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Wet soil conditions

In wet soils, oxygen (O3) transport in large structural pores that drain close to saturation limits SOC minerali-
zation and C emissions. However, these effects are still poorly understood because in standard incubation ex-
periments soils are sieved and structural pore networks are destroyed. Our objective was to investigate the effects
of soil structure on C mineralization rates under wet soil conditions. We measured CO5 emissions from intact soil
cores of contrasting structure taken from conventional tillage vs. no-till treatments in laboratory incubations at
pressure heads ranging from saturation to —30 cm. At each drainage step, we used X-ray CT to quantify various
metrics of the geometry and topology of air, soil matrix and particulate organic matter (POM). We show that COy
emissions are regulated by the air-filled porosity connected to the soil surface, as well as by the area of the
interface between this connected air phase and the soil matrix and the volume of the matrix located within
2-3 millimetres of the interface and POM in this “active” zone. All four of these variables increase concomitantly
with air-entry, although in the case of no-till soils, CO, emissions increased most rapidly during initial drainage.
We attributed this to the more heterogeneous “space-filling” pore structure and a larger fraction of bio-pores
found in the no-till cores. These results should help to support the development of improved models of SOC
turnover taking into account the effect of soil structure and soil management.

1. Introduction

Soils and climate are interconnected systems and the result of their
complex interactions together with vegetation and land management is
critically important for the carbon balance in the soil-plant-atmosphere
system (Certini and Scalenghe, 2023). Changes in soil organic matter
stocks and the release of C back into the atmosphere affect both soil
quality (Stockmann et al., 2015) and climate regulation (Jungkunst
et al., 2022). Indeed, soil organic matter is recognized as one of the most
important factors sustaining soil quality through, for example, its effects
on the soil biological habitat and soil fertility (Franzluebbers, 2002;
Krause et al., 2022; Reeves, 1997) as well as on soil physical conditions
(Lal, 2013; Henryson et al., 2018; Meurer et al., 2020). For these rea-
sons, a sound understanding of the controls on organic matter miner-
alization rates in soil is therefore of critical importance for both soil
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quality itself and the feedbacks to climate via the release of COx.

Climate affects the soil temperature and moisture regimes that
directly regulate organic matter decomposition (Sierra et al., 2015; Rey
et al., 2005; Curiel Yuste et al., 2007). Soil moisture has been identified
as one of the most sensitive components determining the effects of
climate change on SOM turnover (Garten et al., 2009). However, the in
situ relationship between C emissions and variations in soil moisture is
complex due to many interactions with other factors (Hursh et al., 2017,
Wickland and Neff, 2008, Gonzalez-Dominguez et al., 2019). For
example, climate controls soil moisture via diverse interactions with
soil-plant system properties (Feng et al., 2023), while soil moisture and
soil properties regulate soil geochemical processes and organic carbon
dynamics interactively (Doetterl et al., 2015).

Controlled soil incubation experiments have therefore been used to
support the derivation of theoretical and empirical functions describing
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the response of C mineralisation to soil moisture (Moyano et al., 2012;
Sierra et al., 2015) that are widely used in soil organic matter turnover
models (e.g. Braakhekke et al., 2011, Linkosalo et al., 2013). In turn,
these models are also embedded within broader modelling platforms
describing water, nutrient and organic matter cycling in the
soil-plant-atmosphere system (e.g. Gabrielle et al., 2002; Yin et al.,
2020). However, the inclusion of climatic regulation via soil moisture
inside Earth System Models used for climate predictions is still a matter
of discussion and underrepresented. This is because the response of C
mineralization to variations in soil moisture is still not well understood
(Evans et al., 2022; Pallandt et al., 2022; Sierra et al., 2015). Indeed, the
effects of soil moisture on C mineralization rates are the outcome of
complex interactions between both biological (e.g. the activity of mi-
crobial communities) and physical (e.g. diffusion rates of substrate and
oxygen) processes which take place in a complex porous medium that is
highly structured at multiple scales (Baveye et al., 2018). For example,
the composition and spatial distribution of both organic matter and
microbial communities is heterogeneous both between and within
different classes of pore size (Kuzyakov and Blagodatskaya, 2015,
Chakrawal et al., 2020; Nunan et al., 2003; Rawlins et al., 2016, Chat-
terjee et al., 2024). Moreover, soil structure is known to exert a signif-
icant control on the distributions of water and air in soil and thus the
diffusion rates of O, and solutes (e.g. substrate) and in turn their
accessibility to decomposition by microbial communities (Peth et al.,
2014). In soils of undisturbed structure, active microbial populations
and hotspots for C turnover (e.g. Heitkotter and Marschner, 2018a,b) are
often confined to the connected networks of macropores (e.g. biopores
and aggregate surfaces; Yoo et al., 2006; Kuzyakov and Blagodatskaya,
2015; Leue et al., 2018; 2021; Liang et al., 2021) that quickly drain after
rain events. Intensive tillage homogenizes soil pore size distributions
(Kravchenko et al., 2011; Wang et al., 2012) and organic carbon con-
centrations (e.g. Ananyeva et al., 2013) and also affects microbial
biomass and activity (Sun et al., 2020; Zhang et al., 2023). Yet most
incubation experiments that have investigated the regulation of CO5
emissions by soil moisture have been carried out on sieved soil in which
the undisturbed structure of the soil ‘in situ’ has been destroyed. The
relevance of these findings for soils of intact structure under field con-
ditions is therefore questionable, especially for systems with reduced
tillage or no-till management (Herbst et al., 2016).

Imaging techniques afford the possibility to quantify relationships
between the structure and functions of undisturbed soils (Helliwell et al.,
2013; Schliiter et al., 2014). X-ray CT in particular is well suited to
studying relationships between soil pore space structure and C emissions
from soil (e.g. Kravchenko and Guber, 2017). In this respect, recent
studies have demonstrated the important role of physical protection (i.e.
inaccessibility to microbial decomposition) in regulating the decompo-
sition rates of particulate organic matter (Toosi et al., 2017; Quigley
et al., 2018). Other studies have used X-ray to investigate the long-term
effects of tillage systems and land use on soil pore structure and CO,
emissions (e.g. Alskaf et al., 2021; Ghosh et al., 2022). Little attention so
far has been focused on using imaging techniques to specifically study
the role of soil moisture in mediating the effects of soil structure on
mineralization. Li et al. (2022) used X-ray to study the effects of soil
moisture on mineralization of particulate organic matter in incubations
carried out under optimal and dry soil conditions. Schliiter et al. (2022)
measured carbon mineralization in soil aggregates from three grassland
and agricultural soils and showed that mineral-associated organic mat-
ter was depleted around pores with diameters larger than 10 pm under
both partially and fully saturated conditions. Recently, Lucas et al.
(2024) investigated the effects of the distribution of particulate organic
matter (POM) in intact soil cores on soil respiration and denitrification
and showed the importance of the distance of POM to air-filled pores in
explaining CO, emissions. To the best of our knowledge, this is the only
study that has used X-ray CT to investigate CO5 emissions in intact soils
close to saturation where O, limitation is expected to regulate C
mineralization. Furthermore, no previous studies have used X-ray CT to
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investigate the long-term effects of contrasting tillage systems on the soil
structural pore space and how these differences in soil structure influ-
ence CO, emissions close to saturation. These are important knowledge
gaps as wet soil conditions commonly occur, for example in irrigated
agriculture (e.g. paddy rice fields) or during autumn and winter in
temperate climates where agricultural soils can be left bare. Under such
conditions, mineralization of organic matter (e.g. incorporated crop
residues) may be significant, leading to risks of nutrient leaching. O,
availability under wet soil conditions is also a highly relevant factor
regulating the decomposition of C in subsoils (e.g. Salome et al., 2010),
which usually contains a significant fraction of the total C stock in the
soil profile (e.g. Rumpel and Kogel-Knabner, 2011). Wetter soil condi-
tions may also occur more often in the future, at least in some regions,
due to more frequent intense rain events and subsequent flooding in a
warming climate (IPCC, 2021).

The objective of this study was therefore to investigate the re-
lationships between C emissions close to saturation and the volume and
connectivity of the air-filled porosity for intact soil cores taken from two
contrasting tillage treatments (conventional tillage vs. no-till). We hy-
pothesized that differences in C emissions close to saturation are to a
large part due to the contrasting volumes and surface areas of connected
air-filled porosity and their spatial relationships (distances) to sources of
organic matter as they regulate O, availability for microbial activity
through their role for diffusive gas transport in air and water and gas
dissolution at the air/water interface. Additionally, we further expected
that the relationships between C emissions and metrics quantifying the
amount and distribution of soil air close to saturation would differ be-
tween cultivated and undisturbed soils because of contrasts in the soil
pore network architecture as well as the number and type of soil mac-
ropores (e.g. biopores), as well as the distances of such macropores to
particulate organic matter (POM). To test these hypotheses, we com-
bined measurements of CO5 emissions with a quantification of soil air
content and POM and their relative distribution by X-ray CT as the
samples were stepwise drained at pressure heads decreasing from zero to
—30 cm.

2. Materials and methods
2.1. Soil sampling

Soil samples were taken in October 2019 from a long-term experi-
ment on annual cropping systems located at the environmental research
and observatory site SOERE ACBB in northern France (Estrées-Mons,
INRAe, France, 49°52'44'N 3°00'27"E). The soil is an Orthic Luvisol
(FAO classification) and the 0-30 c¢cm horizon has a silt loam texture
(19 % clay, 76 % silt and 5 % sand) and a pH of 7.6 (Boizard et al., 2013;
Lamichhane et al., 2021). One of the fields that was sampled is managed
under conventional tillage practice corresponding to mouldboard
ploughing to 30 cm depth in autumn/winter followed by secondary
cultivation to produce a seedbed ca. 3-9 cm in thickness, while the other
is under shallow tillage using a compact disc cultivator working at an
average depth of 6 cm (ranging from ca. 4-8 cm). Soil core samples were
taken at a depth of 10-15 c¢m, which is both below the depth of shallow
cultivation and also avoided the dense root system from the mustard
cover crop sown at that time. Therefore, the field under shallow tillage
will be referred to as a "no-till' treatment hereafter, in contrast with the
conventional tillage treatment with mouldboard ploughing, which will
be referred to as the ‘Till’ treatment. A greater faunal activity (biopores
and worm casts) in the no-till treatment was visible at the field site at the
time of sampling. Eight replicate aluminium soil cores of height 5 cm
and inner diameter of 6.5 cm were sampled in four experimental blocks
of each field (2 cores per block). Cores with soil of intact structure were
transported in a cooled box and stored at 4 °C in sealed plastic bags until
further analyses.
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2.2. Soil characteristics and sample preparation

The base of each soil core was covered with a cloth held by a rubber
band. Soil cores were taken out of the cold room inside their plastic bag,
weighed to later estimate the water content at the time of sampling and
were then left to adjust to room temperature over a period of 24 hours.
Each sample was first wetted from the base by placing it in a shallow
water bath (with a water depth of ca. 0.2-0.5 cm) for 48 hours. The cores
were subsequently drained at a pressure head of —100 cm using a suc-
tion device (pF laboratory station with suction plate module, EcoTech)
for 48 hours. The drainage process was followed by weighing the sam-
ples and equilibrium was assumed to have been reached when the water
loss was negligible. This was followed by a week of pre-incubation at
20C to allow soil microbial communities to adjust to changes in tem-
perature and water contents inside the core. C mineralization was
measured after 1, 3 and 7 days to identify the peak of mineralization
rates due to these disturbances (data not shown). At the end of the
drainage/incubation experiment (see next section), all of the soil was
extracted from the core, mixed and subsequently dried at 105°C to
determine the dry soil weight and bulk density of each individual soil
core. An aliquot of the mixed soil was then used to determine the soil
organic C and N contents as well as the particle size distribution (PSD)
using a Laser Scattering Particle Size Distribution Analyzer LA-950
(Nimblad Svensson et al., 2022).

2.3. Soil incubations and C emission measurements

The soil cores were successively incubated at decreasing pressure
heads starting at near-saturated conditions resulting from the cores
being equilibrated in a 1 cm deep water bath. We then continued to
pressure heads at the base of the core of —10, —20 and —30 cm
(equivalent to —1 to —3 kPa). At each step, the cores were first equili-
brated on the suction plate and then incubations were carried out for a
period of 6 days at a constant temperature of 20C. The soil cores were
placed on small pedestals in 1 L air-tight glass jars (Le Parfait®) together
with 20 ml of water at the bottom of the jar to keep the air humidity in
the jar close to saturation and to avoid soil desiccation. We also included
a 20 ml Sterilin® Scintillation plastic vial filled with 17 ml of 0.05 M
KOH solution (Potassium hydroxide pellets for analysis, EMSURE®) to
trap CO; emitted inside the jar during each period of measurement. The
CO4 in the KOH solution was measured every 1-3 days. The jars were
placed inside an incubator (Heratherm™ Refrigerated Incubator) set to
a constant temperature (20C) and with constant ventilation, together
with 3 jars without any soil as blanks (i.e. to measure CO, inside the jar
that is not related to soil C mineralisation).

The vials (i.e. CO5 traps) were taken out of the jars and the amount of
CO;, trapped during the period of measurement was analysed immedi-
ately by measuring the electrical conductivity of the KOH solution using
an electrical conductometer (WTW - Portable conductivity meter Pro-
fiLine Cond 3310). The amount of CO, emitted was estimated from the
difference between the conductivity of the solution after a few days of
incubation and the conductivity measured in solutions placed inside the
blanks (containing only the initial KOH solution), as conductivity is
proportional to the amount of CO; trapped in the solution (Chapman,
1971; Smirnova et al., 2014). Prior to the next measurement period, the
jars were aerated and new KOH traps were placed in them. Carbon
mineralization rates were measured three times during the incubation
period, after 1, 3 and 6 days. The measurement made on day 1 was al-
ways higher than on days 3 and 6, presumably due to disturbance as a
result of the change in soil moisture conditions and was therefore dis-
carded. In contrast, the averages of the rates measured after 3 and 6 days
were not significantly different overall and were regarded as the basal
respiration rate in further analyses, representative of a
quasi-steady-state under the prevailing moisture conditions. Carbon
emission rates were expressed as ug C-COs per g of soil organic C
(instead of g soil) to remove the potential effects of variations in C
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content among the intact soil cores. However, C emission rates expressed
per g of soil are presented in the supplementary material (Table S1).

After one day of incubation at each pressure head, half of the cores
were scanned by X-ray (see next section) in order to quantify the X-ray
visible air-filled porosity. The samples were kept outside the incubator
for 5 hours each time, but the temperature in the X-ray laboratory was
also set at 20 °C to minimize any perturbations due to changes in tem-
perature. The remaining soil cores were kept in the incubator as controls
to assess the potential effects of X-ray scanning on C emissions. No sig-
nificant differences in C mineralization rates between the cores sub-
mitted to X-ray or kept inside the incubator were found, which is in
agreement with the results of Bouckaert et al. (2013) and Schmidt et al.
(2015).

2.4. X-ray scanning and image analysis

X-ray scanning and image analysis was carried out on eight intact
cores (four from each tillage treatment) equilibrated at four different
pressure heads at the base (¥ = 0, —10, —20 and —30 cm). The images
were acquired with a GE Phoenix v|tome|x240 industrial X-ray scanner
equipped with a GE 16" flat panel detector with 2014 x 2014 detector
crystals (GE DRX250RT). We set the tube voltage at 140 kV with an
electron flux of 350 pA and included 0.3 mm of copper foil into the beam
trajectory to reduce beam-hardening artefacts. Each scan consisted of
2000 radiographs with an isometric voxel edge length of 43 pm. This
resulted in an image resolution of approximately 100 pm, which cor-
responds to the largest diameter of water-filled pores at a pressure head
of —30 cm following the Young-Laplace equation and assuming perfect
wettability. Thus, the metrics of the air phase (see below) measured at
the smallest pressure head in the incubation experiment should mostly
reflect the pore network itself. The radiographs were inverted to 3-D
images using the GE software datos|x (version 2.1).

Image analysis was carried out using ImageJ/FLJI (Schindelin et al.,
2012) with the plugin SoilJ (Koestel, 2018). First, we filtered the images
with a 2x2x2 median filter and a 3-D unsharp mask (¢ = 2, weighting
factor = 0.6). Then, we used SoilJ to automatically detect the co-
ordinates of the aluminium walls. We calibrated all images to the same
greyscale, by scaling the grey-values in each horizontal cross-section
between the 0.1 percentile (depicting air-filled pores) and the value of
the aluminium walls. This allowed us to average the histograms of all
acquired images to a joint histogram. We used the minimum method on
the joint histogram to segment the air-filled porosity from the remaining
soil “matrix” voxels on all images, which obtained a grey-scale value of
8800. The soil matrix comprises soil solids and water-filled pores. The
overwhelming majority of these water-filled pores will be of a size below
image resolution, although at the larger pressure heads, the segmented
matrix will also include some water films in larger (X-ray visible) pores.
Moreover, we delineated POM from the images acquired at a pressure
head of —30 cm by setting a lower threshold at a grey-scale value of
8800 and the larger one at 13000. The upper threshold was determined
upon visual inspection in several images. Subsequently, we ran three
consecutive 3-D erosion operations on the resulting binary image with a
structural element with a one voxel large radius followed by three 3-D
dilation steps with the same structuring element. In this fashion, we
eliminated partial volumes from the segmented POM phase.

We extracted the volumetric air content (or air-filled porosity; cm®
air cm ™2 soil volume), the surface area of the air phase (cm? air surface
cm " soil volume) and the surface area-to-volume ratio of the air phase
(cm? air surface cm™ air) of the imaged porosity from the binary im-
ages. We quantified the pore diameter distribution using the method of
maximally inscribable spheres (Hildebrand and Riiegsegger, 1997). The
fractal dimension of the interface between macropores and soil matrix
was yielded by box counting. We also derived three measures of air
connectivity, namely the air-filled porosity which is connected to the
upper surface of the soil, the percolating air phase (i.e. that which is
connected from the top to the bottom of the core) and the connection
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Table 1
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Bulk soil characteristics: bulk density (BD), organic carbon content (Org-C) and soil texture for the 8 cores used in the experiment. Averages and standard deviations (in
brackets) for till and no-till cores are shown on the last rows together with significant differences between the two groups tested by one-way ANOVA (bold P<0.05).
The row headed “field” shows representative data from field measurements with standard deviations between the different blocks. BD and C and N contents in 2015 at
10-20 cm depth and texture in 2009 at 0-30 cm depth (personal communication from Guillaume Vitte).

Treat Core BD Org-C Tot-N soil C/N Clay Silt Sand
: (g em™3) (%) (%) ratio (%) (%) %)
Till 1 1.48 1.10 0.11 10.4 17.6 73.9 8.5
2 1.26 0.95 0.10 9.4 15.4 75.8 8.9
3 1.52 1.01 0.11 9.4 17.6 73.7 8.7
4 1.42 111 0.11 9.9 17.1 74.9 8.0
no-till 5 1.53 0.95 0.12 8.2 21.4 72.6 6.0
6 1.57 0.86 0.10 8.9 18.4 75.5 6.1
7 1.59 0.93 0.11 8.8 20.9 72.9 6.1
8 1.47 0.79 0.09 8.7 20.6 73.8 5.6
till cores 1.42 1.04 0.11 9.8 16.9 74.6 8.5
(0.11) (0.08) (0.00) (0.5) a.n 1.0) (0.4)
eld 1.42 1.09 0.10 10.5 20.4 72.7 7.0
(0.02) (0.10) (0.01) (0.9) @D (3.9) 2.3)
no-till 1.54 0.88 0.10 8.7 20.3 6.0
cores (0.05) (0.07) (0.01) 0.3) 1.3) 737 (1.3) 0.3)
feld 1.49 0.98 0.10 9.8 18.3 74.5 7.2
0.02) (0.05) (0.01) ©.7) “4.2) e @9
Anova (cores) P=0105 P=0.023 P=0730 P =0.007 P =0.007 P=0323 P < 0.001

probability, which is defined as the probability that two air-phase voxels
are connected (Renard and Allard, 2013; Jarvis et al., 2017). Finally, we
classified a fraction of the pore space imaged at a pressure head of
—30 cm as biopores using the method described by Lucas et al. (2022),
as implemented into SoilJ.

Finally, we calculated the distances of each soil matrix voxel to the
nearest air-filled pore connected to the soil surface (Koestel and
Schliiter, 2019). Moreover, we also mapped these distances onto each
POM voxel by combining the distance map with the binary POM image.
Note that we could not obtain the POM phase from the images acquired
under wetter conditions because of ambiguities between grey-scale
values of POM and water. We therefore carried out a rigid registration

Table 2

of the images collected at pressure heads of zero, —10 and —20 cm to the
one acquired at —30 cm using the elastix software (Klein et al., 2010;
Shamonin et al., 2014).

2.5. Statistical analyses

All statistical analyses were run using R software (R core team,
2023). Statistical differences between experimental treatments (Till and
no-till) for bulk soil properties, characteristics of the X-ray visible air
phase and C emission rates were investigated with one-way ANOVA.
Relationships between the X-ray imaged metrics of air and matrix phases
and C emission rates were investigated by calculating Spearman rank

Metrics of X-ray visible porosity and particulate organic matter (POM) volume measured after equilibration at a pressure head of —30 cm at the base of the soil core
(square brackets show the percentage connected porosity in relation to the total visible porosity). Averages and standard deviations (in brackets) for till and no-till cores
are shown on the last rows together with P values for significant differences between the two groups tested by one-way ANOVA (bold P<0.05, data were log

transformed to fulfil homoscedasticity).

Surface area of the air

Surface to volume ratio of

X-ray imaged air-filled porosity phase the pore space
(ecm® cm %) (em? cm ™) (em™) .
N J— Biopore
fraction of Total
Connected Connection Biopores the pore POM
Connected to top and Connected Connected probability (ecm® space (em®
Treat. Core Total to top bottom Total to top Total to top re) em™%) (%) em™%)
till 0.0264 0.0263 1.160
1 0.0326 [81 %] [81 %] 1.681 [69 %] 51.60 43.87 0.65 0.0006 1.8 0.0038
0.0825 0.0825 3.632
2 0.0887 [93 %] [93 %] 4.346 [84 %] 48.98 44.02 0.86 0.0005 0.5 0.0022
0.0154 0.0143 0.608
3 0.0237 [65 %] [60 %] 1.366 [45 %] 57.55 39.50 0.36 0.0003 1.4 0.0025
0.0364 0.0359 1.666
4 0.0425 [86 %] [84 %] 2.281 [73 %] 53.64 45.76 0.71 0.0011 2.6 0.0037
no-till 0.0140 0.0137 0.955
5 0.0200 [70 %] [68 %] 1.479 [65 %] 74.08 71.33 0.51 0.0010 5.3 0.0031
0.0087 0.0059 0.284
6 0.0169 [51 %] [35 %] 0.924 [31 %] 54.54 32.66 0.17 0.0040 23.7 0.0006
0.0106 0.0102 0.827
7 0.0171 [62 %] [59 %] 1.668 [50 %] 97.52 78.21 0.35 0.0009 5.3 0.0012
0.0155 0.0152 0.836
8 0.0245 [63 %] [62 %] 1.849 [45 %] 75.49 54.02 0.39 0.0019 7.7 0.0026
average 0.0469 0.0402 0.0397 2.418 1.766 52.94 43.29 0.65 0.0006 1.6 0.0031
till (0.0289) (0.0295) (0.0298) (1.340) (1.317) (3.61) (2.66) (0.21) (0.0003) (0.9) (0.0008)
no- 0.0196 0.0122 0.0112 1.480 0.726 75.41 59.05 0.35 0.0020 10.5 0.0019
till (0.0035) (0.0031) (0.0041) (0.400) (0.300) 17.57) (20.33) (0.14) (0.0014) (8.9) (0.0012)
anova P=0043 P=0034 P=0038 P=0228 P=0146 P=0.035 P =0.240 P = 0.061. P =0.051. P =0.011 P =0.159
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Thickness (um)

class 1: > 2752

class 2: 1376 to 2752
I class 3: 68810 1376
. class 4: 344 to 688
. class 5: 172 to 344

6 7 8

Fig. 1. Thickness distribution of the X-ray imaged porosity (6,) at a pressure head of —30 cm for all 8 cores (tilled cores are numbers 1-4, with an average median
thickness of 507 um and no-till cores are numbers 5-8 with an average median thickness of 398 um). Thickness class 3 is more prevalent in tilled cores while class 5 is

more prevalent in no-till cores (P < 0.05 tested by ANOVA).
correlation coefficients (p).

3. Results and discussion
3.1. Bulk characteristics of soil cores

Table 1 presents the results of measurements of bulk density on the
soil cores as well as the texture analysis and measurements of C and N
contents made on the disturbed and mixed soil from the cores after the
conclusion of the drainage/incubation experiment. The eight cores
sampled on the same field from four separate blocks under two con-
trasting tillage treatments showed rather homogeneous bulk charac-
teristics. The textural analysis showing significantly higher clay contents
and lower sand contents in cores from the no-till treatment, although
differences were rather small (20 % clay and 6 % sand in no-till

compared with 17 % and 8 % in the till treatment). The no-till plots had
slightly higher bulk densities on average but these differences were not
significant. Soil core 2 (from the till treatment) differed markedly from
the others, with a much smaller bulk density, a smaller clay content and
a correspondingly larger sand content. We could not identify any reason
a priori to explain these differences from other sampling locations. Soil
organic C and N contents were small (ranging from 0.86 % to 1.11 % for
C and 0.09-0.12 % for N), as could be expected for an agricultural soil at
a depth of 10-15 cm under intensive management (Vos et al., 2019).
Slightly lower C contents and C to N ratios were found in the no-till soil
cores compared to the till treatment (Table 1), which reflect differences
in the distribution of organic matter in the soil profile between the
treatments (Dimassi et al., 2013).

Fig. 2. Illustrative vertical cross-sections through 3D X-ray images of samples from the tilled (a and b) and no-till treatments (c and d). The samples are shown at
saturation ¥y = 0 cm (a and c) and a pressure head of W3 = -30 cm (b and d). In the tilled sample, fragments and aggregates are discernible, while the no-till sample
features numerous small rounded biopores. The drainage of some macropores between the two pressure head steps is also illustrated, with water-filled pores of a dark

grey colour becoming air-filled (i.e. showing a black colour).
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Fig. 3. The surface area of the total imaged air-filled porosity (SA,, a and b) as
well as the fraction of the imaged air-filled porosity that is connected to top
(Frac_, top, ) as a function of the volumetric air content of the total imaged air-
filled porosity (0,) for all pressure heads (Yo = 0 cm, W10 = —10 cm, WPy =
—20 cm, Y30 = —30 cm) and all cores, cores 1-4: till (triangles) and cores 5-8:
no-till (circles). Labels show the core number.

3.2. Imaged pore network characteristics

The X-ray imaged porosity for the cores equilibrated at a pressure
head of —30 cm varied from less than 2 % to up to 8 % (Table 2), with
significantly larger values in the cores from the till treatment (with av-
erages value of ca. 5 % and 2 % in till and no-till treatments respectively).
Similar differences in structural porosity between conventionally-tilled
and no-till soils have been noted in previous studies (e.g. Lipiec et al.,
2006; Strudley et al., 2008).

These differences in the X-ray imaged porosity were also mirrored in
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the visible porosity connected to the soil surface and the percolating
porosity (i.e. that connected to both the top and bottom of the core;
Table 2) as all three measures were very strongly correlated (data not
shown). The fraction of the imaged porosity connected to the top varied
from 60 % to 93 % (core 2, outlier core with a much smaller bulk den-
sity, Table 1) for the cores from the till treatment, compared with
35-68 % in the case of the cores from the no-till treatment (Table 2).
Except for one core from the no-till treatment (core 6), all cores with a
visible pore network connecting to the upper surface also percolated
(Table 2). The connection probability I was also generally larger in the
tilled samples, although unlike the other two measures of connectivity,
this difference between the treatments was not quite significant at
P =0.05.

In contrast to the X-ray imaged porosity, the surface area was not
significantly different between treatments (Table 2). This was the case
for both the total surface area and the part connected to the upper
surface (Table 2). This suggests that the distribution of the pore space in
the cores from the no-till treatment was significantly more heteroge-
neous and “space-filling” (i.e. exploring a larger volume of the total soil
volume), something which can be expected as spatial variations in
physical properties can be preserved when soils are not disturbed by
tillage (Hubert et al., 2007). This is also illustrated by a higher fractal
dimension found in the cores of the no-till treatment with an average
value of 2.27 compared to 2.17 for the till cores (data not shown). This
hypothesis is also supported by the fact that the surface area-to-volume
ratio is significantly larger in the no-till treatment (Table 2) and by the
broader size (thickness) distribution of the imaged pore networks in
these undisturbed soils, with both a larger proportion of smaller pores
(<344 ym) and more variation among the cores for all size classes than
in the till treatment (Fig. 1).

Interestingly, and in accordance with the observations of a higher
faunal activity at the sampling site, the fraction of the total X-ray visible
porosity comprising biopores was significantly larger in the cores from
the no-till treatment (Table 2). Again, core 6 with a less well-connected
pore network, was very different from the other cores with an extremely
large value of the biopore fraction. These overall treatment differences
in the types of macropores are illustrated in the example vertical cross
sections through the 3D X-ray images presented in Fig. 2, where the
presence of numerous round biopores is visible in the no-till core, while
several fragments or aggregates generated from tillage can be seen in the
tilled core.

3.3. Development of the air phase during drainage from saturation to —
30 cm pressure head

Fig. 3 shows that the soil cores were not fully saturated after the pre-
wetting treatment in the water bath, as the imaged air-filled porosity
was never smaller than 0.01 cm® ecm 3. Examples of such air-filled pores
can be seen coloured black in Fig. 2a,c. Fig. 3 also shows that a large
proportion of this air in the samples at the start of the experiment (i.e. at
the largest pressure heads and lowest imaged air-filled porosity) was not
connected to the upper surface of the core. Thus, the procedure to
initially saturate the samples from the base was not completely effective,
as some air had become entrapped. Fig. 3 shows that the fraction of the
air phase connected to the upper surface of the cores increased rapidly as
the soil began to drain and air entered from the soil surface. This is partly
because air entering the soil during the experiment must be connected to
the surface, but also because it may connect to some of the initially
isolated air pockets. The proportion of the air phase which was
disconnected from the upper surface of the cores varied from 65 % to
97 % close to saturation and between 7 % and 49 % after drainage had
ceased at the smallest pressure head (-30 cm). The non-linear relation-
ship between the connected air fraction and the volumetric air content
shown in Fig. 3 is to be expected according to percolation theory (e.g.
Jarvis, et al., 2017; Koestel et al., 2018). Overall, the process of drainage
of larger structural pores, examples of which can be seen in Fig. 2,
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Fig. 4. Vertical cross-sections of two X-ray images of one of the tilled samples (core 1) equilibrated at ¥;¢ = -10 cm (a) and W30 = -30 cm (b) pressure head, and the
corresponding maps of the distance (s) from a matrix voxel to the closest voxel belonging to the air-filled porosity connected to the top (c and d).

resulted in a reasonably well-connected network of air-filled porosity at
the final pressure head of — 30 cm, especially in the tilled treatment (see
Table 2 and Fig. 3). However, for smaller air-filled porosities, the frac-
tion of the air phase connected to the upper surface is somewhat larger
in the no-till cores, which may suggest that air-entry into the larger pores
of the undisturbed no-till soil during the initial stages of drainage was
more effective in establishing “re-connections” with the initially
entrapped air. As expected, the air content connected to the upper sur-
face of the core was strongly correlated with both the connection
probability (p=0.94) and the percolating air content (p=0.97; data not
shown).

Fig. 3(a and b) also shows how the surface area of the air-filled

Table 3

porosity (SA,) increases concomitantly with volumetric air contents
during the drainage process. Indeed, these two variables are very
strongly correlated (Fig. 3). The relationship has a steeper slope in the
case of the cores from the no-till treatment, which means that the
surface-to-volume ratio of the air is larger (see also Table 2) at any
pressure head in these cores compared to the cores from the tilled
treatment. This indicates a more heterogeneous “space-filling” pore
structure, which is also in line with the predominance of air-filled pores
of smaller diameter (Fig. 1) in the cores from the no-till treatment. The
relationships in Fig. 3 are also less linear for the no-till cores, which may
suggest a more heterogeneous diameter size distribution of the air phase
(see Fig. 1), as also found by Kravchenko et al. (2011) and Wang et al.

Minimal and maximal C emission rates and the respective pressure heads at which it was measured for each core (left part of the table), as well as the related imaged
air-filled porosity connected to the top, the corresponding specific surface area (* of the air-filled porosity connected to top) and the volume of the matrix at a distance
s < 2.37 mm from the imaged air-filled porosity connected to the top (**, middle part of the table). The C emissions expressed per volume or surface of the imaged air-
filled porosity connected to top (*) are presented in the right part of the table. Averages and standard deviations (in brackets) for till and no-till cores are shown on the
last rows together with significant differences between the two groups tested by ANOVA (bold P < 0.05) for values measured at contrasting pressure heads (0 and

—20 c¢cm or —30 cm).

C emission rates

Cem per volume Cem per surface

Cem Air-filled porosity Specific of air* area of air*
v (pg C-COp g C* connected to top surface area*® Matrix volume at s < 2.37 mm** (cm® (g C-COy g C? (pg C-COp g C1
Treat. Core  (cm) hh (em® ecm™3) (em? cm™3) matrix cm > soil volume) h™lem™3) h™lem?)
till {0;
1 —30} 30.4-43.2 0.0067-0.0264 0.189-1.160 0.06-0.58 032-012 170-10
{0;
2 —30} 38.7-65.4 0.0102-0.0825 0.345-3.632 0.10-0.96 027-006 077-2
{0;
3 —20} 21.0-51.8 0.0013-0.0140 0.053-0.513 0.05-0.36 116-026 2198-051
{0;
4 —20} 18.2-44.3 0.0028-0.0315 0.099-1.440 0.08-0.73 045-010 458-7
no-till {0;
5 —20} 41.5-62.9 0.0055-0.0141 0.375-0.949 0.17-0.68 053-031 141-033
{0;
6 —20} 13.2-37.8 0.0006-0.0026 0.046-0.150 0.07-0.15 161-103 3474-682
{0;
7 —30} 26.4-42.6 0.0017-0.0106 0.144-0.827 0.10-0.60 109-028 758-34
{0;
8 —20} 19.7-60.2 0.0006-0.0139 0.040-0.701 0.06-0.63 236-031 5937044
average 27.1-51.2 0.0053-0.0386 0.172-1.686 0.07 - 0.66 55-13 726 - 17
till (09.4-10.2) (0.004-0.0302) (0.129-1.354) (0.02 - 0.25) 41-9) (995 - 23)
25.2-50.9 0.0021-0.0103 0.151-0.657 0.10 - 0.52 140 - 48 2578 - 198
no till (12.1-12.5) (0.0023-0.0054) (0.157-0.352) (0.05 - 0.25) (78 - 39) (2667 — 323)
Anova: {0; 20/ P ={0.815; P ={0.223, P ={0.848; P =1{0.104; P ={0.241;
30} 0.972} 0.052.} 0.192} P = {0.328; 0.445} 0.027} 0.077.}
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Spearman rank correlation coefficients between C emission rates (g CO, g C~ h™!) and the total imaged air-filled porosity or the imaged air-filled porosity connected
to the top (cm® cm ™) as well as with the specific surface area of the imaged air-filled porosity or the imaged air-filled porosity connected to top (cm ') and with the
matrix volume (cm® matrix cm > soil volume) at a distance of < 2.37 mm from the interface with the imaged air-filled porosity connected to top. Significant cor-
relations are indicated in bold (* P < 0.05). The number of scans vary per group: (i) overall considers all measurements (all, n = 32, per treatment, n = 16), (ii)
between cores considers one pressure head at a time (all, n = 8, per treatment, n = 4).

Air content 0,

Surface area SA,

Active matrix volume POM volume in active zone

3 3 2 3
(Cm cm ) (Cm cm ) emg!,active3 ePOg/[, activse
¥ (cm) Total air  Air connected to top  Total air  Air connected to top (em™ cm™) (em™ em™)
All - 0.493 0.689 0.599 0.743 0.805 0.695
Overall Till - 0.510 0.714 0.540 0.707 0.712 0.432
No-till - 0.774 0.840 0.815 0.877 0.835 0.874
all 0 0.238 0.786 0.548 0.881 0.619 0.667
-10 0.524 0.476 0.333 0.476 0.381 0.619
-20 0.429 0.524 0.476 0.500 0.714 0.476
-30 0.571 0.571 0.500 0.571 0.635 0.513
Till 0 0.400 0.800 0.400 0.800 0.400 0.400
Between cores -10 0.200 0.400 0.200 0.400 0.400 0.000
(for each pressure head) —-20 0.400 0.400 0.400 0.400 0.400 —0.400
-30 0.400 0.400 0.400 0.400 0.400 —0.800
No-till 0 0.400 1.000 1.000 0.800 0.800 0.800
-10 0.800 0.800 0.400 0.800 0.400 1.000
20 0.600 1.000 0.800 1.000 1.000 1.000
-30 0.800 0.800 0.400 1.000 0.800 1.000
3.4. Carbon dioxide emissions and relationships with the air-filled
097 porosity and POM
—1all
0.85 il . Measured carbon emission rates varied from 13.2 pg CO g C' h™!
\ —no till ) . .
for one no-till core equilibrated at saturation (core 6) to 65.4 pg CO3 g
’“\>I< 0.8+ C ! h! for one dll core (core 2) equilibrated at a pressure head of
é’— —30 cm (Table 3). A relatively large variation in C emission rates among
= 075 individual replicate cores was found resulting in no significant differ-
qE, ence between the treatments overall (Table 3). C emission rates were
e 07! positively and significantly correlated with the total X-ray imaged air-
& : filled porosity and its surface area (Table 4), but the air-filled porosity
connected to the soil surface and the corresponding surface area were
0.65 even better predictors, with correlation coefficients of 0.501 and 0.687
for the porosity (total and connected to top) and 0.599 and 0.743 for the
0.60 2 4 6 8 1‘0 surface area respectively (Table 4). Fig. 5a shows that a thickness of

s (mm)

Fig. 5. Spearman correlation coefficients between C emission rates (Cem, pg C-
CO, g’1 soil C h™!) and the matrix volume Om,s<x (cm® matrix em™2 soil vol-
ume) located at a distance to the nearest surface-connected air-filled voxel less
than a threshold distance s (mm), plotted as a function of s, for all cores
together and for each treatment separately (see legend). A maximum correla-
tion coefficient is found at s = 2.37 mm.

(2012). The relation between surface area and volume was also strik-
ingly similar for all intact cores from the till treatment (i.e. they were all
aligned on the same regression line), whereas the relationships for the
cores from the no-till treatment were more heterogeneous among cores
(Fig. 3b). This is presumably the result of a spatially heterogeneous soil
structure arising from biological activity, in comparison with a soil
structure that has been repeatedly homogenized by tillage fragmenta-
tion and reconsolidation (Hubert et al., 2007).

Fig. 4 shows an example of how air-entry during the drainage process
changes the volume of the soil matrix located within different distances
to the interface with the air connected to the soil surface. For example, as
the air content increases as a consequence of a decrease in the pressure
head from —10 (left-hand figure) to —30 cm (right-hand figure), the
volume of the soil matrix located within 2 mm of the interface to the
connected air phase increases, while the volume of the matrix located
further away from the interface diminishes.

2.37 mm for the soil matrix volume in contact with the matrix/air
interface gave the strongest correlation with C emission rates. We
therefore make use of this distance as a proxy to estimate an “active” soil
volume (Schliiter et al., 2024) which should be responsible for much of
the microbial production of COy under the current experimental con-
ditions. Our result is within the range of values found in a meta-analysis
of denitrification experiments comprising 89 datasets taken from 27
studies (Schliiter et al., 2024).

We found that the active matrix volume was the best predictor of C
emission rates overall, with a coefficient of 0.801 (Table 4). This was
especially the case for the cores of the till treatment, implying that POM,
although very important, is not the only source of C for emissions. In
contrast, the air-filled porosity and its specific area, as well as the vol-
ume of POM in the active zone were equally good or better predictors for
the cores from the no-till treatment. Simple calculations (not shown here,
but assuming an average SOM density of 1.2 g cm™> and that SOC is
50 % of SOM) based on the measured organic carbon contents and bulk
densities (Table 1) suggest that the total X-ray imaged POM (see Table 2)
amounts to ca. 10 % of the total soil organic carbon stocks in both
treatments. Nevertheless, the strong correlations of C emissions with
POM, especially in the no-till treatment, suggests that either POM was a
dominant source of C for the emissions measured in our short in-
cubations or that it was spatially correlated with other sources of C, or
both.

Fig. 6 together with Fig. 3, shows that all four of these potential
predictors of CO, emissions are strongly correlated. This is not surpris-
ing: as air enters the pore space during drainage, the air-filled porosity
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Fig. 6. The soil matrix volume within 2.37 mm of an air-filled voxel connected
to the soil surface (O s<2.37 mm, cm® matrix cm ™ soil volume, referred as the
“active soil matrix”, a), and the volume of POM within this active soil matrix (cm®
SOM cm 2 soil volume, b) plotted as a function of the imaged air-filled porosity
connected to the soil surface (0, top), as well as the volume of POM plotted as a
function of the active soil matrix volume (c) for all pressure heads (¥o = O cm,
Yo = —10 cm, W59 = —20 cm, W39 = —30 cm) and all cores, cores 1-4: till
(triangles) and cores 5-8: no-till (circles).

increases along with the fraction that is connected to the surface, as
isolated air clusters merge with the main (connected) cluster. As a nat-
ural consequence of this expanding network of air-filled pores connected
to the soil surface, both the area of the connected air-soil matrix inter-
face and the (presumably) aerobic volume of the matrix located within a
given distance of this interface must also increase, as will the amount of
POM. We expect CO emissions under wet soil conditions to be regulated
by this potentially active soil volume for aerobic microbial activity and
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the POM it contains, as well as by the air-filled porosity supporting
diffusive gas transport to and from the soil surface (Skopp et al., 1990).
During drainage, diffusion and O availability become less limiting and
the balance between Oz demand and supply should become more
favourable (e.g. Lacroix et al., 2021). Thus, Fig. 7a-d shows how CO4
emission rates increased as the connected air-filled porosity, the active
matrix volume, the surface area of the interface between the two and the
amount of POM in the active zone all increased as the soil cores were
drained from saturation to smaller pressure heads.

Combining both treatments, CO5 emissions correlated best with the
surface area of the interface under very wet conditions at and close to
saturation (i.e. for values of surface area less than ca. 0.5 cm ™}, Fig. 7b
and Table 4, p=0.881). This agrees with theoretical studies that suggest
that the air-water interfacial area, which affects diffusion in both air and
water and thus the availability of O, to the microbes should be one of the
major factors limiting C emissions in wet soils close to saturation (Huang
et al., 2023). Under these conditions, the surface area of the air phase
represents the interface between the remaining microbially active
microsites (e.g. Heitkotter and Marschner, 2018b, Leue et al., 2021) and
the air-filled diffusion pathways connected to the soil surface. Moving
further away from saturated conditions (i.e. at pressure heads of —20 cm
and —30 cm), the active POM volume rather than the air-filled porosity
was the best predictor of C emission rates overall (Table 4; Fig. 7d),
suggesting that gas diffusion and oxygen limitation no longer limited
microbial activity and C emissions, which were now more limited by
substrate availability (Schliiter et al., 2022). Note that using C emission
rates expressed per gram of soil (Table S1) instead of g of soil C in the
calculation of the correlation coefficients did not change the se results.

The form of the relationships between C emissions and air content or
surface area shown in Fig. 7a,b differs between the two treatments, with
a steeper slope in the case of no-till cores. Thus, C emissions tend to be
larger from no-till soil for any given air content and surface area of
interface (see also Table 3). This result can be explained by Fig. 6a,b,
which show that both the active matrix volume and the volume of POM
it contains increase faster in the no-till soil as the air content increases
during drainage. This is further evidence of the more heterogeneous and
“space-filling” soil macropore structure that has developed in the
treatment undisturbed by tillage. Fig. 6¢ suggests that the no-till cores do
not contain more POM in the active zone than the till cores. However,
there may also be differences between the two treatments in the spatial
distributions of sources of C substrate of different qualities as well as
microbial communities, as these also determine C emissions from soil (e.
g. Heitkotter and Marschner, 2018a) and are known to be highly het-
erogeneous (e.g. Pankhurst et al., 2002, Nunan et al., 2003; Patel et al.,
2021; Peth et al., 2014; Rawlins et al., 2016, Zheng et al., 2022). It is
possible that the active zone close to the air-filled porosity connected to
the surface of the no-till cores that drains close to saturation contains
more C and exhibits a greater microbial activity under the present
experimental conditions, as a consequence of the larger fraction of
biopores (Table 2; see Bundt et al., 2001; Hoang et al., 2016; Athmann
et al., 2017).

4. Conclusions

To our knowledge, this is the first laboratory experiment that couples
repeated X-ray measurements quantifying how the soil air phase de-
velops in soils of intact structure during drainage from saturation with
measurements of C emission rates in soil cores of contrasted structures
arising from different soil tillage management. We acknowledged the
importance of C emissions close to saturation due to entrapped air and to
some remaining biologically active sites in the soil as well as connected
pathways through the soil pore space in structured soil that allow gas
transport to and from the soil surface even when the air content is very
small. This was especially true for soil cores from a no-till treatment that
contained a larger proportion of biopores. As the cores were drained
stepwise to a pressure head of —30 cm, increases in CO emissions were
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Fig. 7. C emission rates (Cep,) measured on each core (triangles: till (cores 1-4,); circles: no-till (cores 5-8) and each pressure head (¥o = 0 cm, ¥190 = —10 cm, W5 =
—20 cm, W39 = —30 cm) as a function of the imaged air-filled porosity connected to the top (8, (op, @), the corresponding specific surface area of the connected air-

filled porosity (b), the volume of the active soil matrix in contact with the imaged air-filled porosity connected to the top located at a distance s < 2.37 mm from the
interface (cm® matrix cm ™3 soil volume, ¢) and the volume of POM within this active soil matrix (cm® POM cm 2 soil volume, d). Spearman correlation coefficients

between the paired variables are shown in Table 4.

found to be strongly correlated with the increase in the air-filled porosity
connected to the soil surface as well with the volume of the soil matrix
within a distance of ca. 2-3 mm of this connected air phase and the POM
located in this active zone. We also found a stronger response of C
emissions to increases in the air-filled porosity in the no-till cores and
higher C emission rates for a smaller volume of air that we attribute to a
more heterogeneous “space-filling” pore structure in the undisturbed
cores, such that the pore size distribution is shifted towards smaller
pores that allow air to enter within a larger part of the soil matrix,
thereby connecting to more of the soil C in an active soil zone. We also
showed that a larger proportion of these air-filled macropores were of
biological origin in the no-till cores, which may also have been a factor
contributing to greater C emissions at a given air content, as they may be
more microbially active and spatially related to sources of soil C.
These results are important for an improved understanding of C
emissions from wet soils close to saturation and how the response of C
emissions to changes in soil moisture is affected by soil structure. Near-
saturated conditions are not uncommon in soils, for example, in subsoils,
especially at sites with shallow water tables. Our results should also be

10

relevant in topsoil, for example following heavy rainfall in autumn,
when soils are re-wetting and temperatures are not yet limiting micro-
bial activity, and for certain type of agro-ecosystems such as paddy rice.

We did not attempt to derive empirical functions relating the
response of C emissions to soil structure metrics at soil moisture contents
close to saturation from this experiment. Nor did we test any theoretical
functions using our data. This is because the number of soil cores was
limited and the variations in both soil structure metrics and organic
carbon contents among the samples were small. There is therefore a
need in the future to investigate soils of more strongly contrasting
structure and organic matter contents and distributions. This should
help to support the development of improved models of soil organic
matter turnover that could be useful in larger Earth System Models, not
least in the context of climate change studies.
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