Geoderma 140 (2007) 397 – 416
www.elsevier.com/locate/geoderma

The analysis of ranked observations of soil structure
using indicator geostatistics
R. Kerry a,⁎, M.A. Oliver b
a
b

Department of Geography, Brigham Young University, Provo, Utah, USA
Department of Soil Science, University of Reading, Reading, England, UK
Available online 14 May 2007

Abstract
Structure is an important physical feature of the soil that is associated with water movement, the soil atmosphere, microorganism activity and
nutrient uptake. A soil without any obvious organisation of its components is known as apedal and this state can have marked effects on several
soil processes. Accurate maps of topsoil and subsoil structure are desirable for a wide range of models that aim to predict erosion, solute transport,
or flow of water through the soil. Also such maps would be useful to precision farmers when deciding how to apply nutrients and pesticides in a
site-specific way, and to target subsoiling and soil structure stabilization procedures.
Typically, soil structure is inferred from bulk density or penetrometer resistance measurements and more recently from soil resistivity and
conductivity surveys. To measure the former is both time-consuming and costly, whereas observations made by the latter methods can be made
automatically and swiftly using a vehicle-mounted penetrometer or resistivity and conductivity sensors. The results of each of these methods,
however, are affected by other soil properties, in particular moisture content at the time of sampling, texture, and the presence of stones.
Traditional methods of observing soil structure identify the type of ped and its degree of development. Methods of ranking such observations from
good to poor for different soil textures have been developed. Indicator variograms can be computed for each category or rank of structure and
these can be summed to give the sum of indicator variograms (SIV).
Observations of the topsoil and subsoil structure were made at four field sites where the soil had developed on different parent materials. The
observations were ranked by four methods and indicator and the sum of indicator variograms were computed and modelled for each method of
ranking. The individual indicators were then kriged with the parameters of the appropriate indicator variogram model to map the probability of
encountering soil with the structure represented by that indicator. The model parameters of the SIVs for each ranking system were used with the
data to krige the soil structure classes, and the results are compared with those for the individual indicators. The relations between maps of soil
structure and selected wavebands from aerial photographs are examined as basis for planning surveys of soil structure.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Structure is an important physical feature of the soil that
affects the nature and distribution of pores, which hold water, air
and allow roots to penetrate. It is also plays a crucial role in the
transport of water, gases and solutes in the environment, and in
microorganism activity and nutrient uptake. A soil without any
obvious organisation of its components is known as apedal.
This can be single grain where the mineral material is almost
surrounded by a continuous pore phase (usually sandy soil), or
⁎ Corresponding author.
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0016-7061/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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massive where the mineral material is continuous and the pores
are discontinuous (usually clayey soil). Bronick and Lal (2005)
present a comprehensive review of the processes that cause and
disrupt soil aggregation and also consider the advantages and
disadvantages of various methods of managing soil structure.
Accurate maps of topsoil and subsoil structure are desirable
for a wide range of models that aim to predict soil erosion, solute
transport, or flow of water through the soil. Also such maps
could be used as a guide for farmers when applying nutrients
and pesticides variably, or to target subsoiling or stabilization of
soil structure. The designation of nitrate vulnerable zones in
England and Wales in 1996 (Evers et al., 2001) for example,
means that farmers now need to consider soil structure and
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texture, as well as crop needs, when applying nitrogen fertilizers
to the soil. Where soil structure allows preferential flow of water
and solutes through macropores in the soil there is a greater need
to limit nitrate and pesticide applications. Typically, when
mapping the spatial variation in soil structure for such purposes
it is inferred from bulk density (Horn et al., 2003; Dexter and
Birkas, 2004; Bartoli et al., 2005) or penetrometer resistance
measurements (Perfect et al., 1990; Grunwald et al., 2001;
Munkholm et al., 2003). Measuring bulk density is time-consuming and costly, whereas penetrometer resistance can be
measured automatically and swiftly using a vehicle-mounted
penetrometer. However, the results of both methods are affected
by many properties of the soil that vary spatially, in particular the
moisture content at the time of sampling, soil texture, and the
presence of stones. Thus, pedotransfer functions (To and Kay,
2005; Grunwald et al., 2001) developed to aid the interpretation of
such measurements are likely to be useful only very locally. An
additional problem is that both methods have linear scales related
to soil compactness (ratio of soil weight to volume) and strength,
respectively, whereas structure is a non-linear set of ranks. This is
because the types of structure regarded as good and poor depend
on soil texture. Bulk density and penetrometer measurements can
provide insight into the spatial variability of soil structure where
the texture is reasonably constant, but if the texture varies laterally
and with depth such measurements become less reliable.
Therefore, soil texture needs to be recorded for each location
where bulk density and penetrometer resistance are made, which
is expensive. Furthermore, these methods cannot be used to infer
soil structure in stony soil.
Recently, soil resistivity and conductivity surveys (Tabbagh
et al., 2000; James et al., 2003; Besson et al., 2004) have been
used to infer soil structure, however, as for bulk density and
penetrometer resistance there are difficulties in interpreting the
results as the relations with other properties can change even
within fields. Therefore, we suggest a return to traditional methods of observing soil structure and the application of geostatistical
methods for mapping it. Indicator kriging has been used successfully to map nominal data, such as water table class (Bierkens
and Burrough, 1993), notions of soil quality (Smith et al., 1993),
and soil degradation (Diodato and Ceccarelli, 2004). Therefore, it
seems an appropriate approach for mapping soil structure.
Traditional observations of soil structure are made by noting
the type of ped and its degree of development (Hodgson, 1974).
Peerlkamp (1967) and Hodgson (1976) have developed
methods for ranking such observations for soil types with different textures to indicate what constitutes ‘good’, ‘medium’
and ‘poor’ structure for agricultural purposes. Such methods of
ranking structure can also be used by those wanting to model
soil processes, for example to determine its influence on other
soil properties, such as hydraulic conductivity. This paper
evaluates the merits of four methods of ranking structure on
different parent materials using geostatistics, and suggests an
approach for mapping soil structure that economizes on the
number of observations required. Kerry and Oliver (2003)
showed that intensive ancillary data, such as those from digitized aerial photographs, could be used to guide sampling in the
absence of existing variograms of soil data for a site.

1.1. Theory: the indicator approach
An indicator variable is essentially a binary variable; it takes
the values of 1 or 0 only, i.e. presence or absence, respectively
(Webster and Oliver, 2001). Soil structure is a multi-state
character that generally has more than two classes. This type of
random variable is described as discrete or categorical
(Goovaerts, 1997). It can be converted to indicators by coding
each class as present or absent for a given sampling point. If
there are three classes of soil structure, i.e. K = 3 for example,
there would be one binary variable for each class and each one
would be coded as 1 or 0 in turn. The K classes of structure are
mutually exclusive and only one of the three would be coded 1
and the other two would be 0 at a given site.
Let S(x) denote a discrete random variable at a site x. The
relation between a categorical variable at two sites separated by
a lag, h, can be determined by considering the probability, p(h),
that they belong to different categories of soil structure, S
(Goovaerts, 1994). The probability is defined by
pðhÞ ¼ Pr½S ðxi Þ p S ðxi þ hÞ;

ð1Þ

and it describes how the probability that the soil structure
observed at two sites changes with distance. For a set of
observations, an estimate of p(h) can be obtained by computing
N ð hÞ

p̂ðhÞ ¼

1 X
X½S ðxi ÞpS ðxi þ hÞ;
N ðhÞ i¼1

ð2Þ

where N(h) is the number of paired comparisons and Ω[S(xi) ≠
S(xi + h)] is an indicator function defined as

1 if S ðxi Þ p S ðxi þ hÞ
X½S ðxi Þ p S ðxi þ hÞ ¼
:
ð3Þ
0 otherwise
Let I(x;Sk) be an indicator variable for soil structure class k,
k = 1,… , K, defined as

1 if xoSk
I ðx; Sk Þ
:
ð4Þ
0 otherwise
The indicator variogram for class k is the variogram of Eq. (4)
gI ðh; Sk Þ ¼

1
Var ½I ðxi ; Sk Þ  I ðxi þ h; Sk Þ
2

ð5Þ

The function p(h) above is equivalent to the sum of the
individual indicator variograms, γI ( h;Sk), as described by
Goovaerts and Webster (1994). The sum of indicator variograms (SIV ) is given by
pðhÞ ¼
¼

K
X

gI ðh; Sk Þ

k¼1
K
X

1
Var ½I ðxi ; Sk Þ  I ðxi þ h; Sk Þ:
2 k¼1

ð6Þ

When an individual indicator is kriged, the values
are between zero and one. This gives us the probability,
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Table 1
Coding of observations of soil structure in the field (Hodgson, 1974)

Table 3
Peerlkamp's (1967) assessment of soil structure in cultivated layers

Degree of structural development

Type of Ped

Clay and loam soil

Sandy soil

Apedal: single grain, massive
Weakly developed
Moderately developed
Strongly developed
Compound peds

a) Single grain
b) Crumb
c) Block
d) Platy

Rank Description

Field
Field
Description
observation observation
code
code

Plough layer
4c
consists entirely
of big clods,
smooth dense ped
faces, reducing
conditions, roots
only in cracks
Plough layer big 3c
dense aggregates,
smooth ped faces,
roots between
aggregates
OR
Top 6 cm angular
aggregates, very
dense below 6 cm

1a

9
Single grain
structure, no
cohesion of
particles if low in
humus

2b

A few aggregates
of low stability.
Low cohesion

5

Plough layer big 2b
but porous
aggregates, rather
smooth ped faces
OR
Top 7–8 cm small
porous aggregates
with denser layer
below

2c, 3c

3

3b, 2c
Plough layer
mostly porous
crumbs partly
combined as
porous
aggregates.
Occasional denser
clods
Plough layer all
1a, 4b
porous crumbs
very few dense
aggregates

3b, 4c

9

p(x,Sk) = Pr{S(x) = Sk}, that a given category or ranking is
present or absent at a given location.
7

2. Methods
2.1. Site description
The soil was sampled at four arable field sites in the United
Kingdom, referred to here as Shuttleworth Clay (SC), Shuttleworth Sand (SS), Wallingford and Yattendon. The field sites SC
(10.5 ha) and SS (6.9 ha) are on the Shuttleworth Estate,
Bedfordshire (National Grid references for the field centres: TL
513500, 245300 and TL 514150, 244650, respectively); they
were both in stubble at the time of sampling. The topography at
SC is low-lying and the soil, which has a clay to clay loam texture,
has formed on Oxford Clay. The SS site is in a valley and the soil,
which has a sandy to sandy clay loam texture, has formed on the
Lower Greensand. The Wallingford site is a 44 ha field at
Crowmarsh Battle Farms, Benson, Oxfordshire (National Grid
reference for field centre, SU 465100, 192400). The soil has
formed on plateau gravels over the Chalk; it is very stony and has
a sandy loam to clay texture. The gravel composition and the
topsoil texture varied with the undulating topography of the field,
and the texture generally became heavier with depth. A young
cereal crop was growing in the field at the time of sampling. The
Yattendon site is a 10.4 ha arable field on the Yattendon Estate,
Berkshire (National Grid reference for field centre, SU 455500,
180500). The field is on a plateau and north-facing slope of the
Chalk Ridgeway, and the soil has clay loam or silty clay loam
texture and has many small chalk fragments and large flint stones.
A young cereal crop was growing in the field at the time of
sampling.
2.2. Soil sampling and analysis
The topsoil (0–15 cm) and subsoil (20–30 cm) at each site
were sampled by auger at the intersections of 20-m (SC — 205

Rank

1

4b

7

OR
Loose top layer
on collapsed and
compacted lower
layer
Slight cohesion of 5
particles, topsoil
with large dense
aggregates
OR
Top layer (7–
8 cm) moderate
aggregation over
collapsed lower
layer
3
Plough layer
almost entirely
porous, stable
crumbs
occasional dense
aggregates

Entire plough
layer consists of
stable porous
crumbs and few
dense aggregates

1

sites and SS — 109 sites) and 30-m grids (Wallingford — 294
sites and Yattendon — 102 sites). The sampling schemes, apart
from that for Yattendon can be seen in Figs. 1a, 2a and 3a of
Kerry and Oliver (2007-this issue) in this issue. Observations

Table 2
Summary of the Hodgson (1976) method of soil structure ranking for all textures
S and LS soila

SL, SZL and ZL soila

SCL, CL, ZCL, SC, C and ZC soila

Rank

Field observation code

Rank

Field observation code

Rank

Field observation code

1 — good
2 — medium
3— poor

3b, 3c, 4b
2b, 2c, 4c
1a

1 — good
2 — medium
3— poor

2b, 3b
2c, 3c, 4c
1a

1 — good
2 — medium
3— poor

3b, 3c, 4b
2b, 2c
1a, 4c

a

Sand (S), Loamy Sand (LS), Sandy Loam (SL), Sandy Silt Loam (SZL), Silty Loam (ZL), Sandy Clay Loam (SCL), Clay Loam (CL), Silty Clay Loam (ZCL), Sandy
Clay (SC), Clay (C) and Silty Clay (ZC).
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Table 4
Kerry (A) and (B) soil structure ranking methods for all soil textures
Sandy, clay and loam soils
Ranking Method

Rank

Field observation code

Kerry (A)
Kerry (A)
Kerry (A)
Kerry (A)
Kerry (A)
Kerry (A)
Kerry (A)
Kerry (B)
Kerry (B)
Kerry (B)

1 — very good
2 — good
3 — medium–good
4 — medium
5 — medium–poor
6 — poor
7 — very poor
1 — good
2 — medium
3 — poor

4b
3b
2b
2c
3c
4c
1a
3b, 4b
2b, 2c, 3c
1a, 4c

of soil structure were made using the descriptive system of
Hodgson (1974), which takes into account the type of ped and
its degree of development (Table 1). The observations were then
ranked in three different ways. One used Hodgson's (1976)
structure charts for three textural groups (sand (S) or loamy
sand (LS); sandy loam (SL), sandy silt loam (SZL) or silty
loam (ZL); and sandy clay loam (SCL), clay loam (CL), silty
clay loam (ZCL), sandy clay (SC), clay (c) or silty clay (ZC).
Hodgson's method ranks soil structure into three classes; good,
medium or poor for each set of soil texture classes (Table 2).
The second method used Peerlkamp's (1967) descriptions of
structure with five ranks between one and nine for clay, loam,
and sandy textures; the higher ranks represent poorer soil
structure (Table 3). Finally, the observed structure was ranked
into seven classes where each type of structure, e.g. weakly
developed crumb or strongly developed blocky structure, had its
own rank (Kerry A; Kerry, 2003), and into three classes (good,
medium or poor structure, Kerry B; Kerry, 2003). The Kerry
(2003) ranking methods did not specifically take account of
differences in soil texture (Table 4). Observations of soil
structure were made in the field at the time of sampling,
although undisturbed samples obtained by a vehicle-mounted
corer could be taken to the laboratory for this purpose.
Samples of topsoil (0–15 cm) were also taken at the nodes of a
20-m grid for the Shuttleworth sites and a 30-m grid for the other
two fields. Six cores of soil were taken within 1 m of each grid
node and mixed to provide a bulked sample. The percentage sand,
silt and clay contents of the air-dry b 2 mm fractions were then
determined by laser granulometry. These data provided information on the textural class of the soil at each grid node. Loss on
ignition (LOI) of oven-dry (100 °C) samples when heated to
500 °C was measured to give an indication of organic matter
content of the soil.
2.3. Aerial photograph analysis
Colour aerial photographs at a scale of 1:10,000 obtained
from standard surveys (www.aerofilms.com) for each field were
scanned at a resolution of 75 dpi resulting in a ground pixel size
of 3.4 m. The photographs were geo-corrected to UK Ordnance
Survey coordinates, and digital numbers (DNs, 0–255) for the
red, green and blue wavebands were extracted for each pixel

using ERDAS Imagine (www.erdas.com). These data could
then be used for variogram analysis to indicate possible scales
of variation of soil properties.
2.4. Geostatistical analysis
Experimental indicator variograms were computed for the
ranked soil structure data; each rank in every ranking system
was a separate indicator that had its own variogram (see, for
example, Fig. 1). Indicator variograms for the extreme threshold
values of a variable often show little structure because they are
computed from few pairs of indicator data (Goovaerts, 1997). In
such cases, where the variogram was almost pure nugget, the
only suitable model was a linear function. For each ranking
system the experimental indicator variograms for all indicators
were summed to give the sum of indicator variograms (SIVs)
(Goovaerts and Webster, 1994), Fig. 1. The individual indicator
variograms and SIVs were modelled in GenStat (GenStat 5
Committee, 2006) by weighted least squares approximation.
For ranking methods with more categories of soil structure, the
sill variance of the SIV is larger than for those with fewer. This
should be borne in mind when comparing the results of different
methods.
Indicator kriging requires a variogram model for each
indicator, which can be problematic as mentioned above. It is
also computationally intensive if there are many indicators
because each has to be kriged separately, and finally the
predictions have to be post-processed to ensure consistency of
the estimated local probabilities. Those likely to use maps of
soil structure, for example precision farmers, might be
interested in the distribution of only selected indicators, such
as poor soil structure. In this case, predictions of the individual
indicators can be made by ordinary kriging using the model
parameters of the appropriate indicator variogram with the
binary data for that indicator. The result is a map of the probabilities that a particular indicator, for example poor soil structure, is present or absent. This is the approach that we used here
for the individual indicators.
Table 5
Model parameters for sum of indicator variograms (SIV) for four methods of
ranking soil structure at Shuttleworth clay
Method of
ranking

Model type

c0

c or
gradient, g

a/a′ (m) or
exponent, α

Nugget:
sill ratio

Topsoil
Hodgson
Kerry A
Kerry B
Peerlkamp

Linear
Exponential
Linear
Circular

0.4618
0.3944
0.1086
0.4618

g = 0.0004494
0.2008
g = 0.0004494
0.1335

α=1
128.0
α=1
142.1

0.6626

Subsoil
Hodgson
Kerry A
Kerry B
Peerlkamp

Power
Exponential
Power
Exponential

0.07764
0.4724
0.09123
0.4838

g = 0.0000038
0.2047
g = 0.0000038
0.1991

α = 1.877
132.3
α = 1.894
150.0

0.7757

0.6977
0.7985

where c0 is the nugget variance, c is the spatially correlated component, g is the
gradient of the power function, a is the range of spatial dependence, a′ = 3r is the
working range for the exponential function, where r is the distance parameter,
and α is the exponent of the power function.

R. Kerry, M.A. Oliver / Geoderma 140 (2007) 397–416

401

The SIVs were used to krige all categories of soil structure
for each method of ranking; this approach treats the data as
though they are continuous. To assess the validity of this
variograms from the ranks for one site (Wallingford) were
computed and modelled as if the data were continuous and these
models were used for kriging. Although there were small
differences in these model parameters from those of the SIVs,
the kriged maps were virtually identical. This suggests that
using the SIVs for ordinary kriging of the ranks does not
compromise the results, and so we applied this approach to all
of the sites. As mentioned above some of these methods have
more classes than others and this will be reflected in the kriged
maps; there will be more classes in the scale for some maps than
for others. For the Peerlkamp method the categories were 1, 3,
5, 7, 9, but as there were only five categories the scale was made
continuous, 1–5 (Table 3) for kriging with the SIV.
Experimental multivariate variograms of the red, green and
blue reflectances from the aerial photographs were computed
following the method of Bourgault and Marcotte (1991) for
each field using the raw data or REML residuals from a trend
surface where necessary. These variograms were then modelled
by weighted least squares approximation.

methods of ranking of topsoil and subsoil structure. Smaller
nugget:sill ratios suggest that the method of ranking has
resolved the variation in soil structure well. We also compared
the kriged probability maps for all indicators to determine which
methods distinguished well between areas of good and poor
structure. We selected good and poor structure as criteria
because of the effects of good structure on solute movement
through soil and that of poor structure on crop yield and the
potential for erosion. The similarity between the individual
indicator maps and the associated SIV maps was taken to
indicate those methods that had resolved the pattern well. We
also compared the kriged maps based on the SIVs from the
different methods with maps of the wavebands from the aerial
photographs to determine whether there were similar patterns
of variation evident.
As there are many indicators for some ranking methods and
potentially as many maps, together with the maps kriged using the
SIVs, we include only maps of good and poor structure, and the
SIV map for each ranking method to economize on space and
unnecessary detail. In a few cases we have selected the maps of
medium or very poor soil structure for a particular ranking method
where the map for good or poor structure shows no variation.

3. Results and discussion

3.1. Shuttleworth clay

As the different methods of ranking soil structure have
different numbers of indicators or categories of soil structure, it
was not possible to use cross validation to assess the performance of the methods quantitatively. Therefore, we used
several more or less qualitative ways to assess them. One was a
comparison of the nugget:sill ratios of the SIVs for different

Fig. 1 shows the experimental indicator (open symbols) and
sum of indicator (solid symbols) variograms for each method of
ranking topsoil and subsoil structure. Overall the individual
indicator variograms show little structure. The solid line is the
best fitting model to the experimental SIVs. Linear and power
functions with large nugget variances were fitted to the topsoil

Fig. 1. Indicator variograms for different methods of ranking soil structure at Shuttleworth Clay: (a–d) for the topsoil, and (e–h) for the subsoil. (Open symbols are
experimental variograms for individual indicators, solid symbols are experimental sum of indicator variograms (SIV), and the solid line is the fitted model).
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Fig. 2. Maps of topsoil structure for Shuttleworth Clay: (a) Hodgson (H) good, (b) H poor, (c) H classes based on SIV, (d) Kerry A (KA) good, (e) KA poor, (f) KA
classes based on SIV, (g) Kerry B (KB) medium, (h) KB poor, (i) KB classes based on SIV, ( j) Peerlkamp (P) good, (k) P poor, (l) P classes based on SIV.

and subsoil SIVs for Hodgson's (H; HT = Hodgson topsoil and
HS = Hodgson subsoil) and the Kerry B (KB; KBT = Kerry B
topsoil and KBS = Kerry B subsoil) ranking methods. The
topsoil and subsoil SIVs for the other rankings show more
structure; for Kerry A (KA; KAT = Kerry A topsoil and KAS =
Kerry A subsoil) and Peerlkamp (P; P T = Peerlkamp topsoil and
PS = Peerlkamp subsoil) they were modelled by bounded

functions. Table 5 gives the model parameters for the SIVs;
the variogram ranges for PT and KAT are 142 m and 178 m,
respectively, and for PS and KAS they are 150 m and 132 m,
respectively. They are a similar order of magnitude for both soil
depths and methods of ranking. The average range of the SIVs
of about 140 m is also similar to those for topsoil sand content
and the multivariate variogram of the wavebands of the aerial
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Fig. 3. Maps of subsoil structure for Shuttleworth Clay: (a) Hodgson (H) good, (b) H poor, (c) H classes based on SIV, (d) Kerry A (KA) good, (e) KA poor, (f) KA
classes based on SIV, (g) Kerry B (KB) medium, (h) KB poor, (i) KB classes based on SIV, ( j) Peerlkamp (P) good, (k) P poor, (l) P classes based on SIV.

photograph (Table 9). The nugget:sill ratios, c0:c (Table 5) are
smaller for KA than for P for both soil depths, which suggests
that more of the spatial variation in soil structure has been
resolved by KA.
Fig. 2 shows selected probability maps from kriging the
individual indicators of topsoil structure; the larger the probability
the greater is the likelihood that the structure is, for example, good

in that area. The maps of good topsoil structure for ranking
methods H, KA and P (Fig. 2a, d and j, respectively) are more or
less the same as that for KB medium (Fig. 2g). The maps for H and
KB poor (Fig. 2b and h) are also similar. The maps for KA and P
poor (Fig. 2e and k, respectively) show much more variation than
those for the H and KB methods of ranking (Fig. 2b and h,
respectively). The maps of P and KA poor would be of value for
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Fig. 4. Maps for Shuttleworth Clay of: (a) sand, (b) clay, and (c) organic matter contents; Shuttleworth Sand (d) sand, (e) clay, and (f) organic matter contents;
Wallingford (g) sand, (h) clay, and (i) organic matter contents; Yattendon ( j) sand, (k) clay, and (l) organic matter contents.

targeting the management of structure as there are well defined
areas with a large probability of poor structure, whereas most of
the field is in this category for H and KB.
Fig. 2c, f, i and l shows the kriged maps of topsoil structure class for the different methods of ranking using the
SIVs. Those for KA and P are similar and provide a good
description of the main areas of poor structure where values

exceed 2.75. The areas of good soil structure stand out clearly
for all methods. Based on the detail in some of the maps of the
individual indicators, the SIVs for KA and P provide a good
summary of the variation in topsoil structure in this field and
could be used to guide management issues associated with
structure. The area of poor structure coincides with the largest
clay and organic matter contents of the topsoil, Fig. 4b and c,

R. Kerry, M.A. Oliver / Geoderma 140 (2007) 397–416
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Fig. 5. Maps of selected wavebands from aerial photographs for: (a) Shuttleworth Clay, blue waveband of bare soil reflectance (1991), (b) Shuttleworth Sand,
green waveband of crop reflectance (1991), (c) Wallingford, red waveband of crop reflectance (1997), and (d) Yattendon, blue waveband of bare soil reflectance
(1991).

Fig. 6. Indicator variograms for different methods of ranking soil structure at Shuttleworth Sand: (a–d) for the topsoil, and (e–h) for the subsoil. (Open
symbols are experimental variograms for individual indicators, solid symbols are experimental sum of indicator variograms (SIV), and the solid line is the
fitted model).
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respectively, and does not relate to the field entrance shown
by the arrow in Fig. 5a and heavily trafficked parts of the
field.
Fig. 3 shows the maps of subsoil structure for selected
indicators and methods of ranking. Those for H good and poor
(Fig. 3a and b), KB medium and poor (Fig. 3g and h), and KA
and P good (Fig. 3d and j, respectively) are more or less the
same as those for the topsoil (Fig. 2), whereas those for KA and
P poor (Fig. 3e and k, respectively) are quite different. Fig. 3c, f,
i and l shows the kriged maps of subsoil structure class for the
different methods of ranking using the SIVs. For all methods of
ranking, the topsoil and subsoil maps are similar; those for H
and KB (Fig. 3c and i, respectively) are more so than for KA and
P (Fig. 3f and l, respectively). For the latter methods areas with
values N 3.0 have poor structure. The maps of subsoil structure
classes based on the SIV for KA and P are easier to interpret
than are those of the individual indicators for these methods of
ranking because the pattern of variation it describes is much
more simple and usable by practitioners.
The south western part of the field has good topsoil and
subsoil structure. The marked differences in structure within the
field might require different approaches for the application of
herbicides and pesticides, especially as the areas of good structure
(Figs. 2 and 3) have the largest sand contents also (Fig. 4a). Fig. 5a
shows the reflectances of the blue waveband for the aerial
photograph of bare soil taken in 1991. This shows a relation with
the SIV maps of structure classes. The paler areas coincide with
the areas of good structure and the medium grey areas with the
poorest structure. There appears to be no relation between the
areas with poor topsoil or subsoil structure (Figs. 2 and 3) and
the field entrance which is shown in Fig. 5a.
3.2. Shuttleworth sand
Fig. 6 shows the experimental indicator (open symbols) and
sum of indicator (solid symbols) variograms for each method
of ranking topsoil and subsoil structure. As for SC, many
experimental variograms of the individual indicators show little
Table 6
Model parameters for sum of indicator variograms (SIV) for four methods of
ranking soil structure at Shuttleworth sand
Method of
ranking

Model type

c0

c or
gradient, g

a/a′ (m) or
exponent, α

Nugget:
sill ratio

Topsoil
Hodgson
Kerry A
Kerry B
Peerlkamp

Exponential
Spherical
Circular
Nugget

0.2089
0.5571
0.4330
0.5600

0.4722
0.2253
0.2167

269.4
126.8
88.00

0.3067
0.7120
0.6665

Subsoil
Hodgson
Kerry A
Kerry B
Peerlkamp

Exponential
Linear
Nugget
Spherical

0.1506
0.6256
0.3853
0.4309

0.2491
g = 0.000807

96.90
α=1

0.3768

0.0801

57.40

0.8433

where c0 is the nugget variance, c is the spatially correlated component, g is the
gradient of the power function, a is the range of spatial dependence, a′ = 3r is the
working range for the exponential function, where r is the distance parameter,
and α is the exponent of the power function.

structure, whereas most SIVs do and can be modelled. The SIVs
for PT and KBS are pure nugget, that for KAS is unbounded, and
the rest were modelled by bounded functions, Table 6 gives the
model parameters. The variogram ranges for the different
methods of ranking are quite different for this field for both soil
depths; they are from 57 m (PS) to 269 m (HT). The ranges of
sand content and the multivariate variogram of the wavebands
of the aerial photographs (Table 9) also differ, however, the
average range of the SIVs of 127 m is similar to these. The
nugget:sill ratios, c0:c (Table 6) are smaller for HT than for KAT
and KBT, and for HS than for PS.
Fig. 7 shows selected probability maps from kriging the
individual indicators of topsoil structure. Those for H good and
medium (Fig. 7a and b) show clear patterns of variation over the
field; for this method of ranking there were no areas of poor
structure (map not included). The map of good structure for P
(Fig. 7j) shows little relation to that for H. The indicator maps
for KA and KB good and poor (Fig. 7d, g and e, h, respectively)
are similar to one another and to the maps of good and medium
structure for H. Fig. 7c, f, i and l shows the maps of topsoil
structure class kriged using the SIVs for the different methods
of ranking. The topsoil SIV maps are similar to the individual
indicator maps of good and poor structure, except that for P
(Fig. 7l); that for KA (Fig. 7f) shows the closest relation. The
area of poor structure in the SW of the field has the smallest sand
content and largest clay and organic matter contents (Fig. 4d, e
and f, respectively), as was the case for SC. The field entrances
and most heavily trafficked parts of the field are not in this area
of poor structure (see field entrances in Fig. 5b).
Fig. 8 shows the maps of subsoil structure for selected
indicators; those for H good and medium (Fig. 8a and b) show
similar patterns of variation to those for HT (Fig. 7), albeit less
clear. The patterns of variation in the maps for KA good and
poor (Fig. 8d and e) are also less distinct than those for the
topsoil. The maps for KB good and poor (Fig. 8g and h) are
similar to those for KA (Fig. 8d and e). The map for P good and
poor (Fig. 8j and k) are again dissimilar from those of the other
ranking methods. Fig. 8c, f, i and l shows the maps of subsoil
structure class kriged using the SIVs; as for the topsoil those for
H, KA and KB are similar to one another and they provide a
good summary of the individual indicators for these methods.
The SIV for P (Fig. 8l) is quite different from the others; this
map together with those of the individual indicators suggests
that this method of ranking has failed in this field. The poor
subsoil structure in the SW of the field relates to the area of poor
topsoil structure.
Fig. 5b shows reflectances of the green waveband from the
aerial photograph taken in 1991 when there was a crop in the
field. The areas of good soil structure in the north and east
(Figs. 7 and 8) coincide with the paler areas in this image and
the area of poor structure in the south western part of the field
is darker.
3.3. Wallingford
Fig. 9 shows the experimental indicator (open symbols) and
sum of indicator (solid symbols) variograms for each method of
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Fig. 7. Maps of topsoil structure for Shuttleworth Sand: (a) Hodgson (H) good, (b) H medium, (c) H classes based on SIV, (d) Kerry A (KA) good, (e) KA very poor,
(f ) KA classes based on SIV, (g) Kerry B (KB) good, (h) KB poor, (i) KB classes based on SIV, ( j) Peerlkamp (P) good, (k) P poor, and (l) P classes based on SIV.

ranking topsoil and subsoil structure. As for SC and SS many
experimental variograms of the individual indicators show little
structure, but for this field the SIVs of the subsoil are strongly
structured. The SIVs were modelled with bounded functions,
Table 7 gives the model parameters. The nugget:sill ratios show a
distinctive pattern for this field compared with the others; those in
the topsoil for all methods of ranking are on average twice as large
as those for the subsoil. This is what we would expect in a field
with a young cereal crop as topsoil structure has been more

disturbed by recent ploughing than that in the subsoil, and its
variation is less continuous. This was not the case for the
Shuttleworth sites because the fields were in stubble and had not
been ploughed recently. The variogram ranges of topsoil structure
are generally shorter than those of the subsoil, except that for
KAS. In general, the ranges at this site are much longer than are
those at SC and SS. The average range of the SIVs is close to
those of the variograms of sand content and of the multivariate
variogram of the wavebands of the aerial photograph (Table 9).
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Fig. 8. Maps of subsoil structure for Shuttleworth Sand: (a) Hodgson (H) good, (b) H medium, (c) H classes based on SIV, (d) Kerry A (KA) good, (e) KA poor, (f) KA
classes based on SIV, (g) Kerry B (KB) good, (h) KB poor, (i) KB classes based on SIV, (j) Peerlkamp (P) good, (k) P poor, and (l) P classes based on SIV.

Fig. 10 shows selected probability maps from kriging the
individual indicators of topsoil structure. The maps for H, KA and
KB of good (Fig. 10a, d and g, respectively) and poor (Fig. 10b, e
and h, respectively) structure, respectively, are similar, whereas
those for P (Fig. 10j and k) are different. The maps of topsoil
classes kriged using the SIVs are also similar for all methods of
ranking (Fig. 10c, f, i and l), except for P which is again different.
The areas of good soil structure are in the northern part of the field
and the structure in the southern part is poor. There appears to be a
less consistent relation here between poor structure and smaller

sand content (Fig. 4g) than for the Shuttleworth sites. This might
be because there is a greater range in soil texture in this field.
However, there does seem to be a relation between clay and
organic matter contents (Fig. 4h and i, respectively); these are
large where the structure is poor. There also appears to be a
relation between landform and structure here, with good structure
on the plateau area in the north eastern part of the field and on the
slope in the north western part, and poorer structure in the valley
to the south. There appears to be no association between poor
structure and the field entrances shown in Fig. 5c.
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Fig. 9. Indicator variograms for different methods of ranking soil structure at Wallingford: (a–d) for the topsoil, and (e–h) for the subsoil. (Open symbols are
experimental variograms for individual indicators, solid symbols are experimental sum of indicator variograms (SIV), and the solid line is the fitted model).

Fig. 11 shows selected probability maps from kriging the
individual indicators of subsoil structure. Those for H and KA
poor show clear patterns that are similar, whereas the other
maps are not so similar. The Hodgson, Kerry B and Peerlkamp
maps show areas of strong good structure (Fig. 11a, g and j), but
they are different for Hodgson from the latter two. The maps of
subsoil classes kriged using the SIVs (Fig. 11c, f, i and l) show
some similarity, however, for all methods of ranking. Those for
H and KA (Fig. 11c and f) are the most similar and that for P
(Fig. 11l) is the most dissimilar. Nevertheless the farmer would
be in no doubt that the eastern part of the field has the poorest
subsoil structure, and the rest of the field has medium structure

Table 7
Model parameters for sum of indicator variograms (SIV) for four methods of
ranking soil structure at Wallingford
Method of ranking Model type c0

c

a/a′ (m) Nugget:sill ratio

Topsoil
Hodgson
Kerry A
Kerry B
Peerlkamp

Circular
Circular
Circular
Circular

0.3659
0.6442
0.4730
0.6207

0.0603
0.1149
0.0820
0.0716

249.3
212.1
202.3
176.4

0.8585
0.8496
0.8523
0.8966

Subsoil
Hodgson
Kerry A
Kerry B
Peerlkamp

Circular
Exponential
Circular
Spherical

0.2593
0.2712
0.1625
0.3555

0.4080
0.2918
0.5510
0.4908

272.6
138.5
399.8
386.8

0.3886
0.4817
0.2278
0.4201

where c0 is the nugget variance, c is the spatially correlated component, a is the
range of spatial dependence, and a′ = 3r is the working range for the exponential
function, where r is the distance parameter.

in general. As for the other fields the SIVs provide a good
summary of the individual indicators.
Fig. 5c shows the reflectances of the red waveband from the
aerial photograph of this site taken in 1997 when there was a
crop in the field. The pale areas more or less coincide with areas
of good soil structure (Figs. 10 and 11), but the relations are not
as clear as for Yattendon, for example (Section 3.4), where the
photograph was taken without a crop in the field.
3.4. Yattendon
Fig. 12 shows the experimental indicator (open symbols) and
sum of indicator (solid symbols) variograms for each method
of ranking topsoil and subsoil structure. As for the other sites
many experimental variograms of the individual indicators
show little structure, whereas the SIVs for this field are
generally well structured. All experimental SIVs were modelled
by bounded functions (Table 8). The spatial ranges in the
topsoil are of a similar order of magnitude for all methods of
ranking and they are about twice as large as those for the
subsoil. The average range of the SIVs (98 m) is similar to
those for sand content and the wavebands of the aerial
photograph, Table 9. The nugget:sill ratios are also considerably larger for the topsoil than for the subsoil as was the
case for Wallingford where there was also a young cereal
crop in the field. That for KB is the smallest in the topsoil and
that for P is the smallest in the subsoil.
Fig. 13 shows selected probability maps from kriging the
individual indicators of topsoil structure. There is some
similarity between the overall patterns in the maps of good
and poor structure for H (Fig. 13a and b) and those for good and
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Fig. 10. Maps of topsoil structure for Wallingford: (a) Hodgson (H) good, (b) H poor, (c) H classes based on SIV, (d) Kerry A (KA) good, (e) KA very poor,
(f ) KA classes based on SIV, (g) Kerry B (KB) good, (h) KB poor, (i) KB classes based on SIV, ( j) Peerlkamp (P) good, (k) P poor, (l) P classes based on
SIV.

poor structure for KA (Fig. 13d and e). The maps of good and
poor structure for KB and P (Fig. 13g, h and j, k) are also similar
to each other, but they are quite different from those for H and
KA. The subsoil map for H good (Fig. 14a) is similar to the
equivalent maps for topsoil KB and P (Fig. 13g and j). The maps
for HS and KAS poor (Fig. 4b and e) show some similarities
with each other, whereas the maps of good structure for these
ranking methods are quite different (Fig. 14a and d).
Fig. 13 shows the maps of topsoil classes kriged using the
SIVs; for all methods of ranking they show a similar pattern, but
that for H (Fig. 13c) has less detail. The SIV maps for H and KA
(Fig. 13c and f) do not reflect the maps of their individual
indicators clearly, but they do for those of KB and P (Fig. 13i
and l). The area of poor soil structure in the south western part of
the field shows a relation with areas where the soil has the
largest sand content (Fig. 4j). The SIVs for the subsoil (Fig. 14)

show similar patterns for all methods of ranking. For H (Fig.
14c), much of the subsoil appears to have poor structure with
the exception of the north-facing slope in the northern part of
the field and centrally on the plateau area. Poor structure in the
subsoil appears to be strongly related to the areas of large topsoil
sand content, small clay content, but large organic matter
content (Fig. 4j, k and l, respectively).
Fig. 5d shows the reflectances of the blue waveband from the
aerial photograph of this field taken in 1991 when the soil was
bare. The dark areas coincide with good structure and the light
areas with poor structure and areas with a large sand content.
This seems to be the opposite compared with the other sites. In
fact the relations between clay and organic matter contents,
volumetric water and sand contents, and organic matter and
volumetric water contents were the reverse of what one would
normally expect at this site. This was probably because of small
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Fig. 11. Maps of subsoil structure for Wallingford: (a) Hodgson (H) good, (b) H poor, (c) H classes based on SIV, (d) Kerry A (KA) medium, (e) KA poor, (f) KA
classes based on SIV, (g) Kerry B (KB) medium, (h) KB poor, (i) KB classes based on SIV, ( j) Peerlkamp (P) good, (k) P poor, (l) P classes based on SIV.

calcite crystals in the clay-sized fraction that absorb less water
and are less reactive than the porous chalk particles in the sand
sized fraction.
3.5. A sampling protocol for observing soil structure
Table 9 shows that the variogram ranges of percentage sand,
the multivariate variograms from aerial photographs, and the
average SIVs of soil structure are similar for SC, Wallingford
and Yattendon. Kerry and Oliver, 2003 suggested that an
appropriate sampling interval can be determined from variograms of intensive ancillary data, such as digitized aerial
photographs, based on just less than half their ranges. Taking
this approach with the multivariate variograms from the aerial
photographs of the four sites suggests that the following
sampling intervals would resolve the variation adequately:

Shuttleworth Clay 80 m, Shuttleworth Sand 80 m, Wallingford
100 m and Yattendon 30 m. For the latter this was the original
sampling interval, but for the other sites sampling effort to
resolve the spatial variation in soil structure could be reduced
considerably. Nevertheless, one should still bear in mind that
the usual method of moments (MoM) variogram requires about
100 points at the appropriate interval (Webster and Oliver,
1992). To reduce the sampling effort, a maximum likelihood
(ML) approach as described by Kerry and Oliver (2007-this
issue) should be tested for computing the variogram parameters
of indicator variograms and SIVs.
4. Conclusions
The traditional methods of observing soil structure are quite
easy and swift to make by a single observer. For some methods
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Fig. 12. Indicator variograms for different methods of ranking soil structure at Yattendon: (a–d) for the topsoil, and (e–h) for the subsoil. (Open symbols are
experimental variograms for individual indicators, solid symbols are experimental sum of indicator variograms (SIV), and the solid line is the fitted model).

of ranking this needs to be done in conjunction with a crude
assessment of soil texture to determine whether the soil is
clayey or sandy. This could be done by hand texturing. Traditional observations of soil structure are not affected by soil
moisture at the time of sampling or by a large stone content.
This would be a particular advantage at sites such as
Wallingford and Yattendon which are stony. Although it
is preferable to observe soil structure in situ, soil samples
could be obtained by a vehicle-mounted soil corer and it could
then be determined in the laboratory together with other soil
properties.

Table 8
Model parameters for sum of indicator variograms (SIV) for four methods of
ranking soil structure at Yattendon
Method of
ranking

Model type

c0

c

a/a′ (m)

Nugget:sill ratio

Topsoil
Hodgson
Kerry A
Kerry B
Peerlkamp

Circular
Spherical
Exponential
Pentaspherical

0.2320
0.5902
0.3040
0.5689

0.1283
0.1440
0.3453
0.1842

128.9
102.4
138.0
166.9

0.6439
0.8039
0.4682
0.7554

Subsoil
Hodgson
Kerry A
Kerry B
Peerlkamp

Spherical
Circular
Circular
Exponential

0.1662
0.4517
0.1383
0.1333

0.4249
0.2709
0.5041
0.5875

70.50
59.75
54.83
57.63

0.2812
0.6251
0.2153
0.1846

where c0 is the nugget variance, c is the spatially correlated component, and a is
the range of spatial dependence and a′ = 3r is the working range for the
exponential function, where r is the distance parameter.

For Shuttleworth Clay, the ranking methods of Kerry A and
Peerlkamp resulted in a clear distinction between good and poor
soil structure at both soil depths in both maps of individual
indicators and those of the classes using the SIVs. The SIVs for
these two methods also showed the most spatial structure, and
those for KAT + S had the smallest nugget:sill ratios. For
Shuttleworth Sand all methods of ranking apart from Peerlkamp
resulted in well defined areas of good and poor soil structure
based on individual indicators. However, the SIV map for
Hodgson did not show such clearly defined areas of good and
poor structure as did those for KA and KB. The SIVs for KAT + S
and KBT had smaller nugget:sill ratios than those for HT + S,
which probably explains the lack of clarity in the Hodgson SIV
maps. The individual indicator maps and those based on SIVs
for Wallingford showed a clear distinction between good and
poor structure for all methods of ranking apart from Peerlkamp.
The subsoil SIVs all showed strong spatial structure, and KBS
had the smallest nugget:sill ratio. For the topsoil KA and KB
Table 9
Variogram ranges for percentage sand and multivariate variograms of aerial
photographs, and average range of sum of indicator variograms (SIVs) for soil
structure at each site
Site

Variogram
range for %
sand

Shuttleworth Clay 126.2
Shuttleworth Sand 89.9
Wallingford
231.2
Yattendon
95.2

Variogram range for
MV of aerial
photographs

Average variogram
range for SIVs of
soil structure

175.2
174.5
213.4
64.88

138.0
127.6
254.8
97.5
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Fig. 13. Maps of topsoil structure for Yattendon: (a) Hodgson (H) good, (b) H poor, (c) H classes based on SIV, (d) Kerry A (KA) good, (e) KA very poor, (f) KA
classes based on SIV, (g) Kerry B (KB) good, (h) KB poor, (i) KB classes based on SIV, ( j) Peerlkamp (P) good, (k) P poor, (l) P classes based on SIV.

both had small nugget:sill ratios. The results for Yattendon
showed more similarity between the different methods of
ranking than at any of the other sites. However, maps based on
Kerry A and B showed more distinction between good and poor
structure than did those of Hodgson and Peerlkamp. Kerry B

had the most strongly structured SIV for topsoil structure and
the smallest nugget:sill ratio. For the subsoil, the ranking
methods of H, KB and P had small nugget:sill ratios.
Based on the results discussed above, Kerry A performed the
most consistently regardless of the differences in soil type and
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Fig. 14. Maps of subsoil structure for Yattendon: (a) Hodgson (H) good, (b) H poor, (c) H classes based on SIV, (d) Kerry A (KA) good, (e) KA poor, (f ) KA classes
based on SIV, (g) Kerry B (KB) good, (h) KB poor, (i) KB classes based on SIV, ( j) Peerlkamp (P) good, (k) P very poor, (l) P classes based on SIV.

parent material at the four sites. This method of ranking does not
take specific account of the soil texture, but it has seven ranks
which enabled the different types and degrees of structural
development to be taken into account over a range of soil
texture. In essence this method is more straightforward to use

than those of Hodgson or of Peerlkamp which both require an
assessment of soil texture. Kerry B performed well for three of
the four sites — this is a very simple ranking that farmers or
other land managers could use for a rapid appraisal of soil
structure. It has the further advantage that practitioners would
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not need to assess soil texture, nevertheless if this were feasible
some knowledge of soil texture would have additional benefits
for agricultural and environmental management.
An assessment of soil structure is important in agriculture, but
it is becoming increasingly important for other aspects of
the environment, such as mitigating the effects of potentially
harmful spills of chemicals, or for applications of pesticides and
nitrates. Some types of structure lead to preferential flow of
fluids through the soil; the water moves around the peds rather
than through them and some types of structure allow rapid
transmission of solutes through the soil. This can be of concern
to farmers, land managers and those whose job it is to monitor
pollution in the environment. Poor soil structure is mainly of
concern to farmers and land managers because it inhibits drainage
and reduces the volume of soil atmosphere, which is vital for
the respiration of healthy plants. Poor soil structure limits crop
yields and can add to environmental pollution because less of
the nutrient load added to the soil in the form of fertilizers is
taken up by the crop. This is then available for overland transport
by the more rapid runoff that is likely where soil structure is
poor. Surface flow also leads to soil erosion. Where structure
is poor at depth, farmers often subsoil. This is costly because
of the time involved and the energy required. By targeting
subsoiling operations based on the kinds of maps of soil structure shown above farmers could optimize this procedure.
The results suggest that an appropriate approach for
sampling to determine soil structure for mapping would be to
observe it at sites separated by distances just less than half the
range of variograms of wavebands from aerials photograph or
of other remotely sensed data, together with some additional
observations (about 20% to 30%) at half that interval to resolve
the finer scale variation. For Matheron's (1965) conventional
variogram estimator at least 100 sampling sites are recommended (Webster and Oliver, 1992), therefore a maximum
likelihood approach should be considered for small sets of data.
A crude assessment of soil texture by hand texturing would be
useful, but is not strictly necessary for the Kerry A and B
methods of ranking. The results suggest that the sum of
indicator variograms is a useful tool for discriminating between
the indicators and for kriging and mapping the ranks. The visual
summary of good and poor structure that such maps provide is
what farmers and land managers need. The SIV map could be
used to select categories of interest for mapping the probabilities
of individual ranks.
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