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ABSTRACT

Soil samples with a volume of approximately 100 mL are commonly used for measuring soil properties needed to
parameterize continuum models of transport processes in soils. The necessary assumption that the sampled soil
volume corresponds to a representative elementary volume (REV) has only been occasionally tested.
Furthermore, the few studies so far have focused on bulk properties such as porosity and bulk density and have
not investigated the scale-dependence of pore-space connectivity, which is fundamental for transport properties
such as the permeability of soil. In this study, we investigated the scale-dependence of morphologic properties of
the soil pore-space in 25 undisturbed soil columns sampled from five different depths (8, 23, 33, 53 and 73 cm)
from a field site in southern Norway (Skuterud). We conducted the analyses of scale-dependence on regions of
interests of 40 x 40 x 40 mm® from binarized X-ray images with a resolution of 40 um. We focused our
evaluation on imaged porosity and three measures of pore-space connectivity (the connection probability, the
Euler-Poincaré number and the critical pore diameter). As pore network connectivity is scale-dependent and
because the connectivity of large pores has a very strong impact on the soil permeability, we conducted our
analyses considering three contrasting minimum pore diameters, namely 80, 250 and 500 pm.

We found that the pore connectivity improved with scale, predominantly due to the presence of pores with
diameters of less than 0.25 mm. This stresses the importance of image resolution in scale analyses. We moreover
observed that both the mean and the standard deviation of the critical pore diameter increased with scale, which
may explain why the mean and standard deviation of the saturated hydraulic conductivity are often found to
increase with scale. We detected an REV range for the macroporosity between approximately 15 and 65 mm.
This range decreased with an increase in the minimum pore diameter considered. However, we also found
evidence contradicting the existence of the detected REV range for the macroporosity due to a lack of statistical
homogeneity. No REV range could be found for the three investigated connectivity measures, probably because
the evaluated scales were too small. Based on our results we conclude that larger soil samples should be used to
measure soil properties and investigate processes that depend on the pore network connectivity, such as per-
meability or water flow and long-range solute transport. We recommend that future studies should investigate
REVs for connectivity measures and investigate which REV criteria are most meaningful in a continuum mod-
elling context. Such studies are needed to evaluate whether REVs for transport properties are common in soils. If
not, flow and transport models that explicitly account for heterogeneity are necessary.

1. Introduction

draining process (or air entrapment during wetting towards saturation).
Flow, in turn, is influenced by all of the above. Larger porosities and

Simulation models are needed to estimate hydraulic state variables
and flow processes in the vadose zone, which emerge from the under-
lying soil pore network architecture. State variables like water and air
contents depend on the boundary conditions, porosity and the pore size
distribution and on the pore connectivity. The largest pores tend to
drain first when the matric potential decreases. The nature of the pore
connection determines whether there is water entrapment during the
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pore diameters are associated with larger flow velocities, such that
q x Qeds> (Berg, 2014) with q (mm h™') as the flow rate, Qe
(mm® mm ~3) as the effective porosity and dg (mm) as a characteristic
length (pore diameter). Large pores that are disconnected from the rest
of the soil pore space, if such pores occur, would obviously not allow
any flow at all. At the other extreme, large water-filled pores that are
continuous across the considered soil domain can dominate the flow
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(Beven and Germann, 1982; Koestel et al., 2018).

The hydraulic properties of soils are determined by the geometry of
pore networks. Measuring and modelling soil hydraulic state variables
and flows at the pore scale is the subject of ongoing research (Koestel
and Larsbo, 2014; Sammartino et al., 2015; Scheibe et al., 2015). Such
approaches are necessary to advance our scientific understanding of soil
water processes. However, with current technologies, explicit pore-
scale model applications are unrealistic and impractical at larger scales,
as they require too much computational power and are impossible to
parameterize by direct measurements. Instead, an approach to upscale
pore-scale processes is required (Pachepsky and Hill, 2017). Here,
continuum simulation modeling (Kéhne et al., 2009) is commonly
employed and will most likely remain dominant in the foreseeable fu-
ture. This approach helps solve an obvious dilemma. The hydraulic
properties of bulk soil volumes, which emerge from pore-scale pro-
cesses, are much easier to measure than the highly hierarchical and
complex pore network structures. The continuum approach provides a
theoretical framework that allows modelling flow and transport pro-
cesses through porous media by employing the properties of local bulk
volumes. Single, effective values thereby summarize a property emer-
ging from the local pore-space architectures, e.g. the mean porosity
represents the pore-volume fraction of a local bulk soil volume.

The continuum approach postulates the existence of representative
elementary volumes (REV). Bachmat and Bear (1986) define an REV as
a volume around a point in which “all averaged geometrical char-
acteristics of the microstructure in a porous material at any point of the
porous medium domain are single valued functions of the location of
that point ... but independent of the size of the volume”. Moreover, the
characteristics inside the REV must be statistically homogenous in order
to be averaged. More practically, an REV can be found by starting at an
arbitrary point within a considered domain of interest and expanding a
volume centered on that point. The REV range, if it exists, includes
scales for which the effective property of interest (e.g. porosity) is
constant with the change of the considered volume. To qualify as an
REV the volume needs to be i) large enough so that the effective
property does not change when the volume is slightly increased and ii)
small enough so that it does not include larger scale changes in the
effective property, e.g. a drift in porosity due to macroscopic hetero-
geneities such as a transition between different horizons in a soil profile
or between different soil types in a landscape. In the latter case, the
requirement of statistical homogeneity would be violated. In the fol-
lowing, we refer to these scale boundaries that define an REV range as
the lower, l;,,;, (mm), and the upper boundary, 1;,,,x (mm). It is necessary
to investigate both l.,;, and 1., to validate the existence of an REV
range, because it cannot be ruled out that l,.x < lyi, (Bachmat and
Bear, 1986), in which case, no REV exists. A measurement from a bulk
soil volume that fulfills the REV criteria is suitable for parameterizing
continuum models (Baveye and Sposito, 1984).

The REV concept was developed during the 1950s and 1960s for an
idealized porous medium (Hubbert, 1956; Raats and Klute, 1968a,
1968b). The existence of REVs in natural porous material such as soil
has long remained hypothetical (Baveye and Sposito, 1984; Vogel,
2019). Early attempts to measure them were necessarily restricted to
indirect or destructive approaches (Buchter et al., 1994; Lauren et al.,
1988; VandenBygaart and Protz, 1999). With the advent of imaging
techniques, such as X-ray tomography, it has become possible to in-
vestigate the existence of REVs non-invasively in three dimensions. One
outcome of the early REV studies was that the criterion of zero fluc-
tuation of the effective property upon inflation of the measurement
volume was found to be unrealistic. This is both because measurements
are not free from errors and in reality, natural porous media are het-
erogeneous, so there may be continuous gradual changes (drift) in
properties due to spatial variations in, for example, texture or organic
matter content. Therefore, Bachmat and Bear (1986) suggested al-
lowing fluctuations in the effective property smaller than a pre-defined
threshold value such that the REV assumption was approximately valid.
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Zhang et al. (2000) referred to such volumes as statistical REVs. Most
subsequently published studies on REVs followed this approach. We
apply the same approach in this study denoting statistical REVs simply
as ‘REVs’.

It is striking that previous studies on REVs have focused on in-
vestigating the existence of a lower boundary (l.,;,) for possible REV
ranges. Instead of evaluating the location of an upper boundary (1,ax),
they introduced criteria to test for statistical homogeneity at the lower
REV boundary. Commonly, a measure of the maximum acceptable
variance was calculated, e.g. the coefficient of variation between ROIs
(“regions of interest”) at scales larger than l,;,. Approaches and criteria
employed by these studies have varied slightly. As REV criteria, Zhang
et al.(2000) proposed an approximately constant mean value with scale
change and a CV of the investigated effective property of less than 0.2
for sub-volumes. Bruns et al. (2017) assumed a CV for sub-ROI prop-
erties of less than 0.1 as their criterion for the existence of an REV.
Borges et al. (2018) instead used the maximum deviation between a
measure in an ROI and the total investigated volume, which they re-
quired to be smaller than 10% for an REV. In contrast to these previous
studies, Brown et al. (2000) used a single-factor analysis of variance at a
significance level of 0.05 to test whether both the mean and the var-
iance of an investigated property remained constant with an increasing
size of the ROI. Costanza-Robinson et al. (2011), Li et al. (2009) and Wu
et al., 2018 followed similar approaches as Brown et al. (2000).

Many of the early studies already investigated and reported REVs
for more than one property of the porous medium, honoring theoretical
considerations that different REVs for different properties should be
expected (Baveye and Sposito, 1984; Bear and Braester, 1972). For
example, Baveye et al. (2002) reported smaller REVs for air-filled pores
than for the bulk density in two different subsoil volumes. Costanza-
Robinson et al. (2011) found REVs for porosity, water saturation and
air-water interfacial area, with each of the three investigated properties
exhibiting a different average REV volume.

Almost all recent REV studies have evaluated the variation of X-ray
imaged porosity with increasing measurement volumes. Such studies
have been carried out for glass bead mixtures (Al-Raoush and Willson,
2005; Clausnitzer and Hopmans, 1999), rocks (Biswal et al., 1998;
Brown et al., 2000) and soil (Baveye et al., 2002; Vogel et al., 2002).
Authors of studies comparing different materials generally reported
individual REVs for each specific material or sample (Al-Raoush and
Papadopoulos, 2010; Baveye et al., 2002; Borges et al., 2018; Zhang
et al., 2000). Pore networks in soils are strikingly different from those in
rocks. The few studies investigating soil samples that we are aware of
all found REVs for the imaged porosity. These ranged from scales larger
than approximately 18 mm (Vogel et al., 2002; when the largest pores
were excluded) to larger than approximately 26 mm (Borges et al.,
2018) and 30 mm (Baveye and Sposito, 1984) for air filled pores, in-
cluding some sub-resolution pores. Notably, the total number of in-
vestigated soil samples in these three studies are only 15 in total, with
12 of them investigated by Borges et al. (2018).

In comparison to studies focused on the porosity, studies in-
vestigating REVs for measures of connectivity are scarcer. We are aware
of a few studies investigating REVs of the percolation probability P,
(Biswal et al., 1998; Keller et al., 2013), the connected porosity @. (Mu
et al., 2016) and the percolation threshold p. (Bruns et al., 2017; Keller
et al., 2013), all of which were carried out on rocks. Studies on the
connectivity of the soil pore space have evaluated the Euler density ¥,
(mm™3), i.e. the Euler-Poincaré characteristic normalized by the vo-
lume of the investigated ROI. Vogel et al. (2002) observed an REV for a
volume larger 4500 mm?, corresponding to a cubic edge length of ap-
proximately 16 mm. The single sample included in Vogel et al. (2002)
was taken from the B-horizon of a loamy clay Cambisol. Borges et al.
(2018), in contrast, found that the REV for 7, was larger than the in-
vestigated soil volume of 50,193 mm?® (cubic edge length of approxi-
mately 37 mm) for all 12 investigated soil columns. The samples were
taken from the topsoil of a Rhodic Ferralsol, six samples from a no-
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tillage plot and six from a conventionally tilled plot.

In this study, we aimed at further investigating the existence of
REVs for porosity and connectivity metrics of soil pore networks. We
focused on a scale that is typically used to measure soil hydraulic
properties in laboratories, namely the small column scale with a volume
of approximately 100 cm®. Beside the Euler density, we also included
connectivity metrics from percolation theory. Connectivity metrics
depend on the minimum considered pore diameter (Vogel et al., 2010).
The connectivity of especially the large pores is critically important for
both soil permeability (Koestel et al., 2018) and the occurrence of hy-
draulic non-equilibrium or preferential flow (Jarvis et al., 2016, 2017).
We therefore performed the REV analyses for three different minimum
pore diameters (80, 250 and 500 um) in such a way that only the
connectivity of pores larger than this minimum diameter was in-
vestigated. Finally, as any REV study entails detailed analyses of scale-
dependence, our study also explores the scale-relationships of porosity
and connectivity as a corollary.

2. Material and methods
2.1. Soil samples

25 aluminum cylinders (65 mm diameter, 60 mm height) were
sampled at five different depths (see Table 1) from a soil profile in an
agricultural field site in the Skuterud catchment, approximately 2.5 km
east of As, Norway. They are a subset of the samples investigated in
Koestel et al. (2018). At the time of sampling in November 2015, the
field had been cropped with oats. The soil properties are summarized in
Table 1.

2.2. X-ray imaging

We scanned the samples at the Department of Soil and Environment
at the Swedish University of Agricultural Sciences in Uppsala (Sweden),
using a GE v|tome|x 240 X-ray scanner with a tungsten target and a 16”
flat panel detector with a four megapixel resolution. We imaged the
columns at tube voltages between 150 and 170 kV and electron flows
between 300 and 600 pA. We did not use optical filters because the
thick aluminum wall of the soil samples provided sufficient filtering of
the low frequency X-rays. 2000 radiographs were taken for each 3-di-
mensional image with a voxel size of 0.04 mm in all directions. This
approximately corresponds to a feature recognition of 0.08 mm size.

2.3. Image processing

We processed the 25 3-dimensional X-ray images using SoilJ
(Koestel, 2018), a plugin for the open source software ImageJ/FIJI
(Schindelin et al., 2012). The image processing steps that led to binary
images of the pore network were identical to the ones described in
Koestel et al. (2018). In short, we used SoilJ to detect the soil column
outlines automatically. We then re-scaled the gray values in each in-
dividual 2-dimensional horizontal image cross-section between the 0.1
percentile and the gray value of the aluminum wall. Here, we exploited

Table 1

Mean soil properties at the sampling site.
Depth (cm) Number of Organic Bulk Texture

samples carbon density
content (%) (g/cm3) Sand  Silt Clay

7.5 6 2.17 1.33 0.240 0.479 0.281
22.5 4 2.05 1.35 0.246 0.492 0.262
32.5 7 1.21 1.43 0.256 0.501 0.244
52.5 4 0.38 1.67 0.227 0.524 0.249
72.5 4 0.18 1.67 0.265 0.543 0.192
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the fact that air-filled pores occupied at least 0.1% of the imaged cross-
section, therefore providing a calibration point for the gray-value cor-
responding to air. After all 3-D images had been calibrated to an
identical gray-scale, we calculated the joint-histogram for all 25 images.
Then we used the gray-value corresponding to the histogram minimum
between the peaks corresponding to air and soil matrix as a threshold to
binarize the images into air-filled pores and all denser imaged phases.
In a final post-processing step, we removed all isolated pore clusters
with an average pore diameter smaller than 0.08 mm. These isolated,
thin clusters predominantly represent noise. Removing them has a si-
milar effect as applying a median filter to the binarized images.

2.4. Analyses of pore network morphologies

The imaged pores approximately correspond to all pores with dia-
meters larger than 80 um, which roughly coincides with the size range
for which macropores are commonly defined (SSSA, 2008). We there-
fore refer to them as macropores in the following. The macroporosity ¢
was calculated as the ratio of pore to total voxels in an ROI. We eval-
uated three connectivity metrics, the Euler-Poincaré density ,, the
connection probability I' () and the critical pore diameter d. (mm). We
obtained all three connectivity measures with SoilJ, using an im-
plementation of MorphoLibJ (Legland et al., 2016) to calculate the
Euler-Poincaré number 7.

The Euler-Poincaré characteristic ¢ and the connection probability
I' are both measures that quantify how well the pores in the investigated
ROI are connected. However, neither i nor I' contains explicit in-
formation on whether there is a pore connection from the top to the
bottom of the ROL. In our study, the Euler-Poincaré characteristic is the
difference between the number of isolated pore clusters and the sum of
loops (or redundant connections) in all these pore clusters.
Theoretically, the number of cavities inside the pores also contribute to
x but since they would correspond to levitating soil particles, they re-
main zero in our case. The Euler-Poincaré characteristic x is an ex-
tensive metric that scales with the volume of the considered ROI To
compare  at the different investigated scales, we normalized it by the
ROI-volume and refer to as the Euler density y, (mm~>). Negative
values indicate well-connected pore networks, while positive values
imply a larger number of isolated pore clusters.

The connection probability is defined as the probability for two pore
voxels to be connected (i.e. belong to the same cluster, Renard and
Allard, 2013; Jarvis et al., 2017):

r= Zfil n
2
(Cisy iy @

where N (-) is the number of isolated pore clusters and n; (-) the number
of pore voxels contained in clusteri. A T' value of one means that all
pore voxels in the investigated ROI are connected to each other. The
larger the number of isolated pore clusters and the smaller their size,
the smaller I' becomes. We assigned a value of zero to the connection
probability if an ROI did not contain any pore cluster.

The connection probability I' and the Euler density 7, differ in that
the former gives more weight to large connected clusters. It becomes
large if most of the pore space comprises one single pore cluster. Such
pore systems are likely to exhibit a percolating pathway from top to
bottom (Stauffer and Aharony, 2014). Large values of I' therefore in-
dicate percolation (Jarvis et al., 2017). In contrast, the Euler density
does not depend on the size of individual pore clusters and its value
may be strongly influenced by small local features of the pore network,
e.g. small pore clusters around plant residues that form a large number
of redundant connections. ¥, is moreover more sensitive to image noise
than T’ (Herring et al., 2015). T is therefore to be preferred as a quan-
titative measure (Renard and Allard, 2013). In this study we included
Xn to compare its scaling behavior with the ones found in previous work
reported by Vogel et al. (2002) and Borges et al. (2018).
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The critical pore diameter d. is defined as the diameter of the largest
sphere that can pass through the pore network, from the top to the
bottom of the ROL It is therefore a measure of the bottleneck pore
diameter in the percolating pore space. It is a prime candidate for a
characteristic length determining the permeability of porous media
(Arns et al., 2005; Ghanbarian et al., 2016; Katz and Thompson, 1986;
Koestel et al., 2018). We set d.. to the image voxel size of 0.04 mm for
ROIs with non-percolating pore space.

2.5. Scale analyses

To define our domain of interest we first cut a 40 x 40 x 40 mm®
large cubic soil volume from the center of each of the 25 binary 3-D
images. The criterion of limited changes in the effective property when
increasing volume should hold for any random position in the domain
of interest. Due to limitations in the size of our domains of interest, it is
not practical to sample randomly. Instead, we used a volume sampling
method to analyze REVs, similar to the second method described in
Brown et al. (2000). In short, we expanded a cubic ROI anchored at one
of the eight corners of the entire 40 X 40 X 40 mm? investigated
volume. We evaluated ROIs of 13 different sizes covering the range of
scales between 5 and 40 mm, namely with edge lengths L of 5, 5.7, 6.6,
8,10, 13.3,17.8, 20, 22.2, 26.7, 31.1, 35.6 and 40 mm (Fig. 1). In each
of the 13 ROIs we measured the macroporosity ¢ and the three con-
nectivity measures ,,, I', and d.. Next, we repeated this procedure for
each of the seven remaining corners of the entire investigated cube. As a
result, we obtained eight scale relationships for each soil sample and
morphological measure. It is clear that only the eight smallest ROI sizes
yield mutually independent results. For the five largest ROI sizes,
overlaps occur (see Fig. 1) that cause the macroporosity and con-
nectivity measures in the investigated ROIs to converge.

We repeated the above-described procedure using images of pore
systems from which all features with a diameter of less than 0.25 mm
had been removed. We created these images by first quantifying the
imaged pore diameters in each image by applying the maximal in-
scribed sphere method. Thereafter, we carried out the same scale-

40 mm

Fig. 1. Schematic figure of the thirteen investigated ROI sizes anchored at the
upper right front corner of the largest ROI (40 X 40 X 40 mm®).
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analyses a third time, on pore network images from which we had
erased all features with diameters smaller than 0.5 mm. An illustration
of the effect of the minimum considered pore diameter on the pore
network is given in Fig. 2.

2.6. REV analyses

2.6.1. Lower REV boundary

In our study, we followed an approach to investigate the lower
boundary 1., of potentially existing REVs that was suggested by Bear
and Braester (1972) and slightly modified by Li et al. (2009). For the
estimation of REVs around our 8 points in each domain of interest, we
calculated the relative gradient with increasing ROI of the variable Y,
which symbolizes one of the four investigated morphological proper-
ties, i.e. @, ¥n, I and d.:

_ 2 1Yy — ¥
(Yigr + ¥)(Ligr — L) (2

where the index i stands for one of the first 12 investigated ROI sizes
and index i + 1 for the next larger one. Note that we used log; d. in (2)
to account for the heavily right-skewed distribution of d.. As previous
studies have done, we defined an ad-hoc threshold of VY< 0.1 for
which the assumption of a point REV at the respective scale holds. We
included an additional criterion, namely that all eight investigated ROIs
must remain below the ad-hoc threshold of VY'< 0.1. Scales at which
only one of the eight investigated REVs exhibited VY > 0.1 were not
labelled as an REV. In this fashion, we made sure that we selected the
smallest scale for which the REV requirement was fulfilled in the entire
investigated volume. As discussed above, the ROIs in our study with
L > 20 mm exhibit an artificial reduction of variation of VY as the
eight ROIs are then overlapping. Detected REVs for ROIs with L. > 20
therefore need to be interpreted with care. Fig. 3 illustrates how we
investigated the existence of REVs using only the criterion of VY < 0.1.

2.6.2. Upper REV boundary

In cases for which a lower REV boundary l,;;, < 20 mm was found,
we estimated upper REV boundaries 1. as proposed by Bachmat and
Bear (1986). Their approach builds upon the assumption that for small
distances, drifts in morphological properties Y are well approximated
by a linear relationship. Then, the absolute value of the gradient in the
bulk soil property IgradY| is used to estimate ly,, as follows:

_ 2E(Y)
o lgradyl| 3)

where E(Y) is the expected value of any statistical moment of the soil
property Y, i.e. its mean value, and
_ 1A,
E(®Y) ()]

with |AY, being the difference in any statistical moment of the
property between adjacent regions with sizes of l;,,,x. In other words, 8
is the largest relative deviation that is tolerable for the existence of an
REV. For the sake of simplicity, we will only consider the first statistical
moment, i.e. the mean value of Y, when estimating l;,x. To give an
example, the upper REV boundary for the macroporosity would be es-
timated from the macroporosities in the eight ROIs with edge lengths L
just larger than l,;,. First of all, we used a threshold value of 0.2 for &.
The eight ROIs served to calculate E(¢p) and yield 28 permutations for
pairs for which grad ¢ can be calculated and hence 28 estimations of
lhax- These we combined to an average estimate for the upper REV
boundary by taking their mean value as E(lay)-

2.6.3. Statistical homogeneity
As we are not aware of any study using the 1., estimation method
outlined above, we additionally calculated the CV as a simple measure
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Fig. 2. Illustration of the effect of the minimum considered pore diameter on the pore network of a column sampled at 22.5 cm depth, which is a) 80 pm, b) 250 um
and ¢) 500 um. The 40 x 40 x 40 mm?® ROI is shown. Blue colors indicate pores with diameters smaller than 500 um, red and yellow colors diameters equal or larger
than 500 pm. Note that the color scheme were slightly adjusted for each of the three images to high-light differences in the considered pore space. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

for evaluating the statistical homogeneity inside potential REVs, as it
has been frequently done in the literature (e.g. Brown et al., 2000;
Bruns et al., 2017; Zhang et al. 2000). In this way, we provide a mea-
sure that allows for better comparability with the results of previous
studies. Following Zhang et al. (2000), we investigated whether the
coefficient of variation CV(Y) of the eight ROIs in a sample was smaller
than a threshold value of 0.2. The edge lengths L of the investigated
samples were required to be larger than or equal to 1,,,;, but smaller than
or equal to 20 mm, which is the largest edge length that yields non-
overlapping ROIs.

Note that we did not attempt to identify more than one REV scale
range as proposed by Vogel and Roth (2003), since our data does not
cover a sufficient range of scales to allow for such an analysis.

3. Results and discussion
3.1. Pore network morphology

Fig. 4 illustrates the investigated morphological properties sum-
marized by sampling depth. The samples taken at 22.5 cm depth exhibit
the largest macroporosities and the largest connection probabilities T
and smallest ,,. We had expected that the largest and best-connected
macropore structures would be located in the topsoil, where biological
(e.g. earthworm burrowing, root growth) and physical processes (e.g.
wetting/drying, freezing/thawing) that generate and maintain macro-
structure are most pronounced. Samples taken at 7.5 cm depth most
likely showed less well-developed macropore structures because they
were sampled underneath wheel tracks where the surface soil was
compacted. This is also likely the reason why the samples from the
uppermost layer exhibit the largest variance in most of the observed
morphological properties. The largest critical pore diameters d. were
found at depths of 32.5 and 52.5 cm. We suspect that this is due to the
presence of biopores that were not destroyed by repeated traffic and
tillage operations, as they are located below plough depth. As expected,
the samples from 72.5 cm depth show the lowest porosity ¢, connection
probability I and critical pore diameter d.. At this depth, the porosity is
reduced by overburden pressure, while biological activity is less pro-
nounced and physical processes that create macrostructure are largely
absent.

Fig. 4 also displays how the morphological properties were affected
by the choice of minimum pore diameter. The porosity ¢ decreases as
the smaller pores were removed and thus so does the connection
probability TI'. The latter indicates that the smallest pores
(0.08 = d < 0.25mm) help to connect the larger macropores to larger
pore clusters. Interestingly, I' increased again after we removed also the

next largest pore diameter class (0.25 < d < 0.5 mm). Apparently,
these medium-sized macropores do not contribute much to connecting
the largest macropores, but instead tended to form smaller, isolated
pore clusters. The trend towards a less connected pore network for
larger minimum pore diameters was only occasionally reflected in the
Euler densities ,, namely for the sampling depth of 22.5 cm. Other-
wise, the Euler density was always largest when all imaged pore sizes
were considered. With all pores smaller than 0.25 mm diameter re-
moved, the Euler density became negative for all samples. Obviously,
many small, isolated pore clusters that did not contain any loops existed
in most of the soil samples. When these clusters were removed, the
number of loops outweighed the number of clusters, despite the de-
creased pore connectivity indicated by a drop in I'. An increase in ¥,
when only considering the largest pores (d = 0.5 mm) indicated that
the largest macropores did not form many redundant connections. This
suggests that the largest pores were biopores as faunal burrows or root
channels are unlikely to exhibit many loops (Capowiez et al., 2011;
Pagenkemper et al., 2015).

3.2. Scale relationship of pore network morphology

The mean macroporosity ¢ of all 25 soil samples remained ap-
proximately constant with scale, irrespective of the considered
minimum pore diameter (Fig. 5). The scale-relationships of the mean
values of the connectivity measures I', %, and d. were more variable.
The mean T increased slightly towards the largest investigated ROIL
when all imaged pores were included, but decreased drastically with
scale when we removed the pores with diameters smaller than
0.25 mm. Again, we attribute this to the important role of the smallest
imaged pore class in connecting clusters with larger pores into one large
cluster. At small scales, a single cluster may still dominate most of the
pore space, resulting in a relatively large I'. However, as the scale in-
creased, an ROI captured several unconnected medium-sized clusters,
which leads to small I.

The mean Euler density Y, decreased from slightly positive values at
the smallest investigated scale to relatively constant negative values at
scales of L. > 20 mm when all imaged pores were included. We suspect
that this trend was observed because a few strongly negative values of
the Euler density from soil samples from 22.5 cm depth influenced the
mean values disproportionately (see Fig. 4c). The trend in mean Euler
densities with scale is nevertheless consistent with the trend in I, in-
dicating larger connected pore clusters with increasing scale, connected
by pores with diameters < 0.25 mm. The latter follows from the ap-
proximately constant Euler densities ,, with scale after removing the
smallest pores. Finally, the mean critical pore diameter d. steadily
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Fig. 3. Scale-relationships for column 12
(sampling depth 32.5 cm) as an example il-
lustrating how an REV for the
40 X 40 x 40 mm> domain of interest was
detected. All pores larger than 0.08 mm
were considered in this figure. Each color
denotes one of the eight ROI-series per soil
sample. On the left, the development of the
morphological properties with scale is de-
picted as they converge to the value of the

largest investigated ROI. The right hand
panel shows the respective relative gra-
dients. The horizontal dashed-line indicates

the relative gradient threshold of 0.1 below
which an ROI is considered an REV. The
lower REV bound is depicted as the vertical
dotted line. No lower REV bound was found
for the critical pore diameter d. for this
column.
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increased with scale, reflecting an increasing probability of capturing
an ever-larger pore in the percolating pore space for larger and larger
ROIs.

The standard deviation of the macroporosity ¢ decreased rapidly
with scale for L < 15 mm (Fig. 5a) and moderately between scales of
15 mm < L < 30 mm. Beyond L. = 30 mm it was approximately
constant with scale, reflecting the effect of the increasing overlap of the

eight investigated ROIs for L > 20 mm (Fig. 5a). This was different for
the three investigated connectivity measures (Fig. 5). The standard
deviation for I' and 7, remained approximately constant with scale
unless only pores with d = 0.5 mm were considered, for which they
both decreased slightly and approximately linearly with increasing
scale over the entire investigated scale range. In contrast, the standard
deviation of d. increased with scale. It follows that the in-between
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Fig. 5. Scale dependence of the four investigated morphologic properties. Circles refer to the mean value of all 25 columns. The width of the accompanying cloud
corresponds to the respective standard deviation. The color-scale denotes the minimum considered pore diameter, i.e. 0.08 mm (blue), 0.25 mm (red), 0.5 mm
(yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sample variance for the connectivity measures was increasing with
scale while the intra-sample variance was decreasing due to the ROI-
overlap as demonstrated by Fig. 6b,c and d. The relative magnitude of
the standard deviation decreased with the minimum considered pore
diameters, linearly for ¢ and I' and exponentially for . The latter was
maybe caused by the large sensitivity of ¥, to local small-scale con-
nectivity features.

3.3. REV analyses

3.3.1. Lower REV boundary

It is clear from Fig. 3 that the investigated effective properties oc-
casionally showed large differences even at the scale of 20 mm, which is
the edge length of the largest non-overlapping ROI. This is consistent
with observations made by Baveye et al. (2002). For sample #12
(Fig. 3), the macroporosity ¢ varied by more than a factor of three, the
connection probability I spanned values between 0.25 and 0.8 and the
critical pore diameter d. ranged from less than 0.08 to more than
1.5 mm, which is almost as large as the maximum observed range of d.
in all samples. However, these large variations in ROI pore network
characteristics did not prevent the detection of lower bounds for REVs
for most domains of interest and effective properties if only the cri-
terion of VY< 0.1 for all 8 ROIs was applied. Accordingly, for sample
#12, @ met the lower-bound REV criterion defined in this study at a
scale of L = 15.5 mm, and the Euler density at L = 18.9 mm. A lower
REV bound for I was only found at L = 33.3 mm, far into the domain
where the investigated ROIs were overlapping.

The only pore-network property for which we predominantly found
lower REV bounds at scales smaller than 20 mm was the macroporosity
@ for d = 0.08 mm with a median value of L = 15.5 mm (Fig. 7a).

Notably, this coincides with the slower decay of the standard deviation
for L > 15 (Fig. 5a). This is in the range of values found by Vogel et al.
(2002), but clearly smaller than the ones reported by Baveye et al.
(2002) and Borges et al. (2018). However, different methods were used
to detect REVs, which makes it difficult to compare results. A thorough
analysis focusing on how the different REV detection methods perform
and compare is still lacking in the peer-reviewed literature.

The lower REV boundary for ¢ increased with an increase in
minimum considered pore diameters, i.e. d = 0.08, d = 0.25 and
d = 0.5. This reflects the hierarchical nature of soil pore networks in
which larger pores are separated by larger distances than smaller pores.
The scaling of the macroporosity lower REV bound with increasing
minimum considered pore diameter was also visible at most individual
sampling depths (Fig. 8a). Interestingly, the lower REV boundary for
the macroporosity remained relatively constant with sampling depth in
the soil profile.

All median lower-bound REV values for the investigated con-
nectivity measures were larger than L = 20 mm, i.e. in the range in
which the overlapping ROIs biased the results towards small VY. This
indicates that the edge lengths of REV lower bounds for I, x, and d.
could not be determined for most of the samples. In many cases, lower
REV bounds were probably larger than 30 mm; some of them possibly
even larger than 40 mm, if they even exist.

3.3.2. Upper REV boundary and statistical homogeneity

Fig. 9 shows that the mean estimated upper REV boundary E(l;,ay)
for the macroporosity ¢ was always larger than the detected lower REV
boundary l,,;,. The smaller E(l,,,,) that is observed when the ROIs with
edge lengths L = 17.8 mm were used (Fig. 9a) may be related to the
fact that these ROIs were only approximately adjacent to each other. E
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(Imax) calculated from the ROIs with an edge length of L = 20 mm
(Fig. 9b) may therefore represent more robust estimations. According to
Eq. (3), the investigated soil samples exhibit an REV range for the
macroporosity ¢ between scales of L = 15 mm and L = 60 mm. No-
tably, a decrease of 1, with an increase in the minimum considered
pore diameter was found (Fig. 9). E(lhax) decreased from a median
value of 65.9 to 59.8 to 42.7 mm for minimum diameters of 0.08, 0.25
and 0.5 mm. Together with the increase of l.;, (Fig. 7) with the
minimum considered pore diameter, it appears that REV ranges for
porosity are narrower when only larger pores are considered. At the
same time, the trends in l,;;;, and 1,,x with minimum pore size illustrate
that the X-ray image resolution has a considerable impact on the results
of scaling analyses.

The criterion for statistical homogeneity of a coefficient of variation
between the eight ROIs of smaller than 0.2 is, however, not fulfilled for
any sample with L = 1., (Fig. 10). It is unclear which of the two
measures for statistical homogeneity (i.e. the estimated upper REV
boundary E(l,ax), or the coefficient of variation) is better suited for
detecting REVs.

4. Conclusions

While the mean imaged porosity remained approximately constant
with scale irrespective of the minimum considered pore diameter, the
investigated connectivity measures did not. Instead, we found improved
connectivity with larger scale when all the imaged pore space was
considered, whereas the connectivity of pores larger than 0.25 mm
decreased with scale. Thus, pores with diameters between 0.08 and
0.25 mm were of fundamental importance in connecting larger,
otherwise isolated macropores. This stresses the importance of the

image resolution when conducting scale analyses for connectivity
measures. The critical pore diameter steadily increased with scale,
probably due to an increased probability of encompassing a continuous,
vertical biopore within the sample. In addition, the standard deviation
of the critical pore diameter likewise increased with scale, reflecting an
also larger probability that an otherwise well-connected macropore
network is clogged at a critical position.

We found a median lower REV-bound for the macroporosity of
15.5 mm in the investigated soil samples when all imaged pores were
considered. The lower REV-bounds detected for the investigated con-
nectivity measures, i.e. the connection probability, the Euler density
and the critical pore diameter were close to the total investigated soil
volume of 40 X 40 X 40 mm?®, This suggests that these values were
most likely underestimated. Based on our results we conclude that
larger soil samples should be used to measure soil properties and in-
vestigate processes that depend on the pore network connectivity, such
as permeability or water flow and long-range solute transport. This is
consistent with reports of scale dependence of hydraulic conductivity
(Cunliffe et al., 2013; Jorda et al., 2015; Pachepsky et al., 2014), ap-
parent dispersivity (Koestel et al., 2012; Vanderborght and Vereecken,
2007) and the strength of preferential flow (Koestel and Jorda, 2014).

We estimated a median upper REV boundary for the macroporosity
of 65.9 mm when all imaged pores were considered. For the macro-
porosity, we therefore found an REV range between approximately 15
and 65 mm. The detected REV range was sensitive to the image re-
solution. If only pores with diameters of more than 0.25 mm were
considered, the REV range decreased to a scale range between 18 and
60 mm. For pore diameters larger 0.5 mm, the range decreased further.
However, the coefficients of variation of the macroporosity for ROIs
within the REV range were clearly larger than a threshold value
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commonly used in the literature. This indicates that the macroporosity
cannot be considered as statistically homogeneous within the above-
detected REV range, which casts doubts on its existence. Whether a
small coefficient of variation between ROIs is a necessary criterion for
an REV and whether the estimation approach for the upper REV
boundary is meaningful should be further investigated in future studies.
A possible outcome of such studies may be that REVs are not wide-
spread in soils, which would suggest that flow and transport models
that explicitly account for heterogeneity are necessary.
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In future studies, the hydraulic and transport properties emerging
from the pore structures could also be investigated using numerical si-
mulations based on direct X-ray measurements. Examples of this ap-
proach have already been published (e.g. Ozelim and Cavalcante, 2018;
Zambrano et al., 2017; Zhang et al., 2000). For now, these studies have
included very few samples, because of the computational demands.
Nevertheless, with the prospect of future developments in computing
hardware, such an approach is highly promising to increase our knowl-
edge of how soil pore structures and soil functions are linked with scale.
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Fig. 9. Estimation for the mean upper REV boundary E(l;ay) for the macroporosity ¢ based upon the ROIs with an edge length of a) 17.8 mm and with and edge
length of b) 20 mm. The upper and lower edges of the boxplot bodies correspond the upper and lower quartile of the observed values, the extreme values to the
respective maximum and minimum values. The red line marks the median value. The gray-scale denotes the minimum considered pore diameter: 0.08 mm (black),
0.25 mm (dark gray), 0.5 mm (light gray). The dashed lines mark the lower REV boundary l,;, for each considered minimum pore diameter. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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