay plates, into a basic type of compound
particle (e.g., a domain of clay plates). The next hierarchical
order is formed by larger compound particles, such as
clusters of domains. Once these clusters come together
to form microaggregates, they enter the next hierarchical
order, and so on. We find greater compaction and higher
homogeneous properties for orders of decreasing size. The
existence of different orders of aggregates depends on soil
properties [16].

The stability of micro- and macro-aggregates also pre-
sents different properties. Although macroaggregate stability
is positively correlated to different types of structures of
organic matter, microaggregate stability fails to correlate to
any type of organic matter [15, 18]. In some cases, humic
substances may play an important role in the cohesion
between clay particles through links with polyvalent cations
[15, 19]. However, studies presenting soils with different
pedogenesis have shown that microaggregate stability is
mainly associated with soil mineralogy [18].

High-quality soil systems assure that physical, chemical,
and biological properties are appropriated for soil con-
servation, thus avoiding soil degradation in a production
system. Thus, any management practice that increases soil
aggregation improves the structure of soils and permits the
development of textural soil, which positively influences the
function of soil ecosystems [20, 21]. This is reinforced by
Hati et al. [22], showing that one of the main elements
to assure soil fertility is the maintenance of optimum soil
physical conditions through the applications of conservation
practices. Hati et al. [22] corroborated that the decline of

organic matter content in soil is associated with the physical
degradation of soil.

Six et al. [23] corroborated the former theory. They
found that tillage operations strongly influence the organic
matter associated with aggregates because tillage operations
increase the aggregate formation and the associated organic
matter leads to the stabilisation of soil structure by increasing
the structural porosity. In fact, a lack of tillage leads to
an increase in particulate organic matter related to micro-
and macro-aggregates compared to conventional tillage
operations.

Kravchenko et al. [19] studied the organic matter of soils
handled by different tillage systems over 15 years and found
that soils managed with no tillage conserved the highest
organic matters. When plots were conventionally tilled, the
plots covered with residual vegetal matter conserved more
organic matter than bare soils. The authors demonstrated
that conservation techniques are able to increase the soil
organic matter. Soil texture also plays an important role in
the conservation of organic matter. In general, soils with
higher clay contents have a positive correlation with the
organic matter content, although the mineralisation of the
organic matter is increased in more coarsely textured soils
[24].

Therefore, research has shown that the net productivity
of cultivated soils comes from the addition of numerous
physical, chemical, and biological processes, which occur on
the micrometre-to-metre scale, where soil porosity plays a
very important role in facilitating the processes [25, 26].
Observations of soil in thin sections are an essential tool
for evaluating biota activity in relation to the description
and quantification of soil porosity, its potential impact
on soil formation and conservation, its influence on soil
connectivity [3, 27] and associated degradation processes
[19, 24].

Microstructures are used to determine most of the pro-
cesses in soils [12, 21, 28]. Computer tomography analysis
and three-dimensional images of soil microstructures have
been crucial to understanding the role of organic matter,
its relation to soil aggregate stability and its influence
on soil porosity. Macro- and micro-pores seem to play
a very important role in organic matter degradation and
conservation through aggregate stabilisation and porosity
distribution [11, 12, 21, 25, 28].

Progress in computer tomography (CT) technology
offers the possibility of imaging the nondestructive three-
dimensional structure of soils at resolutions relevant to the
interactions between physical, chemical, and biological soil
properties [3, 26, 29]. Unfortunately, current scanners and
image processing software are not able to resolve microbial
cells; however, they can reproduce organic matter and its
distribution through the pore system, which can be an
indirect indicator of microbial activity [3].

Several authors [26, 29] have found that the morphology
of the soil pore distribution is an important factor in
understanding soil processes and formation at the small
scale. X-ray computed tomography (CT) has been used to
study aggregate stability in relation to pore architecture as
a means of investigating microbial activity. These authors
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concluded that stability, rather than morphology, of pores
plays an important role in the formation of aggregates at the
microstructure scale.

Soil surface roughness has also been related to texture,
porosity and organic matter [30]; however, its relation with
the formation of aggregates has been poorly studied.

Based on previous studies [1, 2, 12, 13, 28], the aim of the
present study is to evaluate the influence of soil management
practices on soil porosity and soil surface roughness as
well as the relationship between both indicators. Soil cores
were studied using X-ray computed tomography (CT) to
visualise soil pore spaces in three dimensions, and soil
surface roughness was measured using shadow analysis. The
evaluation is suited to integrated SSR characterisation related
to the estimation of soil pore spaces and the visualisation
of the architecture of aggregates as a function of soil
management practices.

2. Materials and Methods

2.1. Experimental Sites. The field experiments were con-
ducted at two sites belonging to the Breeding Plant Institute
of the University of Sidney under different management
practices (Figure 1): one at the main facilities of the exper-
imental farm of the Plant Breeding Institute (PBI) and the
second at John B. Pye (JBP) Farm (Figure 2). Both sites are
located 65 km southwest of Sidney, Australia, 34◦00′51′′S
150◦40′49′′E and are characterised as red dermosol with
a clay loamy texture according to the Australian Soil
Classification [31].

The main difference between the two sites was the
management practices (Table 1). The sites were chosen
based on their differences in crop management in order to
relate conservation practices to soil surface roughness and
microstructure. The first site (PBI) was strip-tilled beginning
on May 2010 during early fall. The site was characterised as
having bare soils, being highly eroded, and having no cover
protection. The JBP plots were characterised by conservation
management practices. The JBP soils were power harrowed
to 5 cm at the end of July and covered with cereal crop
remains incorporated into the soil and prepared for sowing
cereals. The images and samples were taken on August 13.
Surface images of both soils at the time of sampling are
presented in Figures 2 and 3.

Soil surface roughness and microstructure were mea-
sured for samples from three randomly chosen 1 m2 subplots
within each site using shadow analysis and a tomography
scan. The samples for porosity measurement were taken
at the soil surface level. Sidney Observatory Hill recorded
249.6 mm for Fall 2010, below the historical average of
397.1 mm. The regional value recorded for the New South
Wales region was 141.8 mm, slightly below the historical
average of 142.7 mm [32].

2.2. Soil Surface Roughness Data. Soil surface roughness was
measured at three 1 m2 subplots from each site. For each
subplot, three images were taken from the south, north, and
west. Thus, nine images from each site were compared and

Figure 1: Sampling locations: the blue dot indicates PBI, and the
red dot indicates JBP.

(a)

(b)

Figure 2: Experimental sites at PBI (a) and JBP (b).

measured for soil surface roughness. The images taken from
the south at each location are shown in Figures 2 and 3.

Shadow analysis is based on the assumption that the
lengths of shadows cast at a given angle in bright daylight
are proportional to soil microrelief [1, 2]. The images were
captured with a Panasonic DMC-FT2 digital camera at a
resolution of 14.50 MP.

All photos were taken at a solar angle of 40◦ to preclude
any possibility of sunlight-induced differences during the
same day. The test fields were close enough to ensure that the
angle of incident light was the same. This angle was verified
before images were taken.
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Table 1: Differences in management practices for the experimental sites.

Location Soil texture Management Coverage Date of sampling

PBI Clay loam Strip tillage (last week of July) Bare soil
August 13, 2010

JBP Clay loam Power harrow (first week of May) Straw cover

(a)

(b)

Figure 3: Soil surface roughness (SSR) images of PBI plots (1 cob, 2 cob, and 3 cob on (a) L-R) and JBP plots (1 jbp, 2 jbp, and 3 jbp on (b)
L-R). Each measurement was taken three times.

A frame of 1 m2 was used to take the images and assure
that the same area was chosen for each subplot reading.
The camera was set on a Slik tripod to photograph the
entire 1.0 m2 area in a single frame and to assure that the
camera lens was placed parallel to the soil surface at a
height of 1.65 m. The focal angle and the distance from
the lens to the ground were constant throughout to ensure
that the resolution would be the same in all photos. The
shadows cast by the soil microrelief were analysed with
byte map histograms using Corel Draw Photo Paint (Corel
Corporation 1992–1996) software. After identification on
the histogram, the shaded points were converted to a black
surface against a white background. The shadow index was
then computed as the percentage of blackout of the total
number of pixels. The results from each subplot were an
average measurement of the three-directional images. Pore
network and voxel-based soil porosity were evaluated using
computed tomography.

2.3. Computed Tomography Measurements. The images for
tomography measurements were taken using an XRADIA
micro-XCT-400 that belongs to the Australian Centre
for microscopy and microanalysis, University of Sidney
(Figure 4). In addition to the quantification of porosity, this
technique allows visualisation of the pore distribution and
shape as well as connectivity and aggregation.

The samples used in the CT scanner were taken from
the soil surface at the six field locations. The height of
each sample was 4 mm, and the diameter was 2 mm. The
samples were fixed to the structure of the scan without any
further preparation. Each sample was taken from the subplot
at the same location where the soil surface roughness was
measured. The resolution of the images was 5 µm, and a
threshold algorithm was applied to convert the greyscale
images to binary images, with black corresponding to the
pore space and white and grey to soil matrix, including
organic matter.
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Table 2: Soil surface roughness (SSR) and porosity at the soil
surface, expressed in percentages. The values in parentheses are the
standard deviations.

Location Sample ID Porosity (%) SSR (%)

PBI

1N 14.6 (2.36)

1W 14.08 (1.41)

1S 15.50 (0.01)

total 1 38.07 14.25 (1.41)

2N 22.22 (0.16)

2W 21.78 (0.84)

2S 25.58 (1.06)

total 2 42.92 23.19 (1.96)

3N 21.32 (0.36)

3W 25.46 (0.63)

3S 22.10 (0.15)

total 3 45.01 22.96 (1.82)

Total 42.00 (3.56) 20.13 (5.10)

JBP

1N 44.60 (1.13)

1W 43.50 (1.12)

1S 42.68 (0.00)

total 1 17.55 43.60 (1.02)

2N 39.20 (2.38)

2W 42.27 (0.52)

2S 39.68 (0.31)

total 2 18.23 40.39 (1.84)

3N 40.83 (2.35)

3W 41.58 (3.51)

3S 38.08 (0.48)

Total 3 19.28 40.16 (2.15)

Total 18.35 (0.87) 41.38 (1.92)

This equipment functioned as a high-resolution, non-
destructive 3D X-ray imaging system with a spatial resolution
of <1 µ and 0.56 µm pixel size. This technique provides
the full three-dimensional structure of soil samples with
minimal resolution dependence on the size and its prepara-
tion. The images were then evaluated using image analysis
software, which allowed the exploration of soil porosity and
the visualisation of soil microstructure.

The image processing began with reduction in greyscale
to reduce brightness. A sigma filter was applied to reduce
noise and preserve structure within images. The smoothed
images were segmented to produce binary images for the
analysis of porosity and interconnectivity. For calculation,
the images were subjected to greyscale segmentation using
different threshold values. The percentage porosity was
calculated as a percentage of black space, and the differences
between two locations were statistically compared using
analysis of variance.

Figure 4: CT Scanner (Xradia CTX 400) with sample.

3. Results

Table 2 shows the results of SSR for each plot and from
each direction expressed in percentage of shadows. There
are no significant differences in measurements for the same
subplot at sampling positions (N, S, and W). For this reason,
only the averages of each subplot are considered, allowing
direct comparison with the porosity percentages. Results
from different directions are in agreement with results from
previous studies at different geographical locations, where
this technique was validated with other well-tested methods
[1, 2].

Comparing the results in Table 2 with the resulting
images of SSR patterns for both sites (Figure 2) shows that
the numerical results express the roughness differently from
the images of each subplot.

Based on both sources of roughness measurement, the
SSR results from PBI facilities were lower because they
showed a higher degree of erosion than the plots at JBP,
and the PBI plots were not tilled since the beginning of fall.
Additionally, the degree of erosion of the PBI subplots varies,
mainly due to rainfall. The images of the first subplot show
the highest degree of erosion, followed by the second and
third subplots. The last two subplots show very similar results
for the percentage of shadows. At the second subplot, the
erosion is primarily related to the ridges created by rainfall
erosion, and at the last subplot, the remaining erosion is
created by tillage operations and the increase in oriented soil
surface roughness.

In contrast, the results from JBP subplots give higher,
more consistent levels of roughness. The percentages of
shadows obtained for JBP follow those for PBI. These values
are due to the type and later time of tillage and conservational
practices, including the addition of grass residuals to reduce
erosion.
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Table 3: Analyses of variance and covariance for SSR and porosity percentages.

(a)

Statistics of regression

Multiple correlation 0.993902605

Coefficient R∧2 0.987842388

Adjusted R∧2 0.983789851

Standard error 1.790239741

Observations 5

(b)

Degrees of freedom SS
Average of the

squared deviations
F F Critique value

Regression 1 781.237405 781.237405 243.7589899 0.000571022

Residual 3 9.61487499 3.20495833

Total 4 790.85228

Covariance −120.3479056

Corr. Coef. −0.904242715

The soil surface roughness was compared to the porosi-
ties to study their potential relation and to observe how
different management approaches influence the inner struc-
tures of soil, particularly porosity and its influence on
erosion.

The resulting inner structures found in the sampling
aggregates from different sites and subplots are shown in
Figure 6. These images represent the complete aggregate and
a visualisation of the inner core of samples.

The images of samples from the JBP site present a
stronger degree of aggregation than samples from PBI
(Figures 5 and 6). The degree of cementation is high in
clumps from JBP, indicating that these soils are less suscep-
tible to erosion than soils with a low degree of aggregation,
such as the PBI samples. Because both soils have the same
texture, the higher degree of aggregation in the PBI samples
seems to be produced by a higher presence of organic matter
and organisms. The higher presence of macroaggregates and
greater SSR percentages (Figures 5 and 6) is related to tillage
practices and residual organic matter used as cover. Thus,
the porosity at JBP is distributed in well-organised channels.
These results are based on the literature reviews and indicate
that the observed porosity is mainly related to structural
porosity with the organisation of interaggregates [16, 17].

The percentages of porosity found in both experimental
sites (Table 2) show that the porosity at PBI is almost twice
that calculated for JBP. However, examination of the inner
structure (Figure 6) shows that PBI samples lack aggregation
and are more susceptible to erosion. Therefore, PBI has a
higher percentage of textural porosity, where particles form
intraaggregates with cohesion mainly associated with soil
mineralogy and where microaggregates are the dominant
hierarchical order [18]. This result is supported by the lowest
percentage of SSR showing less resistance to erosion [1, 2].

4. Discussion

Comparing the results obtained for SSR with porosity values
of the experimental plots shows that plots with higher
percentages of SSR have lower percentages of porosity, as is
the case for the PBI samples.

The regression analysis was used to compare SSR and
porosity, indicating a negative correlation with R2 = 0.99,
significant at P < 0.0015 (Figure 7; Table 3).

The resulting relation between the two parameters
corroborates the erosion properties of both sites. Soils from
PBI show low aggregation, high porosity, very low microrelief
of the soil surface, and low resistance to erosion, most of
which is induced by rainfall, as indicated by the presence of
ridges. The 3D images show that the high porosity is mainly
due to textural porosity with a low degree of aggregation, and
the absence of vegetal coverture and low percentage of SSR
make the soil highly sensitive to erosion.

However, the images of subplots from JBP show that
soil management practices have increased the SSR associated
with the formation of macroaggregates and the presence of
interaggregates [16, 17, 19]. Structural porosity seems to
prevail over textural porosity here. These properties give the
JBP plots a high degree of stabilisation, with the formation of
macroaggregates due to the presence of organic matter and
possibly microorganisms (Figures 5 and 6) [15, 19], and a
lower susceptibility to erosion than PBI [19].

The observed differences in structures and SSR are
related to the soil tillage practices and the existence of grass
residues that protect the soil surface from erosion, enhancing
the inner structure and well-organised soil interconnectivity
of the JBP plots [20–22].

In comparison, the highest soil surface roughness among
PBI plots is closely related to the lack of soil structure
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(a) (b)

Figure 5: Scanned soil samples. PBI samples are on the bottom and JBP samples are on the top. A) complete scanned sample, B) internal
view of scanned sample.

PBI

(a)

JBP

(b)

Figure 6: Internal distribution of porosity. PBI is shown at the top and JBP is shown at the bottom. For each site, samples 1, 2 and 3 are
ordered L-R.

due to the high erosion rate caused by the lack of soil
surface protection and the soil management practices, that
is, the exposure of bare surface to water erosion, destroying
the inner aggregation and interconnectivity of the soil
[19].

5. Conclusion

Based on the results obtained in this study, SSR is closely
related to soil aggregation, structural porosity, and the
presence of macroaggregates. The high porosity of PBI
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Figure 7: Regression analysis of porosity (%) versus SSR (%).

samples with low SSR percentages indicates high disturbance
and the lack of macroaggregation of soil, whereas images
of JBP samples with higher SSR values and lower porosities
indicate a higher presence of macroaggregates and a higher
degree of stabilisation.

Both parameters indicate that the implementation of
management conservation practices, particularly conserva-
tion tillage practices and use of residual coverage on the soil
surface, prevent erosion and enhance soil macroaggregation
and stabilisation due to organic matter and organisms being
less susceptible to soil surface erosion.

Therefore, the SSR values are increased as soil is tilled
as a conservation practice, and the microstructures indicate
aggregation. In this sense, the high percentage of SSR pro-
duces lower erosion rates in soil, promoting the formation
of macroaggregates. Here, soil porosity and soil SSR have a
negative correlation, with an R2 value of 99.9%.

From these results, it can be concluded that the study of
SSR and the observation of the inner structures of soil are
complementary and can be used to evaluate the influence of
soil management practices on soil erosion susceptibility.

However, further research on the comparison of soil
types and different management practices must be per-
formed to confirm the findings of this study relating soil
microstructures and SSR as well as to complement other soil
properties that are thought to be interrelated.
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