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Abstract

Soil organic carbon (SOC) in arable topsoil is known to have beneficial effects
on soil physical properties that are important for soil fertility. The effects of
SOC content on soil aggregate stability have been well documented; however,
few studies have investigated its relationship with the soil pore structure,
which has a strong influence on water dynamics and biogeochemical cycling.
In the present study, we examined the relationships between SOC and clay
contents and pore size distributions (PSDs) across an arable field with large
spatial variations in topsoil SOC and clay contents by combining X-ray tomog-
raphy and measurements of soil water retention. Additionally, we investigated
the relationships between fractionated SOC, reactive Fe and Al oxide contents
and soil pore structure. We found that porosities in the 0.2-720 pm diameter
class were positively correlated with SOC content. A unit increase of SOC con-
tent was associated with a relatively large increase in porosity in the 0.2-5 and
480-720 pm diameter classes, which indicates that enhanced SOC content
would increase plant available water content and unsaturated hydraulic con-
ductivity. On the other hand, macroporosities (1200-3120 pm diameter classes)
and bioporosity were positively correlated with clay content but not with SOC
content. Due to strong correlations between soil texture, carbon-to-nitrogen
ratios and reactive iron contents, we could not separate the relative importance
of these soil properties for PSDs. Reactive aluminium and particulate organic
carbon contents were poorer predictors for PSDs compared with clay and SOC
contents. This study provides new insights on the relations between SOC and
soil pore structure in an arable soil and may lead to improved estimations of
the effects of enhanced SOC sequestration on soil water dynamics and soil
water supply to crops.
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« Relations between soil organic carbon (SOC) and pore size distribution

(PSD) in an arable soil were explored.
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1 | INTRODUCTION
Although the soil organic carbon (SOC) content in arable
soils changes slowly (e.g., Franko & Schulz, 2021), the
promotion of policies for carbon (C) sequestration in agri-
cultural soils has received attention as a strategy to miti-
gate climate change and global warming (Chenu
et al., 2019) and restore the physical quality of degraded
arable soils (Fell et al., 2018; Jensen et al., 2019; Johannes
et al., 2017). The effects of SOC and different organic
amendments on aggregate stability have been extensively
studied (e.g., Abiven et al., 2009; Bronick & Lal, 2005;
Chenu et al., 2000; King et al., 2019). For example, Chenu
et al. (2000) reported a positive correlation between SOC
and mean weight diameter of water-stable aggregates
mainly due to decreased water wettability of aggregates
with larger SOC content. However, much less is known
about the effects of SOC on the soil pore structure, which
is an important component of soil physical quality, since
it influences many critical soil properties and processes
including the transport and retention of water and sol-
utes and biogeochemical cycling (Rabot et al., 2018). In
turn, the soil pore structure itself influences the long-
term stabilisation of SOC, because it regulates microbial
accessibility to SOC and hence its rate of decomposition
(Dungait et al., 2012; Kravchenko & Guber, 2017;
Ruamps et al., 2011; Strong et al., 2004). For example,
using X-ray tomography, Kravchenko et al. (2015)
reported that a greater abundance of connected pores
>13 pm in diameter led to a faster rate of decomposition
of intra-aggregate particulate organic matter (POM).
Recently, Meurer, Chenu, et al. (2020) developed a model
of these two-way interactions between SOC content and
soil pore structure, which was successfully tested against
a dataset from a long-term field experiment.

Several studies have shown negative correlations
between SOC and bulk density (e.g., Ktterer et al., 2006;
Meurer, Chenu, et al., 2020; Ruehlmann &

diameter classes.

« We used X-ray tomography and soil water retention to quantify a wide

« There were positive correlations between SOC and porosities in 0.2-720 pm

« Porosities in 0.2-5 and 480-720 pm diameter classes were more strongly cor-
related with SOC than clay.

o Our results have implications for improved estimates of effects of SOC
sequestration on soil water dynamics.

arable soil, biopore, pore size distribution, reactive mineral phases, soil organic carbon,
soil water retention, SOM fractionation, texture, X-ray tomography

Korschens, 2009), which suggests that larger SOC results
in larger total porosity (assuming constant particle den-
sity). Effects of SOC on pore size distributions (PSDs),
which can be estimated from soil water retention, are not
as clear. At national and continental scales, volumetric
water contents at field capacity and wilting point and
parameters of water retention functions have been shown
to be strongly correlated with soil texture (i.e., clay con-
tent) but only weakly or not at all correlated with SOC
content (Kitterer et al., 2006; Nemes et al., 2005; Rawls
et al., 2003; Zacharias & Wessolek, 2007). Additionally,
while positive correlations between SOC and plant avail-
able water content (PAWC, i.e., the difference between
water contents at field capacity and wilting point) were
reported by some authors (e.g., Hudson, 1994; Olness &
Archer, 2005), recent global- and continental-scale data
analyses reported only limited effects of SOC on PAWC
(Libohova et al., 2018; Minasny & McBratney, 2018a).
Lal (2020) recently summarised previous research on the
effects of SOC on PAWC and suggested that more
research was needed to explain these apparently contra-
dictory findings. He suggested that the extent of increases
in PAWC with increased SOC content may depend on
soil texture and the initial SOC content. Minasny and
McBratney (Minasny & McBratney, 2018a, 2018b)
suggested that the effects of SOC can be larger on air-
filled porosity at field capacity (i.e., porosity >10 pm
diameter) than on PAWC. These studies also indicated
the need to assess associations between SOC and wide
ranges of PSDs. To the best of our knowledge, there are
only a few studies that report relationships between SOC
and porosities in pore size classes using soil water reten-
tion (Minasny & McBratney, 2018b). For example, in a
long-term experiment, Kirchmann and Gerzabek (1999)
reported a strong positive correlation between SOC and
the porosity in the 1-3 pm diameter class, whereas poros-
ities in the >60 pm diameter class were not correlated
with SOC content. It should be noted that in their study,
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the variation in SOC contents were caused by different
soil management practices (i.e., organic and inorganic
fertilisation and cropping vs. bare fallow), which can be
confounding factors when studying associations between
SOC and PSD.

With the advent of X-ray tomography, the relationships
between SOC and macropore size distribution have been
reported in several studies (e.g., Jarvis et al., 2017; Naveed
et al., 2014; Paradelo et al., 2016; Xu et al., 2018). For exam-
ple, Jarvis et al. (2017) observed no significant correlation
between SOC content and X-ray visible porosity (pore
diameters >65 pm), while total porosities were strongly
and positively correlated with SOC content. These results
led them to the conclusion that enhanced SOC content
through long-term inclusions of grass-clover leys in the
crop rotation resulted in an increase of soil matrix pores
with diameters smaller than 65 pm. In a soil under grass
ley, Larsbo et al. (2016) found a significant positive correla-
tion between SOC content and X-ray imaged porosity for
pores in the smallest imaged size class (200-600 pm in
diameter), but none for pores larger than 600 pm in diame-
ter. Larger soil macropores are created by soil biological
activity (e.g., root growth and decay and faunal burrowing,
e.g., Lucas et al., 2019; Meurer, Barron, et al., 2020) and, in
arable soils, by tillage operations. Both soil fauna and roots
are of major importance for SOC turnover in soil. In turn,
biological activity is affected by soil texture and SOC
(e.g., Holmstrup et al., 2011; Klok et al., 2007; Le Couteulx
et al., 2015; Poeplau & Kitterer, 2017). Quantification of
soil biopores may, hence, provide additional information
on the interactions between SOC and soil structure.
Recently, methods have been developed to separate bio-
pores from the total macroporosity in X-ray tomography
images (Lucas et al., 2019).

Reactive oxides are known to be important as
cementing and binding agents of clay and SOC due to their
large specific surface area and wvariable charges (Six
et al., 2004; Totsche et al., 2018). Many studies have dem-
onstrated the stabilising effects of reactive oxides on the
formation of the so-called micro-aggregates (e.g., Asano &
Wagai, 2014; Gronsten & Berresen, 2009), but few studies
have investigated their effects on soil porosity in arable
soils. One exception is Regelink et al. (2015), who reported
a positive correlation between oxalate-extractable iron
(Feox) and porosities <1000 pm diameter class for soils
taken from three European sites. They proposed a concep-
tual model whereby an Fe-bearing reactive mineral phase
was a key component in the aggregation of clay and silt-
sized particles and in the formation of <9 pm sized poros-
ity. In addition, Shoji et al. (1996) reported a strong positive
correlation between water content at wilting point and
reactive aluminium (Al) and Fe contents for Japanese
Andisols. These studies suggest that the reactive oxide

content of soil may also be an important determinant of
soil pore structure.

Organic matter in soils is often fractionated into POM
and organic matter associated with the silt- and clay-sized
(SC) fractions; the POM fraction consists of relatively
young, fresh soil organic matter (SOM) and hence may be
a good diagnostic indicator for short-term changes in SOC,
while SOC associated with the SC fraction may be more
stable against microbial decomposition and hence impor-
tant for long-term SOC stabilisation (Lavallee et al., 2020;
Poeplau et al., 2018; Rocci et al., 2021). Although relation-
ships between these SOC fractions and aggregate stability
have been well investigated (Jastrow et al., 2007; Jensen
et al., 2019; Six et al., 2004), their relationships with soil
pore structure have, to the best of our knowledge, not yet
been explored.

The objective of the present study was to reveal rela-
tionships between SOC and PSD. To do so, we sampled
the topsoil from an arable field with a large variation in
SOC and clay contents (Fukumasu et al., 2021; Lindahl
et al., 2008). The management across the field, which
could potentially influence soil pore structure, has been
similar during the last 60 years. We combined X-ray
tomography imaging and measurements of soil water
retention to quantify PSDs across a wide range. In addi-
tion to SOC content and soil texture, we measured prox-
ies of Al- and Fe-bearing reactive mineral phases and
SOC in soil fractions to examine their relations with
PSDs. We chose to investigate this question at the field
scale instead of the regional scale or using plot experi-
ments with different treatments in order to eliminate dif-
ferences in land management (e.g., crop types and
rotations, tillage systems, organic fertilizations) and cli-
mate, which could potentially mask the relationships
between SOC and soil pore structure. The large within-
field variations in soil texture and SOC allowed us to
investigate their roles for pore structure formation.

2 | MATERIALS AND METHODS

2.1 | Site description and soil sampling

The studied field (46.9 ha) is located on the Bjertorp farm
in Vistergotland (58°14'00.0”N 13°08'00.0”E), south-west
Sweden (Lindahl et al., 2008). Details of the site are pres-
ented in Fukumasu et al. (2021). Briefly, this field has
been cultivated for at least 60 years with barley, oats, rape
and wheat as major crops. Soil management has been
similar across the field except that different crops were
grown in parts of the field for some years, and precision
fertilisation of nitrogen, phosphorus and potassium was
practiced in some years. Based on the World Reference



FUKUMASU ET AL.

ot | WiLEY—F

Base (2015) system, soil profiles at three locations in the
field were classified as Stagnic Eutric Cambisol, Eutric
Stagnosol and Haplic Phaeozem. Mean annual precipita-
tion and temperature are 624 mm and 7.3°C, respectively
(average for the period 2006-2019 taken from the nearby
metrological station at Hillum, Swedish Meteorological
and Hydrological Institute). In late August 2017, after the
harvest of rape but before tillage, two different sized
intact soil cores and one sample of loose soil were taken
as close to each other as possible (within 30 cm) at
35 locations selected using stratified sampling to cover
the range of combinations of SOC and clay contents
found in a previous soil sampling campaign (Lindahl
et al., 2008; Figure S1). Large intact samples were taken
in polyvinyl chloride (PVC) cylinders (20 cm height,
12.5 cm diameter) from the uppermost ca. 17 cm of soil
using a tractor-mounted hydraulic press. Small intact
samples were taken in steel cylinders (10 cm height,
6.8 cm diameter) at a depth of ca. 3-13 cm using a drop
hammer. The large samples were first scanned using X-
ray tomography. The samples were then used for non-
reactive solute transport experiment (data not shown
here). After these experiments, soil from within the col-
umns was extracted from depths of ca. 3-13 cm, air-dried
at ca. 38°C, crushed and sieved to <2 mm. These samples
were then used for soil texture analysis, SOC fraction-
ation and oxalate extraction of Al and Fe. The small cyl-
inder samples were used to determine dry bulk density
and soil water retention. The loose soil was air-dried at
ca. 38°C, crushed and sieved to <2 mm, and then used
for measurements of water content at wilting point. We
refer to the sieved soil samples as bulk soil.

2.2 | Basic soil properties and SOM
fractionation

Soil texture (sand: 60-2000 pm, silt: 2-60 pm, clay: <2
pm) was determined by wet-sieving and by the pipette
method using ca. 20 g of bulk soil. Before texture analy-
sis, SOM was removed by 10 ml peroxide (35%) and the
soil was dispersed by adding 25 ml of chemical dispersant
(7 gL' sodium carbonate, Na,CO; + 33 gL' sodium
metaphosphate, (NaPOs),). Al- and Fe-bearing reactive
mineral phases were estimated after oxalate extraction;
1 g of dried soil was extracted in the dark by 100 ml of
oxalate extraction solution (0.2 mol/L oxalate, mixture of
4.8 L ammonium oxalate solution and 3.6 L oxalic acid
solution, pH adjusted to 3.0). The reactive Al and Fe con-
tents were then measured using inductivity coupled
plasma optical emission spectrometer.

SOM fractionation as developed by Zimmermann
et al. (2007) and modified by Poeplau et al. (2013) was

conducted to isolate SOC associated with different particle
size classes. The details of the method are given on page
S10 in the supplementary materials. The fractionation
resulted in four distinctive fractions, namely POM, SOM
associated with the sand-sized fraction (>63 um), SOM
associated with the silt 4 clay (SC) sized fraction (<63 pm)
and SOM that is resistant to oxidation (rSOM). SOC and N
contents in SOM fractions were measured by dry-
combustion on a TruMac CN (LECO Corp.). The inorganic
carbon content was negligible (i.e., <0.024 g C kg~ bulk
soil; Fukumasu et al., 2021). The carbon-to-nitrogen (C:N)
ratios were similar in the sand-sized fraction and in the
POM fraction (Fukumasu et al., 2021). We therefore used
the SOC content and the C:N ratio in the combined sand
and POM fraction. From here on we refer to the C content
in this fraction as POM-C. SOC in the SC-sized fraction
and rSOM fraction on a bulk soil basis (g kg™' bulk soil)
were strongly positively correlated with the total SOC con-
tent (Fukumasu et al., 2021). We therefore used only the
total SOC content (referred to as SOC from here on) and
POM-C in the statistical analyses described below. We used
the C:N ratio of bulk SOM and POM as an indicator for the
degree of microbial decomposition (Gregorich et al., 2006).
It should be noted that the C:N ratio of bulk SOM was
strongly positively correlated with that of SOM in the SC
fraction (Figure S2). SOC content and POM contents were
weakly but negatively correlated with clay content
(Figure 1a,c). SOC content in the SC fraction (SC-C) was
strongly and positively correlated with SOC content, while
POM-C content was positively but only weakly correlated
with SOC content (Figure 1b,d). A statistical summary of
soil properties is shown in Table S1. A Spearman correla-
tion matrix of the soil properties, which shows that some
of the variables are correlated with one another, is pres-
ented in Figure 2.

2.3 | X-ray tomography

The X-ray scanning was conducted using the GE Phoenix
X-ray scanner (v|tome|x 240) installed at the Department
of Soil and Environment at the Swedish University of
Agricultural Sciences, Uppsala. The X-ray scanner has a
tungsten target, a 240-kV X-ray tube and a GE 16" flat
panel detector. Exactly 2000 radiographs were collected
for each of the large intact soil columns at a voltage of
180 kV, a current of 630 pA and exposure time of 333 ps
for samples with clay content <30% and 170 kV, 740 pA
and 1000 ps for samples with clay content >30% respec-
tively. A three-dimensional image was constructed from
the radiographs using the GE image reconstruction soft-
ware datos|x 2.1.0 RTM. The resulting voxel edge length
was 120 pm in all directions, which means that we can
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detect pores with diameters larger than approximately
240 pm. We used a cylindrical region of interest 8.4 cm in
diameter at the 3.0-13.0 cm depth to exclude artificial
pores located close to the PVC wall, which were likely
created during soil sampling. Since the soil surfaces were
uneven, we defined the location of the surface where the
solid phase filled 50% of the horizontal cross-section area
(Larsbo et al., 2014).

2.4 | Image processing and analysis

We carried out image processing using the open-source
software ImageJ and the bundle of plugins included in F1JI
(Schindelin et al., 2012). We applied a three-dimensional
median filter with a radius of 1 to the images to reduce
noise. We then corrected illumination differences between
images and within images in the vertical direction using
the plugin SoilJ (Koestel, 2018) with the grey values in the
wall of the PVC cylinders and the air inside the columns as
references. We used a single grey value threshold to seg-
ment all images into pore voxels and solid-phase voxels.
Since the automatic thresholding methods included in
ImageJ did not result in a satisfactory segmentation of
pores and solids, we determined the threshold value by

visually comparing grey value images and binary images.
With the chosen threshold, we assigned POM to the pore
phase. Total visible porosities and PSDs were then calcu-
lated using Soill. We also identified biopores using the
method proposed by Lucas et al. (2019), which defined all
tubular pores as biopores. Briefly, we first reduced the reso-
lution of the binary images by a factor of two to reduce the
computation time for the calculations. The eigenvalues of
the Hesse matrix (i.e., the tensor of second derivatives of
the local grey values) were then calculated after applying
Gaussian Blur filters with different standard deviations to
the binary images. Eight different standard deviations o
were considered to detect biopores of different diameters.
By doing so, tubular pores were separated from irregularly
shaped pores. In each calculation, 3D dilations were carried
out to better reproduce the actual width of the biopores.
Total bioporosity and biopore size distributions were then
calculated using Soil]. We separated macropores and bio-
pores into the following pore diameter classes: 240-480,
480-720, 720-1220, 1220-1920, 1920-3120 and >3120 pm.
For biopores, we only analysed pores with diameters larger
than 480 pm, due to the above-mentioned resolution reduc-
tion. In addition, biopore length density (biopore length per
volume of the samples) was calculated assuming that pores
segmented as biopores were cylindrical (Lucas et al., 2019).
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Clay

Silt

Sand

Alox 0.03 0.19 -0.07

SOC  -0.37 -0.04 0.3

Bulk C: - -0.52

N
POM-C .48 -0.39

-0.48
POM C:N . -0.35

02 -043 0.42

-0.11 -0.42 0.16

2.5 | Soil water retention and pore size
distribution

Soil water retention was measured at pressure potentials
of —30 and —100 cm on a sand box, at pressure potentials
of —300 and —600 cm using a suction plate and at
—15,000 cm pressure potential using a pressure plate
extractor. For the measurements at wilting point
(i.e., —15,000 cm), soils sieved to <2 mm were used. Each
pressure potential was then converted to an equivalent
pore diameter with the Young-Laplace equation:
d = —3000/y, where d is pore diameter (pm) and v is
pressure potential (cm). By calculating the difference in
volumetric water contents between measurements at dif-
ferent pressure potentials, we estimated the porosity of
the following pore diameter classes: >100 pm, 30-
100 pm, 10-30 pm, 5-10 pm, 0.2-5 pm and <0.2 pm.
Total porosity was then estimated from dry bulk density,
assuming a particle density of 2.65 g cm .

2.6 | Statistical analysis

We used Spearman rank correlation coefficients to exam-
ine the statistical relationships between porosities in differ-
ent pore diameter classes and soil properties because some

FIGURE 2
correlation matrix of soil properties

Spearman rank

(n = 35). Significant correlations

(p < 0.05) were highlighted either in red
(negative) or in blue (positive). Alox,
oxalate-extractable aluminium; bulk C:N,
carbon-to-nitrogen ratio of bulk soil
organic matter; Feox, oxalate-extractable
iron; POM C:N, carbon-to-nitrogen ratio
of the particulate organic matter fraction;
POM-C, SOC content in the particulate
organic matter fraction; SOC, soil organic
carbon

of the soil properties were not normally distributed. We
also performed multiple linear regression analysis to deter-
mine how the porosities in different diameter classes were
influenced by unit changes in SOC and clay contents.
Additionally, we determined the relative importance of clay
and SOC for explaining the total variance for each pore
diameter class using the function “lmg” available in R
package “relaimpo” (Gromping & Lehrkamp, 2015). This
function decomposes the total variance for each of the mul-
tiple linear regression models into contributions made by
clay and SOC respectively. Assumptions of normality and
homoscedasticity of residuals were visually checked. We
used a significance level of p = 0.05. All statistical analyses
were carried out in R (R Core Team, 2019).

3 | RESULTS
3.1 | Macroporosity and bioporosity
quantified by X-ray tomography

The range of total visible porosity quantified by X-ray
tomography was 0.062 to 0.224 m*® m™> (Figure 3a).
Porosities were distributed between all pore diameter
classes with the largest fraction in the 720-1200 pm
diameter class (Figure 3a). Porosities in the 240-480 pm
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and 480-720 pm diameters classes were positively corre-
lated with SOC content and with the C:N ratio of bulk
SOM, whereas porosities were not correlated with
POM-C content and C:N ratios of POM except for posi-
tive correlations between the C:N ratio of POM and
porosities in the >3120 pm diameter class (Figure 3b).
The porosity in the 240-480 pm diameter class was nega-
tively correlated with clay content, whereas porosities in
the 1200-3120 pm diameter classes were positively corre-
lated with clay (Figure 3b).

The biopore length density varied between 0.043 and
0.78 cm cm > (mean 0.40). The total bioporosity varied
between 0.0005 and 0.027 m® m >, with larger bioporosities
in the two largest diameter classes (Figure 4a). Total
bioporosity contributed to about 10% of the total X-ray visi-
ble porosity, and the larger the diameter of macropores, the
larger the biopore fraction (Figure S3a). Except for the
1200-1920 pm diameter class, total bioporosities and bio-
porosities in individual diameter classes were not correlated
with the corresponding macroporosities (Figure S3b). Total

oil Science
bioporosity was positively correlated with clay, silt and
Feox contents, whereas it was not correlated with SOC con-
tent (Figure 4b). The bioporosity in the 480-720 pm diame-
ter class, which constituted a minor fraction of total
bioporosity, was positively correlated with SOC (Figure 4b),
but this result should be interpreted with care, since such a
small porosity may have been affected by some outliers or
vulnerable to image noise. Bioporosities in the 720-
3120 pm diameter classes were positively correlated with
clay, silt and Feox contents while they were negatively cor-
related with sand, POM-C, and C:N ratios of bulk SOM and
POM. These bioporosities were not correlated with SOC.
Bioporosities were not correlated with Alox content.

3.2 | Volumetric water content and pore
size distribution

Total porosity varied between 0.414 and 0.558 m®> m >
with relatively large proportions found in the pore
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diameter classes >100 pm, 0.2-5 pm and <0.2 pm com-
pared with the 30-100 pm, 10-30 pm and 5-10 pm diame-
ter classes (Figure 5a). Total porosity and porosities in all
pore diameter classes except for the pores <0.2 pm in diame-
ter were positively correlated with SOC content (Figure 5b).
Porosities in the pore diameter class of 5-100 pm were also
positively correlated with POM-C content (Figure 5b).
Porosities in the diameter classes <0.2, 5-10, 10-30 and
30-100 pm were more strongly correlated with clay, sand
and Feox contents than SOC content.

The variability in volumetric water contents increased
with decreasing pressure potential (Figure S4a). Bulk
density and volumetric water content at —30 cm pressure
potential were correlated with SOC and Alox contents
(Figure S4b). On the other hand, volumetric water
contents in the pressure potential range of —100 to
—15,000 cm were strongly and positively correlated with
clay and Feox contents, while they were negatively corre-
lated with sand, POM-C and C:N ratios of bulk SOM and
POM (Figure S4b).

3.3 | Multiple linear regression

The regression coefficients of SOC for porosities in the
<0.2, 10-30 and 30-100 pm pore diameter classes were
not significant (p > 0.05), although the assumption of
homoscedasticity of residuals for the models for porosi-
ties in the 10-30 and 30-100 pm diameter classes was not
met. The porosities in the 10-30 and 30-100 pm diameter
classes increased exponentially with clay content (Adj.
R* = 0.83, Figure S5a and Adj. R*> = 0.74, Figure S6a).
However, for comparison, we included the results of the
multiple linear regressions also for these pore diameter
classes in Figure 6.

The regression coefficient for SOC and individual
pore diameter classes was largest for the porosity in the
0.2-5 pm pore diameter class, followed by the 480-720,
240-480 and 5-10 um diameter classes (Figure 6a). There
was a large increase in porosity in the <0.2 pm diameter
class with a unit increase of clay content, while the poros-
ities in the other diameter classes showed the opposite
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FIGURE 5 Results from soil water
retention (a) box plot of total porosity and
porosities in different pore diameter classes
(n = 35) and (b) Spearman rank correlation
matrix of soil properties and total porosity
and porosities in different pore diameter
classes (n = 35). Significant correlations

(p < 0.05) were highlighted either in red
(negative) or in blue (positive). Alox,

02 03 04 05 06

oxalate-extractable aluminium; bulk C:N,

Porosity estimated from SWR (-)

carbon-to-nitrogen ratio of bulk soil organic
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matter; Feox, oxalate-extractable iron; POM
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C:N, carbon-to-nitrogen ratio of the

particulate organic matter fraction; POM-C,

SOC content in the particulate organic

matter fraction; SOC, soil organic carbon;

SWR, Soil water retention (b)

Total porosity —0.02 0.28 —0.07. -0.15
<0.2pm - 0.02 . -0.36
02-5um -0.3 0.11
5-10 pm
10-30 pm
30 —-100 pm

> 100 pm

trend (Figure 6b). The relative contributions to the total
explained variance for total porosity and porosities in the
0.2-5, 240-480 and 480-720 pm diameter classes were
larger for SOC than for clay content, whereas the oppo-
site was true for the other pore diameter classes
(Figure 6c).

4 | DISCUSSION
4.1 | Macroporosity and bioporosity
derived from X-ray tomography images

We found positive correlations between SOC and X-ray
derived macroporosities in the 240-480 and 480-720 pm
diameter classes. These results are consistent with results
reported by Larsbo et al. (2016) and Xu et al. (2018), who
observed positive correlations between SOC and porosity
in the 200-600 pm diameter class and between SOM and
porosity in the 200-500 pm diameter classes, respectively.
Our SOM fractionation results showed that ca. 80% of

Total

<0.2 02-5 5-10 10-30 30-100 >100

Pore diameter class (um)

N SO
& F F @ S

0.32 0.22 -0.19

-0.5 —0.53 | [ 06

0.4
0.2 0.22 0.4 0.07  0.45 02
-0.4 0.44 r 0
-0.2
0.13
-0.4
0.1 - 0.6
0.8

-0.1 0.21 0.02 0.29 -0.01 0.36 0.2 0.06 —0.01

SOC was associated with the silt+clay sized (<63 pm)
fraction (Figure 1b). However, mineral-associated SOC
may still be important for the presence of pores in the
240-720 pm diameter classes by stabilising the macropore
structure through clay-sized particle aggregation (Dexter
et al., 2008; Fukumasu et al., 2021; Jensen et al., 2019).
Another plausible explanation for the positive correlation
between SOC and macropores in 240-720 pm diameter is
that pores in this diameter class may be associated with
meso-faunal activity and fine root growth (Bodner
et al., 2014; Meurer, Barron, et al., 2020). Root-derived
organic carbon also stimulates microbial and faunal
activity in soil and contributes to the accumulation of sta-
bilised or protected SOC (Kitterer et al, 2011;
Kuzyakov & Blagodatskaya, 2015). However, bio-
porosities were not correlated with SOC content except
for the 480-720 pm diameter class, which comprised a
very small fraction of the total imaged porosity and hence
would have limited effects on water dynamics and bio-
geochemical cycling. The inter-relationships between
SOC, macropores, root abundance and microbial and
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FIGURE 6 Coefficients of multiple linear regressions with

(a) SOC (10 g kg™ " or %) and (b) clay (%) as explanatory variables
and porosities derived from soil water retention measurements as

response variable (error bars are standard error) and (c) relative
contribution of SOC and clay contents to total explained variance
for the multiple linear regression models. N.S. means that the
coefficient was not significantly different from zero

faunal activity are still not well understood and should be
further studied (Meurer, Barron, et al., 2020).

Neither porosities in the >720 pm diameter classes
nor total X-ray visible macroporosity were correlated
with total SOC and POM-C contents. This is in line with
results of X-ray studies on other arable soils reported by
Larsbo et al. (2016), Paradelo et al. (2016), Pituello
et al. (2016), Jarvis et al. (2017) and Xu et al. (2018).
Instead, macroporosity in the diameter classes of 1200-
3120 pm was positively correlated with clay and silt con-
tents. This may be due to the development of cracks
(Paradelo et al., 2016) due to wetting and drying cycles,
which result in swelling and shrinking in soils of

sufficient clay content (Colombi et al., 2021; Horn
et al., 1994). Furthermore, the positive correlation
between clay content, biopore length density and
bioporosity in the 720-3120 pm diameter classes may be
a consequence of the greater macro-faunal activity
(e.g., earthworms) in loamy soils compared with sandy
soils (Baker et al., 1998; Capowiez et al., 1998; Lindahl
et al., 2009).

It should be noted that the total visible porosity was
positively correlated with the porosities in all pore size
classes (Figure S7). Similarly, total bioporosity was posi-
tively correlated with the bioporosities in all pore size
classes except for the 480-720 pm diameter class
(Figure S8). These results suggest that macropore and
biopore formation did not cause redistribution of
macropore and biopore sizes but instead contributed to
increases in total macro- and bioporosities.

4.2 | Porosity and pore size distribution
estimated by soil water retention

We found a significant positive correlation between SOC
and total porosity, whereas total porosity was not corre-
lated with soil texture (Figure 4b). These relations are
well established at the field scale (e.g., Jarvis et al., 2017;
Meurer, Chenu, et al., 2020; Paradelo et al., 2016) and at
national and global scales (e.g., Kitterer et al., 2006;
Nemes et al., 2005). Far fewer studies have reported rela-
tionships between SOC and PSDs and their results are
much less clear (Lal, 2020; Minasny & McBratney, 2018a;
Minasny & McBratney, 2018b). In our study, porosities in
all classes except for pores <0.2 pm in diameter were pos-
itively correlated with SOC. In particular, the porosity in
the 0.2-5 pm diameter class was strongly correlated with
SOC. The porosity in this diameter class was not corre-
lated with soil texture, while porosities in most of the
other pore size classes were more strongly correlated with
clay and sand contents than with SOC content. A plausi-
ble explanation for our results is that the formation of
pores in the 0.2-5 pm diameter class may be governed by
micro-aggregation of silt/clay size particles where
physico-chemically protected SOC acts as a binding agent
(Dexter et al., 2008; Jensen et al., 2019; Regelink
et al., 2015). In a previous study using the same soils, we
confirmed that the removal of SOC in the SC fraction led
to the destruction of silt-sized (2-20 pm) aggregates and a
release of clay-sized (<2 pm) particles, which indicated
that SOC binds clay- and silt-sized particles together to
form silt-sized micro-aggregates (Fukumasu et al., 2021).
Also, microbial activity in the porosity in 0.2-5 pm diam-
eter class may not be high because bacteria may not be
able to colonise pore space of this size, which would
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reduce the decomposition rate of SOC (Kravchenko
et al., 2020; Kuzyakov & Blagodatskaya, 2015).

We found similarly strong positive correlations
between SOC and porosities in the 1-5 pm and 0.2-
30 pm diameter classes in an analysis of data presented
in Kirchmann and Gerzabek (1999; Table S2) and Jensen
et al. (2020; Table S3), respectively. Recently, Fu
et al. (2021) also reported a strong positive correlation
between SOC and porosity in the 0.2-7.5 pm diameter
class in a regional scale study carried out in the Canter-
bury Plains in New Zealand. Interestingly, the causes of
SOC variations in these studies were different from our
field; the SOC gradient in the Bjertorp field was mostly
explained by physico-chemical stabilisation mediated by
reactive aluminium content and carbon input from crop
production (Fukumasu et al., 2021), whereas the gradient
in Kirchmann and Gerzabek (1999) was caused by vari-
ous types of organic and inorganic fertilisers, the gradient
in Jensen et al. (2020) was caused by land use changes
between bare fallow, grassland and arable and the gradi-
ent in Fu et al. (2021) seemed to be caused by different
land uses including irrigated arable fields and irrigated
and non-irrigated pastures. On the other hand, Zhou
et al. (2020) reported no correlation between SOC and
0.2-10 pm diameter porosity in a long-term fertilised
Vertisol, whereas porosity <0.2 pm in diameter was posi-
tively correlated with SOC content. By quantifying a wide
range of pore sizes (from nanopores (0.25-50 nm diame-
ter) to meso- and macropores (> 25 pm diameter)) using
different methods (X-ray tomography, mercury por-
osimetry and nitrogen gas adsorption) for soils from long-
term experimental arable plots, Pituello et al. (2016) also
reported that nanoporosity (10-50 nm diameter classes)
was positively correlated with SOC, whereas meso- and
macroporosities were not correlated with SOC except for
the mesoporosity in the 30-75 pm diameter class, which
was negatively correlated with SOC. The positive correla-
tions between SOC and nanoporosity reported in these
two studies indicate that SOC may be physically protec-
ted within such nanopores (Liitzow et al., 2006; Mayer
et al., 2004). The contrasting results between the studies
cited above and the Bjertorp soils suggest that relations
between SOC and PSD may be influenced by soil type
(e.g., clay mineralogy) as reported in Libohova et al. (2018)
and Lehmann et al. (2021).

The correlation analysis of the relationships between
the porosities estimated from soil water retention showed
that the increase of porosity smaller than 0.2 pm diame-
ter was associated with the decreases of porosities in the
5-100 pm diameter classes (Figure S9). These pore size
classes were strongly dependent on soil texture. This indi-
cates that these pore size classes were associated with the
abundance of textural pores (i.e., pores between primary

particles), which is in line with the conceptual model
proposed by Lucas et al. (2021).

4.3 | Responses of porosities to a unit
increase of SOC and its implications for
water dynamics

We found relatively large increases in porosities in the
0.2-5 and 480-720 pm diameter classes with a unit
increase of SOC. In contrast, the porosities in the <0.2
and 5-100 pm diameter classes seem to be dominated by
textural pores. The porosities in the 5-100 and 240-
480 pm diameter classes decreased with higher clay con-
tents while the porosities in the 5-10 and 240-480 pm
increased with larger SOC content, which indicates that
soils with larger clay contents need larger amounts of
SOC to achieve a given soil porosity compared with soils
with lower clay contents. These results fit with the con-
cept that soils with higher clay content require higher
SOC content to exhibit the same aggregate stability, soil
structure quality score or clay dispersibility as compared
with soil with lower clay contents (Feller & Beare, 1997;
Johannes et al., 2017; Jones et al., 2021; Prout et al., 2021;
Soinne et al., 2016).

The relationships between SOC contents and the
porosities in the different pore size classes have implica-
tions for soil water dynamics. Based on the regression
relationship in our study, a 10 gkg ' increase in SOC
content would result in an increase of about 3 mm
100 mm ! soil depth for PAWC (i.e., the 0.2-10 pm diam-
eter class). This is larger than the results of a meta-
analysis (1.1-1.9 mm 100 mm ' soil depth) by Minasny
and McBratney (2018a). A relatively large increase of
porosity associated with diameters between 480 and
720 pm with a unit increase of SOC content may increase
unsaturated hydraulic conductivity and thus water flow
through pores of this size, which may lead to a reduction
in the risk of preferential flow (Larsbo et al., 2016).

4.4 | Reactive oxide phases, POM-C and
C:N ratios

Porosities in some pore size classes were correlated with
Feox, POM-C and Alox contents (Figure 5b). However, as
shown in Figure 2, Feox and POM-C contents were
strongly correlated with clay content, and SOC content
was positively correlated with Alox content. Multiple lin-
ear regression analysis using clay and Alox or POM-C
instead of SOC indicated that compared with SOC, Alox
can better explain the variation of the porosity in the 5-
10 pm diameter class and POM-C explains more of the
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variation of the log-transformed porosity in 30-100 pm
diameter class. Also, multiple linear regression analysis
using SOC and Feox as explanatory variables showed
that, in general, Feox did not improve the predictability
of the porosities compared with the models with clay
(data not shown). It should be noted that the contents of
Feox (<8.8 gkg"), Alox (<2.1 gkg™") and POM-C
(<3.4 g kg~ ") were much smaller than clay and SOC con-
tents (Table S1). We therefore suggest that predictions of
PSDs should be done using clay and SOC contents as pre-
dictors in our field. As reported in Fukumasu et al. (2021),
Alox contents may instead be a key regulator for SOC
stabilisation and clay aggregation in the Bjertorp field.
Our results indicate that these reactive mineral phases
have an indirect effect on soil pore structure via organo-
mineral associations (Fukumasu et al., 2021).

Additionally, C:N ratios can be good indicators for
the degree of microbial decomposition of SOM
(Gregorich et al., 2006). We found positive correlations
between C:N ratios of bulk SOM and/or POM and porosi-
ties in the 10-100 and 240-720 pym diameter classes,
which indicates that such pores may be associated with
less-microbially processed SOM. This is not in line with
studies of Kravchenko et al. (2015) and Toosi et al. (2017),
who reported that intra-aggregate POM and plant resi-
dues were rapidly decomposed when porosities in the
>10 pm and >30 pm diameter classes were large. As dis-
cussed above, a plausible explanation for our results is
that a larger abundance of pores in these diameter classes
may be associated with higher growth of fine roots
(Bodner et al., 2014), which may contribute to a supply of
relatively fresh organic matter. However, since the C:N
ratios and these porosities were also strongly correlated
with soil texture, we cannot be certain that these pores
were associated with the quality of SOM and POM.

5 | CONCLUSIONS

Within-field variations of SOC and clay contents enabled
us to investigate their relations with PSDs under the same
climate and similar land management. We found positive
correlations between SOC content and porosities in the
0.2-720 pm diameter classes. In particular, the porosities in
the 0.2-5 and 480-720 pm diameter classes were more
strongly correlated with SOC than clay content. This high-
lights the potential importance of SOC for plant available
water and unsaturated hydraulic conductivities. Multiple
linear regression analysis also indicated that, to achieve a
given soil porosity, samples with larger clay content would
require larger SOC content compared with soils with lower
clay content. Clay content may also determine the forma-
tion of large macropores and biopores through its effects

on swelling and shrinking processes and soil macro-faunal
activity (e.g., earthworms). Our results provide information
on the potential effects of SOC sequestration in arable top-
soil for soil PSDs, which may influence soil hydraulic prop-
erties, plant water supply and the physical conditions for
root growth. Because our results, to a large extent, rely on
correlations, the mechanisms behind interactions between
SOC, biological activity and soil pore formation need to be
further investigated in future studies.
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