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Abstract

In this paper, we compare different types of patterns that emerge when applying methylene
blue dye as a tracer on soils to detect preferential flow paths as a result of large cracks. Patterns on
channels, vughs and cracks are analyzed with the J-function and with indicator variograms. By
means of a combined analysis, we obtained a better understanding of the patterns as well as some
clear indications for precision agriculture management. The study is illustrated with methylene
blue patterns obtained at two locations at four succeeding depths in the Netherlands. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The occurrence of large cracks and channels in soils, generally referred to as
macropores, has a major impact on water and solute movement. A clear
definition of a macropore is difficult to give. Beven and Germann (1982)
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summarized literature and concluded that macropore sizes varied in a wide range
between 30 and 3000 wm. The effects of macropore systems on water and
solute transport are highly variable and cannot be characterized by pore sizes
only. A functional characterization is therefore required. For precision farming
characterization of stains is of an increasing importance to better understand
where water containing nitrate and pesticides is likely to reach the ground water
and hence may cause risks for humans or the environment (Stein et al., 1997;
Groffman, 1997). This contributes to detailing the concept of the sustainability
concept in agriculture (Stein, 1994; Barnett et al., 1995; CIBA, 1997).

In soils, basically three different types of macropores occur: cracks, vughs
and circular channels. For a better understanding of the three-dimensional
structure of stains, a series of two-dimensional images taken at the same
locations in space but at several succeeding depths can be useful. For those
images, the classification is based upon the iso-perimetric ratio of r = A /p?,were
A is the pore area and p is the macropore perimeter. If r <0.015, the
macropore is classified as a crack, if 0.015 < r < 0.04, then it is a vugh, and if
r=0.04, it is referred to as a circular channel (Bouma et al., 1977; Ringrose-
Voase and Bullock, 1984). Circular channels, therefore, have a small perimeter
as compared to their area and are closer to a circular shape, whereas cracks have
a small area as compared to their perimeter and vughs are intermediate. Due to
their shape and orientation cracks, vughs and channels have clearly different
physical and chemical characteristics with respect to transport and absorption
processes of soil moisture into soils. If a soil is dominated by large vertical
continuous cracks, little lateral interaction exists between water in the cracks and
the adjacent soil, with limited absorption as a result. Vughs or extremely large
channels, on the other hand, are often horizontally oriented in which the lateral
interaction is much larger. In these circumstances, the soil will absorb much
more water and solutes.

In the past, fractal theory has been used successfully to quantitatively
characterize macropore structure (Bartoli et al., 1991). Hatano and Booltink
(1992) and Booltink et al., (1993) used fractal dimensions of methylene blue-
colored macropores and related these to measured soil physical characteristics
with the aim to predict macropore flow dynamically. Fractal theory, however,
does not allow to characterize relations between different types of stains and
other statistical procedures have to be applied instead.

Statistical studies of soil structure are rather limited so far. Bartoli et al.
(1999) expressed pore size distributions as probability density functions with the
aim to explain diffusion processes in the soil. This technique, however, is
applicable only to some water and solute transport studies since only a small
fraction of the total pore volume is actively conducting water. To overcome this,
Stein et al. (1998) used the Kaplan—Meier estimate to quantify the structure of
patterns of individual macropores of different types. In that study, they did not
yet take into account the spatial interaction between different macropore types.
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On the other hand, point processes have been applied in the soils science
literature, with a focus either on distribution of tree rooting spatial distributions
(Pierret et al., 1999), on earthworm burrow systems (Chadoeuf et al., 1994;
Daniel et al., 1997; Capowicz et al., 1998) or on pore distributions (Vogel and
Kretzschmar, 1996) including applications to control strategy (Debras et al.,
1998). However, only Chadoeuf et al. (1994) considered a quantitative analysis
of spatial interactions seems.

Point pattern analysis (Van Lieshout and Baddely, 1997) can be useful to
understand the interaction between cracks, vughs and circular channels. Interac-
tion between patterns may elucidate origins of pattern. For example, one type of
pattern (like channels) may occur predominantly in the neighborhood of other
patterns (like that of cracks), whereas the inverse may not hold. In particular, we
study the interaction between the vugh process and the other patterns to better
explain their nature. Further, interactions may change with increasing depth,
revealing the effects of processes that act from the top of the soil profile as
compared to processes that are constant at various depths.

In a slightly dissimilar way, patterns of blue-colored stains on two-dimen-
sional images can be used as a 0—1 variable in a bounded domain. Under the
assumption of stationarity, which may hold at least locally, variograms can be
constructed at each depth that an image was taken. Such a geostatistical analysis
then allows to interpolate these variables towards depths where insufficient data
were collected. As a result, maps can be obtained with probabilities where
saturated moisture is most likely to occur and hence where a reduction in
pesticide and nitrate application should be achieved. On the other hand, other
parts may be of a limited vulnerability, as these can hardly be reached by any
moisture spilled on the soil surface.

This study was conducted to demonstrate the use of different statistical
pattern analysis techniques to model the spatial interaction between macropores
that conduct methylene blue-colored water in a heavily textured structured clay
soil. On one hand, we aim to model the variability, on the other hand, we
highlight some support issues for management.

2. The case study

In a study carried out in 1991, methylene blue-colored water was spoiled over
the soil surface at two sites of 0.2 X 0.2 m* taken from a single field (Hatano
and Booltink 1992; Booltink et al., 1993). The sites were located in newly
reclaimed land, which at that stage contained no earthworms. After 3 days, the
soil was cut at horizontal slices at depths with increasing intervals of 0.02 m. A
window W of size 0.2 X 0.2 m was used with a pixel size of 250 X 250 pm.
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Each pixel is either blue or white. The methylene blue patterns were photo-
graphed and later analyzed by an image analyzer (Nexus 6400). Bitmaps
produced by the image analyzer were used for further analysis. Of each stain,
the center of gravity as well as the classification into cracks, vughs and channels
were determined using the SCILIMAGE (Ten Kate et al., 1990) program. The
two sites are denoted by BR04 (Fig. 1) and BRO6 (Fig. 2), respectively, and a
roman numeral is added to indicate the depth in units of 2 cm.

The soil was classified as a ‘mixed mesic Hydric Fluvaquent’ (Soil Survey
Staff, 1992) with a dominating heavy clay texture. This soil type generally
contains strongly weathered cracks and circular channels. Cracks are formed by
structural shrinkage of the soil due to reclamation, or by soil tillage. Circular
channels arise because of roots; little is known about the origin of vughs. Of
interest in this study was quantification of the interaction between stains of
different types, in order to gain a better understanding of the nature of the stains.
In particular, whether vughs could be related to either cracks or channels on the
basis of the observed spatial patterns. Since the stains almost disappear below 8
cm depth—where water and solutes are transported through a few large
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Fig. 1. First replicate, BR04, of methylene blue-colored stains at four depths separated by 2 cm
below the soil surface.
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Fig. 2. Second replicate, BRO6, of methylene blue-colored stains at four depths separated by 2 cm
below the soil surface.

channels and interaction between soil and water is minimised—we restrict
attention to the first four depths of the two replicates.

3. Theory
3.1. Point patterns

In the first part of the paper, the stains are represented by the coordinates of
their center of gravity marked by type. As a result, each observed soil slice is
conveniently summarised by three mapped point patterns (cf. Figs. 3 and 4)
representing the cracks, vughs and channels. We shall assume that the sites and
the slices are typical representatives of the soil surface from which they were
taken as a whole. As each stain has a positive, non-null area, such representation
of stains is an approximation only.

More formally, let ¥ =(X l,X2,X3) be a trivariate point process in R? with
jointly stationary components. The process consisting of all points regardless of
type will be denoted by Xe =X, U X, U X;. In this paper, statistical inference
for Y will be based on distances, either those between a fixed reference point
y € R? and the points of the process, or between the points of Xe themselves.
Alternatively, a second order approach could have been taken based on Ripley’s
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Fig. 3. Cracks (top row), vughs (middle row) and channels (bottom row) at four successive depths
for the first replicate.

K-function (Ripley, 1977) or the pair correlation function (see, e.g. Stoyan et al.,
1995).

Thus, for each y € R?, let p(y, Xo) denote the distance from y to the nearest
stain. Then the empty space function of Xe is defined for r > 0 as:

Fo(r)=Pr{p(y,Xe) <r},

the probability of observing at least one stain closer than r to y. Alternatively,
the heuristic explanation of 1— Fe(r) is the probability of the event that a
randomly placed disk with radius r does not contain a stain. The empty space
function of X, i €{1,2,3}, is denoted by F,. By the stationarity assumption, Fe,
F,, F, and F; do not depend on the choice of the reference point y.

Turning to inter-stain distances, the nearest neighbor distance function Ge is
the distribution function of the distance from a typical stain to its nearest
neighbor:

Ge(r)=P"{p(y.Xe) <r}
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Fig. 4. Cracks (top row), vughs (middle row) and channels (bottom row) at four successive depths
for the second replicate.

for r>0. Here, P" denotes the reduced Palm distribution of Xe at y € R2
(Cressie, 1991; Stoyan et al., 1995). The function Ge(7) can be interpreted as
the conditional distribution of the remainder of X. given a stain at y, i.e. as
Prip(y, Xe\{y}) <rly € Xe}, where Xo\{y} denotes the full process Xe
from which the stain { y} is excluded. A heuristic description of 1 — Ge(r) is the
probability that a disk with radius r centered on a randomly selected stain does
not contain a further stain. Again, Ge(r) does not depend on y because of
stationarity. The univariate nearest neighbor distance functions are denoted by
G(r), ie{1,2,3}.

Comparison of inter-stain distances to distances with respect to a reference
point, say X =0, yields the J-function, defined by:

1— Go(l")

1 — Fe(r)
for all r = 0 satisfying Fe(r) < 1. The J-function is a useful index for the type
and strength of spatial interaction. For Poisson processes (i.e. fully random

Jo(r)
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processes without any clustering or regularity), the J-function is identically
equal to 1; J-values larger than 1 are indicative of inhibition between the points,
clustered patterns generally give rise to J-values smaller than 1. Moreover, the
J-function is constant beyond the effective range of interaction (Van Lieshout
and Baddeley, 1999).

In this study, we are primarily interested in the interactions between the
components. Thus, the cross versions of the above functions are needed. Write
P! for the reduced Palm distribution of Y conditional on a stain of type i at a
point y. Then the i-to-j nearest neighbor distance function G;;(r) is defined as:

Gi(r) =P p(y.X;) <r}.

Again, G,(r) does not depend on the choice of y. Thus, G,(r) is the
distribution function of the distance from a typical stain of type i to the nearest
stain of type j.
Finally, for i # j, set:
1= Gi(r)

1/( T N

= F(r)

for all r>0 for which F(r)<1. Thus, the i-to-j J-function compares the
distribution of distances to the nearest stain of type j from respectively a typical
type i stain and the origin. As such, it can be seen as a measure of correlation
between X; and X,. If X, and X, are (marginally) independent, J; j(r)E 1.
Values J;(r) > 1 can be interpreted as indicating inhibition of type j stains by
type i stains; indeed J;(r)>1 is equivalent to G, (r) <F(r), that is, the
presence of a type i stain decreases the probability of finding a type j stain close
by. Similarly, values less than 1 suggest positive association, i.e. attraction of

stains of type j by a stain of type i. For more details, see Van Lieshout and
Baddeley (1997, 1999).

3.2. Geostatistical interpolation

A single image shows horizontal varjability, whereas a sequence of images at
different depths shows variability in depth as well. Characterization of two-di-
mensional spatial variability can be useful for modeling interactions and under-
standing the processes in soils, whereas analysis of three-dimensional variability
may help to predict patterns emerging at unobserved depths and as such may
indicate occurrence of connecting stains. Variability in depth differs from
horizontal, planar variability. In particular, roots grow from the soil surface
towards the ground water, causing a clear non-stationarity of stains, both in
number, in size and in shape with depth. In this section, we decided to model
variability in depth separately from planar variability. An interesting example on
modelling three-dimensional dependence by means of anisotropy is given in
Dagan (1989). We will now turn towards a geostatistical description of three-di-
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mensional variability, and we will consider images at various depth succes-
sively.

Consider a variable y(s,d) € R with s €2 € R* and d € R. In principle, any
regionalized variable can be considered, but we will focus on a variable that
takes the values 1 at blue-colored locations and the value O at uncolored
locations. Observations are made at multiple locations in several depths. Let the
depths be denoted by d,, a=1,...,k. At depth d, observations y(s,,.d,) are
made at N, locations s, i = 1,...,N, at the image, where s,, = (s,,.,5;,,) with
$,,, and s, . denoting the coordinates along two axes. This section discusses
how the concept of variogram can be modified to accommodate three-dimen-
sional data. The space—depth covariogram and the space—depth generalized
covariance function can be treated in a similar way (Serra, 1982; Matheron,
1973).

Let d, be any depth and let two points P, and P,, with coordinates
(s,d,) €2 X R and (s +h,,d,) €2 X R be separated from each other by a
distance h in space. For y(s,d,) we assume the intrinsic hypothesis to apply in
the plane, ie. E(y(s +h,d,)—y(s,d ) =0 for all h. The 2-D variogram at
depth d,, is defined as:

1 >
’yd,,(r) = EE(y(S + h’da) - y(s’du))_

where r = |h| = ylh|*. The 2-D variogram describes the horizontal variation as a
function of the horizontal distance at depth d,. A variogram estimator for this
model is obtained by replacing the expectation by the average value of the
squares of the squares of the differences of the observations:

NCh)
Z (y(siu + h’da) - y(siu’du))

i=1

2

Y. (h)

‘ 2N(h)
Although this may appear to be restrictive at first sight, it allows to treat
variograms which change over depth.

A common activity in geostatistics is spatial interpolation by means of
kriging. In what we call three-dimensional depth-slice kriging we aim to predict
the value of y(s,,d,), in particular if (s,,d,) does not coincide with an
observation point. For this procedure, multiple observations are required at a
few depths. Kriging is carried out with a two-step procedure. In the first step, for
any depth d_, the value in the point with coordinate vector s, is predicted, being
the points with the same spatial coordinates as those of the prediction location
but at each of the k depths. To make these predictions, estimated 2-D vari-
ograms and observations at depth d, are used. This yields predictors §(s,,,d,) =
YA ¥(s,,,d,) for a=1,...,k with kriging weights A,, and kriging variance
Var(§(s,,t,) — y(s,,t,)). Also, the variance of the predictor §(s,,d,) is obtained,
which equals 0, = Var(L) A, ¥(s,;,.d,) = AYCN“ where N is the vector
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of kriging weights at d,. The variance of the predictor differs from the more
commonly applied kriging variance, which is the variance of the prediction
erTor.

At the second step, the value of y(s,,d,) at the prediction point (s,,d,) is
predicted, using the k predictions obtained in the first step. The predictor u,
linear in the predictors §(s,.d,), equals:

k kN,
u= Z’aa ?(SO ’da) = Z Eaul\iuY(siu’da)
a=1 a=1li=1
where ¥ is a vector of kriging weights with a similar interpretation as the
kriging weights A;, obtained before, but now obtained for the one-dimensional
depth direction. If the observations can be considered to be independent in
depth, the kriging variance is given by:

Var(u —y(sy.dy)) = og + o’ + ... +9]0?

where o is the variance at d, Therefore, the variances of the predictors
contribute with squared kriging weights, and the variance o; is added. An
estimate for ¢§ can be obtained by summing the values of nugget variances and
range calculated using the parameter estimates for d,,, for example by means of
a (non-)linear regression. In depth, non-stationarity may be present. This can be
taken into account by specifying in depth a polynomial trend.

The predictor thus obtained has some attractive properties. It is exact: values
observed in observation locations are predicted exact and the kriging variance is
equal to 0. It honors changing spatial variability in depth. Data from several
depths may be used, hence increasing the amount of information.

4. Results

4.1. Point patterns

Throughout this section we will refer to the cracks as pattern X,, vughs as X,
and channels as X,. Descriptive statistics are given in Table 1. At all depths
channels are the most abundant stains in the two replicates, followed by vughs
and cracks. Replicate BR0O4 contains more stains than replicate BR06, for which
the number of cracks reduces to 1 at larger depths, i.e. for BR063 and BRO64.
Notice though that this single crack occurs at a place where it was not observed
at the two shallowest depths, labeled here BRO61 and BR062. Also the mean
infiltrating area and the mean perimeter is much larger for BR04 than for BRO6.
The total area of cracks is much larger than that for vughs and channels,
indicating that these form the predominant channels for leaching of contami-
nated moisture towards the groundwater.
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Table 1

Descriptive statistics of the cracks (X)), vughs (X,) and channels (X,) at four depths of the
replicates

Stain®  Area Perimeter No.
Mean Std Min Max Mean Std Min Max
BR0O41 X, 1327 3056 25 15212 382 570 423 2744 30
X, 43.6 45.0 5 303 372 21.8 11.8 132 119
X, 55 11.5 1 226 7.2 6.3 2.0 64.9 577
BR042 X, 379 403 46 2117 205 1383 580 689.6 35
X, 40.3 38.7 4 295 36.0 19.7 10.8 137.8 158
X, 6.0 9.7 1 125 7.8 6.2 2.0 445 920
BR043 X, 1480 1915 75 7194 587.1 7755 724 2973 14
X, 42.1 46.5 6 274 36.7 224 12.3 124.9 97
X; 5.3 7.3 1 72 7.3 57 2.0 41.2 760
BR044 X, 327.2 3755 89 1062 151.8 76.3  87.7 280 6
X, 34.0 395 4 199 320 19.8 11.0 96.6 56
X, 4.50 5.5 1 54 6.8 5.0 2.0 36.1 458
BRO61 X, 582.9 825.0 34 3490 238 2053 483 938 29
X, 61.0 156.0 6 1634 396 329 12.3 2858 123
X, 54 3.8 1 137 7.2 6.1 2.0 57.3 755
BR062 X, 363.4 272 36 675 185.3 106.1 85.2 358 5
X, 61.1 57.0 6 206 447 241 13.5 1203 60
X, 5.3 9.1 1 130 7.1 6.1 2.0 56.5 412
BR063 X, 264 264 264 134.0 134 134 I
X, 47.2 34.4 9 154 393 16.2 15.6 738 26
X, 4.3 6.1 1 55 6.1 5.5 2.0 36.7 278
BR064 X, 187 187 187 1444 144.4 144 1
X, 279 31.6 8 154 29.1 18.3 14.4 938 31

Our spatial analysis begins with examining each stain pattern separately. As
the empty space and nearest neighbor distance functions depend on stain
intensity, it is not easy to compare the replicates at various locations and depths.
For the J-function, on the other hand, qualitative comparisons are quite straight-
forward, since for all Poisson processes regardless of the intensity J(r) = 1.

In Fig. 5, the estimated univariate J-functions are plotted for the first
replicate BR04 (dashed lines). To do so, we computed estimates F and G for
the empty space and nearest neighbor distance functions and set J ——(l -
G, D/ = F ). Since the data are collected over a bounded window only, edge
effects have to be taken into account. Here we took the Kaplan—-Meier (Kaplan
and Meier, 1958) approach of Baddeley and Gill (1998) as advocated in
Baddeley (1999). To explain the idea, consider the nearest neighbor distance
function. For each point x; € X, say, its distance to the nearest other point of
X, is censored by the boundary 3W of the observation window. Write s,
p(x HWNX \x; ) for the observed nearest neighbor distance and b; = p(x ,,aW)
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|

Fig. 5. Univariate J-functions of the patterns of cracks (top row), vughs (middle row) and
channels (bottom row) at four successive depths for the first replicate.

for the distance to the boundary of W. Clearly s; is the true nearest neighbor
distance for x; if s; < b;, and the Kaplan—Meier estimator is defined as:

R #{jis;=s15,<b}
I_G'(r)—,g- = #{js;zs5<b} |

Replacing the s5; by between-type distances, similar formulae hold for the cross
nearest neighbor distance functions. For the empty space function, additionally,
a continuity correction is necessary, see Baddeley and Gill (1998) for further
details. It can be seen that J, takes values somewhat above 1, suggesting mild
inhibition. In contrast, J, and J, first increase, then decrease below 1, indicat-
ing overall aggregation combined with inhibition at small range (most likely due
to the physical size of the stains).

To see whether the deviations from spatial randomness are statistically
significant at the 5% level, 19 independent samples from Poisson processes with
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the same number of points as the data components were generated, and their
J-functions estimated. The maximal and minimal values in the sample are
recorded (Fig. 5, solid lines) and compared to the data estimates. Note that for
the cracks—with the exception of BR044, which does not contain enough points
to allow for meaningful results—the observed J, graph is mostly contained
within the upper and lower envelopes, hence the inhibition is not significant. For
the vughs on the other hand, the observed values lie mostly outside of the
simulation envelopes, the deviation from randomness being even more signifi-
cant for the channels.

The second replicate BRO6 (Fig. 6) shows a similar pattern. Only the first
depth BRO61 contains a sizeable number of cracks; any suggestion of inhibition
is not significant at the 5% level. The vugh and channel patterns display
significant clustering, with inhibition at small range.

IRV

M - . - - = -

34\

. -

7

Fig. 6. Univariate J-functions of the patterns of cracks (top row), vughs (middle row) and
channels (bottom row) at four successive depths for the second replicate.
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Next, we study whether the component patterns affect each other. First
consider the vugh and channel components of the first replicate BR04. From the
estimated cross J-functions (Fig. 7), we notice positive association between the
vugh and channel patterns, with negative correlation at small range. To test
whether the results are compatible with the hypothesis that X, and X, are
independent, following Lotwick and Silverman (1982), opposite sides of the
observation window are identified to obtain a torus, and one component pattern
is translated randomly over this torus. For 19 independent torus translations, the
relevant cross J-function is estimated, yielding upper and lower envelopes as
before. As the cross J-functions estimated from the data fall outside of the
simulation envelopes, the independence hypothesis is rejected at the 5% level.
For the second replicate, analogous results are obtained (Fig. 8).

Turning to the interaction of the cracks with the other components, Fig. 9
plots estimates of J; (top row) and J;; (bottom row) for BR041 and i € {2,3}.
We notice inhibition of vughs by cracks, as the estimated J,,-function is larger
than 1. The dependence of channels on cracks is more ambiguous. The presence
of either vughs or channels does not seem to influence the crack pattern much,
since the estimates of J,, and J;, are rather flat. The assumption that X, and
X, are independent is rejected at the 5% level in favor of inhibition for small
ranges; the hypothesis that X, and X, are independent cannot be rejected.
Regarding BRO61, again vughs and channels do not seem to have a strong effect
on the crack locations, while the plots of the estimated J,,- and J ;-functions
suggest mild inhibition of vughs and channels by cracks (see Fig. 10). Espe-
cially for the second replicate, the number of cracks at larger depths is rather
small, so we prefer to consider only vughs and channels at these depths.

i
P
t
i

Fig. 7. Cross J-functions of channels with respect to vughs (top row) and vughs with respect to
channels (bottom row) at four successive depths for the first replicate.
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Fig. 8. Cross J-functions of channels with respect to vughs (top row) and vughs with respect to
channels (bottom row) at four successive depths for the second replicate.

Note that above results are qualitatively similar for various depths and sites,
supporting our assumption of stationarity.
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Fig. 9. Cross J-functions of vughs with respect to cracks (top left), channels with respect to cracks
(top right), cracks with respect to vughs (bottom left) and cracks with respect to channels (bottom
right) for the first depth of the first replicate.
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T ™
. = x -

Fig. 10. Cross J-functions of vughs with respect to cracks (top left), channels with respect to
cracks (top right), cracks with respect to vughs (bottom left) and cracks with respect to channels
(bottom right) for the first depth of the second replicate.

4.2. Geostatistical interpolation

For the geostatistical interpolation, i.e. to create an image at those depths
where no pictures were taken, we took a random selection of 1000 pixels
locations from each of the three images. We estimated variograms in space
(Table 2). An exponential model fitted well at the BRO4 site, and also at the two
upper depths of the BROG6 site, whereas a pure nugget effect emerged at the third
and fourth depth of BR06. As the range parameter is low (1 pixel and less), the
patterns also at the BRO4 site are strongly similar to a pure nugget effect.

We constructed interpolated images for both plots at depths equal to 0.03,
0.05 and 0.07 m below the soil surface (Figs. 11 and 12). We notice that, in

Table 2
Estimated parameters of an exponential variogram model y(h) = C, + C(1 —exp(— & /a))
Depth C, C a
BRO4 1 0.0982 0.063 54.1
2 0.075 0.023 1.05
3 0.029 0.096 048
4 0.075 0.115 0.84
BRO6 1 0.059 0.046 28.5
2 0.016 0.017 37.6
3 0.011
4 0.033
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Fig. 11. Interpolated images at intermediate depths of 0.03, 0.05 and 0.07 below the soil surface

for the first replicate.
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general, the images well correspond to the images at depths just above and just
below the prediction depths, but that the pattern appears to be somewhat
smoother than the original images. This is probably due to uncertainty caused by
interpolation, where not only values equal to 0 and 1 are predicted, but also
intermediate values may occur. But the sharp blue values in the lower left
corners of BR0O4, depth 6 and 8 cm are well reproduced at the predicted depth 7
cm image. Also, the presence of strains at 6 cm and their absence at 8 cm depth
is reflected in a bluey haze at depth 7, indicating that the probability of the
occurrence of stains is now equal to approximately 0.5. Similar remarks apply to
BRO6.

5. Discussion

Identification of the different stains was done by means of point pattern
analysis. Obviously, therefore, the stains were reduced to objects of dimension
zero. As in practice, all stains have a positive area, and no two stains occur
within each other, i.e. no channel can be identified within a crack, which is also
physically impossible, a small inhibition for small distances inevitably occurs.
This analysis also will not reveal the full connected pore space, and as such,
preclude consideration of spatially random processes such as diffusion or
dispersion, which are central for studies of aeration or reactive solute transport.
Probably, stereological analysis could be useful here. It will also not provide
information on moisture distribution. It does, however, provide ways of analyz-
ing images of methylene blue-colored soil stains, to investigate relations be-
tween patterns and provide some ways of analyzing what occurred in between
succeeding images.

A spatial point patterns analysis differs from a geostatistical analysis in
several respects. First, a point pattern analysis refers to various patterns that can
be related to each other. Interaction between various types of stains can be
identified, quantified and tested for significance. A geostatistical analysis fo-
cuses entirely on an occurring pattern as such, and did not consider different
forms of stains. It allows, though, to interpolate occurrence of blue-colored spots
also at depths where no measurements were taken. Both procedures therefore
aim at different objectives. A combined analysis could be possible, for example,
by using marked point processes (Stoyan et al., 1995). We have restricted
ourselves to the separate analysis, to show the quality, power and differences of
the two approachers as clearly as possible.

An interesting feature of the depth-slice kriging procedure is that it can easily
deal with non-stationarity in depth by considering each separately. This is of
course not the only way to deal with non-stationary three-dimensional interpola-
tion, and using a three-dimensional variogram may lead to a lower kriging
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variogram, and maybe even less smoothing than the depth-slices kriging pro-
posed in this paper. We found the depth-slices kriging procedure attractive in its
simplicity, and also appealing to the intuitive idea that the intrinsic hypothesis is
easily applicable in planar space, but that occurrence of depth processes and
irregular behavior of stains at several depths with abrupt changes that are
difficult to assess makes it difficult to make any stationarity assumption at all.

The question is now to which extent our findings may contribute to issues of
precision agriculture. A better understanding of the connections between the
three different types of stains might give a clue towards better understanding of
the movement of moisture containing nitrate and pesticides towards the ground-
water. This study, though, is only a first step towards a full understanding of
such behavior. For example, one might need a full pattern of all stains within a
field to fully understand leaching of such moisture. That is clearly impossible to
achieve. But observing and registering a clearly visible pattern of cracks may
help to identify the main component of leaching channels, and further modelling
of their relations with channels and vughs may then help to make a quantitative
assessment of leaching. But at this stage, our primary objective was to better

understand the nature of vughs, with some ideas on precision agriculture as the
leading guide.

6. Conclusions

A spatial statistical point pattern analysis and a geostatistical image analysis
are complementary. The point pattern analysis highlights elements of a soil
considered as a medium to transport moisture, whereas geostatistics estimates
occurrence of moisture at those depths where management decision may be
taken. Both procedures have a limited validity only. Point patterns as analysed
in this paper neglect the obvious positive support of the stains, in particular for
cracks. However, the structure functions all elucidate this by increasing up to the
average size of the stains. A geostatistical analysis did not consider the typical
features of the individual stains. As a combination, though, a rather complete
picture emerges, that may serve as a general approach to modelling blue-colored
stains in soils.

The role of stains in soils is directly related to the movement of moisture.
Blue-colored water spilled at the soil surface highlights those parts of the soil
that are directly reached by moisture. Blue-colored moisture therefore serves as
a proxy for moisture containing nitrate and pesticides. Obviously, larger sized
cracks are the main transport channels, to which vughs and channels are related
in a way described in this paper. The geostatistical procedure emphasizes those
areas, even at unvisited depths, that are likely to be reached by moisture
containing nitrate and pesticides, as well as the less sensitive ones.
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