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1 | INTRODUCTION

Gas exchange between roots and soil is essential as the
O, supply from the aerial parts of plants is often insuffi-
cient for satisfactory root growth (Gardner et al., 1999)
and the accumulation of toxic substances like ethanol
and lactic acid near roots can be harmful (Rivoal &
Hanson, 1994). Therefore, maintaining gas exchange
within the root-rhizosphere-bulk soil system is advanta-
geous for biota in soils.

The movement of gas through soil occurs mainly by dif-
fusion (Glinski & Stepniewski, 1985). Gradients in concentra-
tion force gas to move from areas with high concentration to
areas with low concentration. This process is controlled by
the distribution and connectivity of air-filled pores, and this
soil-specific property is represented by the effective diffusion
coefficient D, (Fujikawa & Miyazaki, 2005; Hamamoto
et al,, 2009). Several studies quantified the effect of
soil compaction, water saturation, organic matter and
mucilage on gas diffusion and discussed their potential
implications (Hamamoto et al, 2012; Haupenthal
et al., 2021; Moldrup et al., 2000; Thorbjern et al., 2008;
Xu et al., 1992). Wesseling et al. (1957) stated that a volu-
metric soil air content of 10% seems to be a threshold for
gas diffusion.

Aside from the quantity of water in the soil, its distri-
bution in the pore space affects the connectivity of air-
filled pores. Non-uniformity of the pores, entrapped air
and a difference in contact angle between the pore water
and the interface of soil particles during drying and
rewetting, affect the distribution of water, resulting in an
effect known as hysteresis (Cooper et al, 2017
Haines, 1930; Wen et al., 2021). This phenomenon results
in differences in water content at the same water poten-
tial and thus in water and air-filled pore connectivity
between the drainage and the wetting branches of the
soil water retention curve (Haines, 1930; Likos
et al., 2014). Further, it explains the observations of
Hamamoto et al. (2022) who reported differences in gas
diffusion coefficients at the same air-filled porosity dur-
ing a wetting—drying cycle.

Plant roots actively modify the physical properties of
the soil in their vicinity by secreting mucilage (Benard,
Zarebanadkouki, Brax, et al., 2019; Carminati
et al, 2016; Haupenthal et al, 2021; Kroener
et al., 2018). Lazarovitch et al. (2018) stated that optimal
plant growth requires a balance between water and O,
contents. Mucilage may be a plant's tool to maintain this
balance. The physico-chemical properties of root muci-
lage (e.g., water holding capacity, viscosity and surface
tension) vary between plant species. Seed mucilage
(e.g., from chia or flax seeds), which has physico-
chemical properties similar to plant root mucilage, is
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« Mucilage reduced gas diffusion in dry soils
without affecting air-filled porosity.

« Effect of mucilage on soil gas diffusion is soil
texture dependent.

« Gas diffusivity at the same water content was
higher when soil was rewetted. The effect
diminished with increasing mucilage content.

« CT imaging indicated improved connectivity of
the gas phase at the same water content during
soil rewetting.

often used as an analogue in experimental studies (Brax
et al., 2020; Naveed et al., 2019). Studies have shown that
mucilage has a strong impact on soil hydraulic properties
(Benard, Zarebanadkouki, & Carminati, 2019; Carminati
et al., 2010; Kroener et al., 2018), solute diffusion (Holz
et al.,, 2019; Zarebanadkouki et al., 2019) and gas diffusion
(Haupenthal et al., 2021) in soil. Due to its hydrogel-like
behaviour, mucilage has the capacity to absorb water up to
600 times its own dry weight (Nazari, 2021). Furthermore,
Benard et al. (2018) showed that the contact angle at the
soil-water interface increased with mucilage content. Kro-
ener et al. (2018) found that the effect of mucilage on satu-
rated soil hydraulic conductivity and water retention
depended on soil particle size. Mucilage reduced the
hydraulic conductivity of fine sand by several orders of
magnitude, whereas its effect was negligible in clay. More-
over, mucilage increased water content at low matric poten-
tials in all soils. However, in coarse soils a comparably high
mucilage content was needed to induce an increase in soil
water retention.

The high viscosity of mucilage leads to the formation
of characteristic bridges between soil particles during
soil drying (Albalasmeh & Ghezzehei, 2014; Benard,
Zarebanadkouki, & Carminati, 2019). Carminati et al.
(2017), Benard et al. (2018), Haupenthal et al. (2021)
and Esmaeelipoor Jahromi et al. (2022) observed various
types of structures in different porous media. The shape
of these bridges depends on mucilage content. Thin fila-
ments are formed at low content. With increasing con-
tent, hollow cylinders were observed and at high
mucilage content, 2D interconnected surfaces reaching
through the pore space are formed. Benard et al. (2018)
observed that for particles with a high surface roughness
more mucilage is needed to create bridges similar sized
compared to particles with a smooth surface. It is, there-
fore, reasonable to postulate that the interaction of
mucilage with the soil matrix alters the connectivity of
air-filled pores in soil.
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content. The distribution of water and mucilage depends on whether the soil is dried or rewetted. Mucilage content increases from left to

right and particle size increases from bottom to top. Water and mucilage are clogging pores reducing gas diffusivity, indicated by extended

diffusion pathways. Note that for fine sand swelling of mucilage displaces particles (red circles) without affecting porosity, resulting in large

pores where mucilage at low contents is no longer able to span across a pore, leaving the pore open for gas to diffuse. This effect is neglected

for clay since swollen mucilage would change the porosity of the soil, which would make the soil incomparable.

A conceptual model to describe the effect of mucilage
on gas movement in soil under a drying-rewetting cycle
for a given water content is shown in Figure 1. The shape
of mucilage structures in soil and their effect on gas diffu-
sion depends on mucilage content. An increase in muci-
lage content results in larger structures, hence a decrease
in connectivity of air-filled pores, thereby limiting gas dif-
fusion. The distribution of water in the pore space
depends on whether the soil has been dried or rewetted.
The main drivers for a different water distribution are air
entrapment, an ink-bottle effect and a contact angle hys-
teresis (Diamantopoulos et al., 2013; Likos et al., 2014).
In coarse soils with large average pore diameter the
amount of potential pore throats is rather low. Therefore,
not many bottleneck effects can be expected, resulting in
a quite similar water distribution and consequently a
comparable gas diffusivity between wetting and drying of
the soil. With a decreasing particle size, the specific sur-
face area of the particles increases and with it surface
roughness, leading to a higher amount of potential pore
throats. As a consequence, a bottleneck effect can occur
more frequently. Therefore, a less connected air-filled
porosity during drying compared to rewetting can be

expected in fine soils. Hence, gas diffusion is higher dur-
ing rewetting at the same water content. However, in clay
the number of pores and potential pore throats is so high
that water cannot be present in every pore throat during
drying, therefore not affect air-filled pore connectivity
and consequently gas diffusivity. In contact with water,
mucilage starts to swell and expand throughout the pore
space (Brax et al., 2017). As mucilage dries, persistent lig-
uid bridges between particles can draw them together
(Williams et al., 2021). Both processes can cause an alter-
ation of the geometry of the soil by rearranging the parti-
cles and pores. In coarse soils with large pores, mucilage
will swell into the pore space without affecting the pore
structure. At low mucilage content, only a few mucilage
bridges can be formed between soil particles, which do
not affect gas diffusion. With increasing content, muci-
lage bridges will be able to span across larger pores
(Carminati et al., 2017), disconnecting the gas phase and
reducing gas diffusivity. Furthermore, mucilage is able to
displace soil particles and change the structure of the soil
(Hallett et al., 2022). In fine-textured soil, the swelling of
mucilage results in the formation of large pores. During
drying, water is no longer present within these large
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pores, and at low mucilage content the pores are too wide
for mucilage bridges to be formed. This process opens up
pores for gas to diffuse through which increases diffusion.
However, at high mucilage contents wider pores will be
clogged again (Benard et al., 2021) and diffusivity decreases.
In clay soils, swelling of mucilage is supposed to have the
highest impact. Not only a change in soil structure is to be
expected but also a change in total porosity, respectively
bulk density, resulting in an increase in the soil volume
(Kroener et al., 2018). For simplification, the effect of muci-
lage swelling in clay soils is neglected. Therefore, as with
clay soil without mucilage, the gas diffusivity during drying
and rewetting will not differ. Despite progress in conceptu-
alizing the interactions between soil particles and mucilage,
the impact of particle size and soil water content in the con-
text of gas diffusion remains unclear.

The approach of using X-ray computed tomography (CT)
to quantify soil structure has been established in recent
years. It has been used in several studies for visualization
and quantification of pore connectivity (Koestel et al., 2020;
Lucas et al.,, 2021; Renard & Allard, 2013; Vogel, 1997), as
well as pore alteration induced by roots (Aravena
et al., 2011). Hamamoto et al. (2022) used X-ray CT to visual-
ize differences in water distribution during a wetting—-drying
cycle. Common parameters to quantify the connectivity of
the pore system are the Euler-Poincaré characteristic (EPC)
y and the Gamma (/'-) indicator. Whilst y describes the
connectivity of the pore space characterized by its geometri-
cal topology (Vogel, 1997), I" represents the probability of
finding a continuous path through the pore system (Lucas
et al., 2021; Renard & Allard, 2013). Hence, the I'-indica-
tor is more sensitive to the global connectivity of the soil,
whilst y is independent of the size of pore clusters.

In this study, we investigated the effect of a root muci-
lage analogue on soil gas diffusion in the soil of different
particle sizes and at different water contents for drying
and rewetting conditions. Gas diffusion coefficients were
determined experimentally at various mucilage contents
during a drying-rewetting cycle. The experimental data
were supported by X-ray CT and environmental scanning
electron microscopy (ESEM) images. Our hypothesis was
that the effect of mucilage on air-filled pore connectivity
depends on particle size. We expected a substantial
decrease in soil gas diffusivity with an increase in mucilage
content as mucilage structures increase in size, thereby
reducing the cross section of available pathways for gas
diffusion. In coarse soils, a higher mucilage content would
be required for structures to form which reach across big
pores. In very fine-textured soils, we expected a reduced
effect due to the number of potential pore throats where
mucilage deposits and structures are formed during soil
drying. In addition, we assumed a hysteresis in gas diffu-
sion coefficient during a drying-rewetting cycle caused by

the non-uniformity of interconnected pores. Finally, we
hypothesized that the effect would diminish with increas-
ing mucilage content as the structures formed during dry-
ing would attract water during rewetting and redistribute
it to larger pores.

2 | MATERIALS AND METHODS

2.1 | Mucilage collection

Chia seed mucilage was used as an analogue for root
mucilage. A detailed description of the extraction process
is given by Kroener et al. (2018). After the extraction,
mucilage was frozen, then freeze-dried and ball-milled.

2.2 | Gas diffusion measurements

The experimental setup was based on a diffusion cham-
ber method, described in detail by Haupenthal et al.
(2021) (Figure 2). It was modified to reduce leakage by
removing the gas inlet and outlet, and the chamber was
vented through the opening in the sample holder frame
before the measurement. Furthermore, the sample holder
was fixed to avoid vibrations induced by air turbulence
whilst sliding the sample holder over the opening.

Soil sample Contacless oxygen

sensor

Magnetic stir bar

FIGURE 2 Experimental setup for gas diffusion measurements
based on the diffusion chamber method.
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Therefore, initially sealed samples were placed on the sam-
ple holder and opened to start the measurement. In addi-
tion, contactless O, sensors (Pyroscience GmbH, Aachen,
Germany) were used. Gas diffusion coefficient (D,/Dy)
was measured during a drying-rewetting cycle. Oxygen
was used as a tracer gas. The diffusion coefficient of O, in
air (Dy) at 20°C and 1013hPa is 0.231cm?s!
(Wiegleb, 2016). A soil-mucilage mixture was used as a
model of the rhizosphere. We mixed soils of various parti-
cle sizes (800-1000, 500-800, 200-500, 63-200, 20-63 pm
and <20 pm) with different amounts of chia seed mucilage
to achieve specific mucilage content in soil (0, 0.5, 1, 2.5,
and 5mgg ' dry mucilage/dry soil). Coarse sandy soil
(800-1000 and 500-800pm, Quarzwerk WOLFF &
MULLER, Haida, Germany), medium and fine sand, silty
and clay soil (Quarzwerke Frechen, Frechen, Germany;
organic matter content below detection limit) were used.
Three replicates of each combination of particle size and
mucilage content were prepared at a dry bulk density
of 1.51+£0.05gcm >, Soil-mucilage mixtures were packed
in PVC tubes with a diameter of 3.6 cm and a height of 0.6
+0.01 cm. Air-filled porosity was derived from bulk density,
particle density (2.65gcm ) and volumetric water content,
and ranged from 0.43+0.015cm®cm > (total porosity) for
dry samples to 0.23 +0.015cm®cm > for the highest water
content. Mucilage was diluted in water. The amount of
water for dilution was determined by setting the volumetric
water content (@y) equal to the porosity of the sample.
Thereby, saturating the sample but not exceeding soil
porosity. Silt and clay samples were slightly compacted
during the drying process using a stamp to counteract the
swelling of the samples and maintain the original soil
volume. Samples were air-dried (22+1°C) and the
weight was monitored to determine gravimetric
and volumetric water content, seeking @y of 0.1, 0.15
and 0.2cm®cm for testing. For rewetting, the amount
of water corresponding to the pre-defined @y was applied
by drip irrigation using a pipette. Before measurements,
the samples were closed with parafilm (Amcor, Zurich,
Switzerland) and stored at 4°C for at least 4h to ensure
equilibration of the water content across depth whilst
limiting microbial activity. During drying, the evapora-
tion rate was monitored. To maintain the desired water
content during diffusion measurements, water was resup-
plied to the soil surface every 30min based on the
recorded evaporative loss. The measurements were per-
formed at room temperature (22 + 1°C).

2.3 | X-ray CT-imaging

Sand (Carlo Bernasconi AG, Zurich, Switzerland) was
sieved (200-500 pm) and mixed with wet mucilage to

achieve a range of mucilage content in soil (0, 1 and
2.5mg g "), and air-dried, respectively wetted via capil-
lary rise, to @y of 0.1 0.15 and 0.2cm’cm >. Sample
holders were sealed with parafilm to avoid evaporative
losses and stored at 4°C for 4h to reach equilibrium in
matric potential before imaging. Immediately after rewet-
ting and sealing the samples, additional CT scans were
performed. X-ray CT images were taken with a GE Phoe-
nix V|tome|x s micro-CT scanner (General Electric Com-
pany, Boston, MA, United States) with a tube voltage of
140kV and a tube current of 70 pA. An actual pixel size
of 11 x 11 um* was achieved at a scan time of 17 min.
Images were reconstructed from 2000 projections using
the Phoenix datos|x CT Data Acquisition Software.
Reconstructed images (consisting of 1012 slices) were
analysed using the analysis software Avizo (Thermo
Fisher Scientific, Waltham, MA, USA). For preproces-
sing, the following steps in corresponding order were
performed: (i) Since concave and convex deformations
occurred at the top and bottom of the samples, respec-
tively, during sample preparation, the total number of
slices was reduced to 700 during image preprocessing,
removing the upper- and lowermost layers from the pro-
cessed image. This resulted in a consistent cylindrical
shape of the CT images, allowing for accurate compari-
sons of the different treatments, but also in minor
changes in water content calculated from the CT image
analysis. (ii) Images were converted from 16 to 8 bit and,
to reduce noise, a non-local means as well as an unsharp
masking filter were applied. (iii) The diameter of the
sample holder was 1cm; images were cut cylindrically
with a diameter of 0.89 cm to match the sample geometry
and to minimize edge effects at the cylinder wall. (iv) A
grey-scale value histogram was created to determine the
markers of the solid, liquid and gaseous phases, which
were required as input for the watershed transformation.
Therefore, a rolling window calculation was applied at
each greyscale with a centre labelled window of size 5 to
determine the mean of the values within the window.
This resulted in a smooth curve over the data, which was
then used to find the peak values, corresponding to each
phase. To have a standardized procedure, the interval of
grey-scale values defining each phase was evaluated at a
relative height of 0.5 between the height of the peak itself
and the lowest contour line. At this height, the width of
the curve determines the threshold values for the respec-
tive phase. (v) Afterwards, markers derived from the his-
togram analysis were used as input for a marker-based
watershed transformation (Beucher & Meyer, 1993) to
segment the different phases (soil, water and air).
(vi) Finally, a morphological opening with a sphere of
radius 2 px as the structuring element was applied to
account for features with a volume below the spatial
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FIGURE 3
corresponding segmented x-ray CT image with water (dark blue),
air (light blue) and soil (brown).

Exemplary cross section of a raw and

resolution limit. An exemplary cross section of the seg-
mented result is shown in Figure 3.

The connectivity of the gas phase was estimated based
on the EPC y and the I'-indicator. Calculation of y was
done by applying a label analysis based on the Avizo
inbuilt EPC measure using a 26-neighbourhood algo-
rithm. y is related to the topology of the pore space,
dimensionless, and is based on the number of uncon-
nected clusters (IN), the number of redundant connec-
tions (C) and number of completely enclosed cavities (H)
(Vogel, 2002):

y=N-C+H. (1)

For a network of pores in soil, H is negligible
(Vogel, 2002). The larger the y, the lower is the connec-
tivity of the pore system. Typically, y is highly negative in
soils, indicating a high connectivity of the pore space.
However, a negative y does not imply the presence of a
percolating path connecting the top and bottom of a soil
sample (Lucas et al., 2021).

Another metric to describe pore connectivity is the
I'-indicator. The I'-indicator is a measure of probability
for two voxels belonging to the same cluster, and conse-
quently being connected. For soil-water-air samples it
can be calculated from the total number of all air-filled
pore voxels (Np_), the number of all air clusters kai
(Nk,;,) and the number of air-filled pore voxels p,;. con-
tained in each cluster ky (n,, ). I'(p,,) is defined as
(Renard & Allard, 2013):

1 Ny o
N7 :alr n . Pair #0
r (pair) =N k=1 P :

Pair
0 Pair = 0

2)

A I value of one indicates that all air-filled pore vox-
els are connected and consequently belong to the same,
single cluster. In contrast, a value close to zero indicates

the presence of many unconnected air-filled pore
clusters.

However, both measures do not provide information
on the volume of the connected pore clusters and
whether there is a percolating path from the bottom to
the top of the sample (Koestel et al., 2020).

2.4 | Environmental scanning electron
microscopy

Samples packed with the same soil textures and mucilage
contents as for diffusion measurements were scanned
using ESEM. Samples were dried for 48 h at room temper-
ature (22 + 1°C). Prior to the measurements, samples were
coated with gold using a Quorum Q 150R S Rotary
Pumped Coater (Quorum Technologies, Judges House,
Lewes Road, Laughton, East Sussex, UK). ESEM images
were taken with an FEI Quanta 250 ESEM (FEI Company,
Hillsboro, OR, United States) under low vacuum with
chamber pressures between 60 and 80 Pa. A large field
detector was used with an acceleration voltage of 30 kV.

3 | RESULTS

3.1 | Gas diffusion measurements

The amount of mucilage per sample ranged from 0.495 to
51mgg ' dry mucilage/dry soil, depending on initial
mucilage content. Assuming a mucilage density of roughly
1gcm ™2, the volumetric mucilage fraction would be
roughly 0.9%. Thus, the volume occupied by pure muci-
lage would be <1% of the volume of the bulk soil. There-
fore, the effect of dry mucilage on air-filled porosity was
assumed negligible.

In Figure 4, the relative diffusion coefficient D,/Dy
is plotted as a function of water content for various parti-
cle sizes and mucilage content during a drying-rewetting
cycle. A comprehensive presentation of the results differ-
entiated by mucilage content and particle size can be
found in the supplemental material (Figure S1). Gener-
ally, D,/D, decreased with increasing water content and
increasing mucilage content (Table 1). The effect of muci-
lage on gas diffusion was highly dependent on the parti-
cle size. The reduction in medium sandy soil (200-500
pm) was six times larger than the reduction in silty and
clay soil.

For untreated samples, a hysteresis in D,/D, during
the drying-rewetting cycle was observed. The extent of
the hysteresis depended on particle size. Whilst the
coarse soils showed no difference, D,/D, was signifi-
cantly lower during drying in fine soils. This effect
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FIGURE 4 Relative diffusion coefficient Dp/D, depending on water content and mucilage content during drying (top row) and

rewetting (bottom row). Results indicate a hysteresis for control treatments which diminished with an increase in mucilage content.

TABLE 1 Relative diffusion coefficient (D,/D,) for dry samples without mucilage and the reduction of D,/D, caused by mucilage and
water.
Particle size
Parameter 1000-800 pm 500-800 pm 200-500 pm 63-200 pm <40 pm <20 pm
D,/ D, for control soil 0.137 0.129 0.127 0.12 0.124 0.142
Reduction factor caused by 3.66 3.08 6.68 4.24 1.01 1.08
mucilage (5 mg g ")
Reduction factor caused by water 3.91 2.93 5.08 6.9 5.39 8.88
(0.2 cm® cm™? drying)
Reduction factor caused by water 2.49 2.58 4.23 4.29 3.54 3.38

(0.2 cm® cm ™3 rewetting)

Note: The reduction caused by mucilage was highest for 200-500 pm particle size. For silt (<40 pm) and clay (<20 pm) no reduction could be observed. The

reduction caused by water was higher during drying compared to rewetting.

diminished with increasing mucilage content. At the
highest water content (20%), diffusivity changed only
slightly with increasing mucilage content.

3.2 | X-ray CT-imaging

The EPC y for the gas phase decreased for all mucilage
contents with decreasing water content, whilst for the lig-
uid phase y decreased for increasing water content for all
mucilage contents (Figure 5). @y values were lower than
initially set due to image processing, during which the

top and bottom of the image stack were cut off. Due to
drying from evaporation and wetting from the capillary
rise, more volume of water than volume of air was
removed. This resulted in a reduced calculated soil mois-
ture content. Results for samples without mucilage indi-
cated a hysteresis behaviour for the gas phase. Values for
y during rewetting were slightly smaller compared to dry-
ing for water contents above 10%. With the addition of
mucilage, the hysteresis diminished. However, for the lig-
uid phase no differences in y during drying and rewet-
ting, and consequently no hysteresis was observed for all
mucilage contents.
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FIGURE 6 Euler-Poincaré characteristic y immediately after rewetting and 4 h after rewetting. The connectivity of the
liquid phase improved over time whilst the connectivity of the gas phase decreased. The effect seems to diminish with increasing

mucilage content.
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FIGURE 7 Gamma indicator for the gas and liquid phase depending on water content and mucilage content.

Results for y immediately after rewetting and after 4 h
showed no significant differences, indicating that the
topology of the air-water-mucilage phase equilibrates
quickly (Figure 6).

The I'-indicator of the gas phase decreased with increas-
ing water content in all treatments (Figure 7). In contrast to
diffusion coefficient measurements, no significant difference
between drying and rewetting could be observed. Overall,
values for all mucilage contents were in the same range as
their corresponding water content. For the liquid phase,
values increased with increasing water content. Values for
various mucilage contents did not differ significantly. Also,
no major differences between drying and rewetting could
be observed. Furthermore, values immediately after rewet-
ting and after 4h showed no significant difference
(Figure 8). As with the EPC, this showed a quick equilibra-
tion of the air-water-mucilage phase.

Comparison of the percolating gas phase cluster for
various mucilage and water contents indicates a reduc-
tion of the connectivity throughout the sample with
increasing mucilage and water content (Figure S1).

3.3 | Environmental scanning electron
microscopy

The ESEM images reveal various dried mucilage struc-
tures in the dried soil samples depending on mucilage

content. These structures ranged from thin filaments
at low mucilage content, membrane-like structures and
hollow cylinders at intermediate content up to intercon-
nected surfaces spanning throughout the pore space at
high content (Figure 9). Whilst at low content, mucilage
deposits preferentially in pores with small diameters,
mucilage bridges span across larger pores with increasing
content. However, even at low content interconnected
surfaces were observed, whilst with increasing content
the size of these surfaces increased.

4 | DISCUSSION

The gas diffusion measurements of soils with various parti-
cle sizes and mucilage content under a drying-rewetting
cycle supports the conceptual model (Figure 1). In dry
soils, the effect of mucilage on gas diffusion depends on
soil texture and mucilage content (Figure 4). At low muci-
lage contents (0.5-1 mgg '), only a minor reduction in
D,/Dy could be observed. With mucilage content increas-
ing (2.5-5mgg "), gas diffusivity was reduced for the
coarse, medium and fine sandy soils, whilst for silt and
clay no reduction could be observed. In general, when
mucilage caused a reduction of D,/D, in dry soils, it did
not affect air-filled porosity. At the same water content,
the diffusivity differed between dried and rewetted soils.
However, the diffusion always depended on mucilage
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T

FIGURE 9

1 mm

1 mm

ESEM images of mucilage deposits in the pore space of coarse sandy soil with 500-800 pm, respectively 800-1000 pm

particle size. Mucilage content increases from left to right (a,b1mg g, c,d 2.5 mgg ', e, f 5 mg g~ '). Various mucilage concentration-
dependent structures are visible in the images: (a, b) Thin filaments and membrane-like structures are dominant, but also small connected
surfaces are visible. (c, d) Cylindrical structures became visible with increasing mucilage content. (e, f) At the highest content,

interconnected surfaces span across multiple pores.
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content (Figure 4). Thorbjern et al. (2008) proposed a
conceptual model in which gas diffusivity depends on par-
ticle size. However, no significant differences in diffusion
coefficient depending on particle size for dry samples with-
out mucilage could be observed in our study (Table 1). All
samples were prepared to have the same bulk density. Fur-
thermore, the density of the soil particles was the same,
thus air-filled porosity was the same between the differ-
ently textured soils. Liu et al. (2006) reported that for an
artificial macropore network (pores smaller than ~100 pm
are assumed to be blocked) no universal relationship
between diffusion coefficient and porosity exists. Local
porosity heterogeneities could lead to deviations in gas dif-
fusivity. Furthermore, tortuosity is related to the weighted
length of diffusion pathways. The soil samples used in
this study were very thin (0.6 cm), consequently, the effect
of porosity fluctuations and tortuosity can be assumed
negligible, which could explain the similar gas diffusivity
for all textures. The driest samples showed the biggest
reduction in D,/D, for medium sandy soil mixed with
mucilage compared to the untreated medium sand sam-
ples. At 0cm®cm > water content and mucilage content
of 2.5mgg ", the diffusion coefficient of the untreated
samples was reduced by a factor of 5 and increased to a
factor of 6.68 for 5mgg ' (Table 1). Mucilage structures
observed via ESEM seem to disconnect the gas phase sig-
nificantly, and the ratio between pore size and the
amount of potential pore throats seems to be optimal in
medium sand (200-500 pm) for mucilage to span across
many pores and have a significant effect on gas diffusiv-
ity. In coarse sandy soil (500-800 and 800-1000 pm) and
fine sandy soil (63-200 pm) the effect is smaller. In coarse
soil, the average pore seems to be too large for mucilage
to span across, whilst in fine sand, and even more so in
silty and clayey soil, the number of potential pore throats
was higher, and mucilage would not be present in every
pore. Therefore, mucilage likely accumulates in certain
regions of the pore space, leaving others available for gas
diffusion. Furthermore, the higher surface roughness of silt
and clay particles compared to sand might lead to more,
but smaller mucilage structures as observed by Benard et al.
(2018). As a result, no reduction in gas diffusivity could be
observed for silt and clay. A similar particle size-dependent
effect was observed by Kroener et al. (2018), where muci-
lage had no effect on the saturated hydraulic conductivity
of clay soil. Note that since the physicochemical properties
differ amongst mucilage from different plants and environ-
mental conditions, it is reasonable to assume that their
effect on gas diffusion is also variable.

Furthermore, our results confirm the findings of
Hamamoto et al. (2022), who also observed a hysteresis
in the gas diffusion coefficient during a drying-rewetting
cycle. The hysteresis was more distinct in fine soils. These

uropean journal of - 11 of 14
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observations are in good agreement with the concept of
an ink bottle, small bottle throat diameter and broad
bottle body diameter, caused by the non-uniformity of
interconnected pores, as well as the concept of differ-
ences in solid-liquid contact angles during wetting and
drying (Haines, 1930; Likos et al., 2014). During drying,
narrow parts of interconnected pores are able to hold
water and increase the length of diffusion pathways. Dur-
ing rewetting, water might not reach the narrow parts of
the pore, leaving space for gas to diffuse. Additionally,
lower contact angles between the soil and water during
drying lead to less connected air-filled pores resulting in
a lower gas diffusivity. However, if mucilage is added this
effect diminishes with increasing mucilage content. With
mucilage, liquid bridges persist under drying. As they dry
further, they are likely to draw particles together,
enhancing local soil aggregation (Williams et al., 2021).
As mucilage rewets, it starts to absorb water and swells.
Both processes are likely to create preferential diffusion
pathways, increasing gas diffusivity and reducing the
hysteresis effect. Despite this, mucilage can increase the
contact angle at the soil-water interface, especially under
dry conditions (Benard et al., 2018). This results in more
similar water-soil contact angles during drying and
wetting, reducing the hysteresis effect in the water reten-
tion, and consequently leading to a diminishing hysteresis
in gas diffusivity during a drying-rewetting cycle. In our
conceptual model for fine sand, the ability of mucilage to
absorb large amounts of water and swell can cause an
alteration of the soil structure. Swelling mucilage exerts
stress on soil particles. Changes in soil structure were
reported in studies with super-absorbing polymers mixed
with soil (Misiewicz et al., 2020; Saha et al., 2022). Results
for D, /Dy in medium (200-500) and fine soil (63-200)
showed a distinct increase in gas diffusion at low muci-
lage content during drying compared to untreated sam-
ples. Swollen mucilage created larger pores by displacing
soil particles. With increasing diameter, the capillary
forces in the pore decrease and water can no longer be
retained. At the same time as the soil dries, mucilage at
low contents can no longer bridge the enlarged pores,
and gas can now diffuse through the pore. A similar
effect can be expected when drying liquid bridges draw
particles together. However, at high mucilage contents,
D,/D, decreased in both scenarios, that is, drying and
rewetting. At increasing content, mucilage can extend
even across larger pores, and diffusion pathways are
blocked again. Furthermore, connected mucilage bridges
that were formed during drying turn hydrophilic after
some time (Zickenrott et al., 2016) and draw water dur-
ing rewetting to areas that otherwise would not have
been reached by water. Results for coarse sand indicate
no distinct change in soil structure. Large particles might
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be too heavy to be displaced by the mucilage, instead
mucilage tends to swell into empty pore space during wet-
ting or liquid bridges break during drying. In the experi-
ments, a visible swelling of the silt and clay soil samples
was observed. Since the swelling mucilage caused an
increase in the height of the samples, we suppressed that
effect to maintain soil porosity. Therefore, D, /D, decreased
in both cases even at low mucilage contents.

The EPC y and the I-indicator revealed a better-con-
nected gas phase at low water contents and an increased
liquid phase connectivity with increasing water content.
Whilst y values of the gas phase for samples without
mucilage were higher for rewetted samples compared to
dried samples, the effect diminished for the samples with
mucilage. The variations in water distribution between
drying and rewetting led to a hysteresis effect in the connec-
tivity of the gas phase. This hysteresis during a drying-
rewetting cycle, as well as its reduction with increasing
mucilage content, was in good agreement with results from
gas diffusion measurements (Figure 4), where diffusivity
was higher during rewetting for samples without mucilage.
However, the hysteresis was not as distinct as expected
based on gas diffusion measurements. Furthermore, dry
mucilage can be temporarily water repellent (Moradi
et al., 2012; Zickenrott et al., 2016). Therefore, it is expected
that immediately after rewetting, water preferentially
saturates pores that are unaffected by mucilage, additionally
disconnecting the gas phase. As a result, a less connected
gas phase compared to a state when mucilage has turned
hydrophilic and absorbed the water is likely. However, in
our study y and I measurements showed no such differ-
ences. This might be a consequence of the limitation in
spatial and temporal image resolution, due to which it
was not possible to detect mucilage directly. As a conse-
quence, mucilage structures (Figure 9), which may have
disconnected the gas phase, could not be explicitly con-
sidered resulting in an overestimation of the connectivity
of the gas phase in treated soils. Furthermore, parts from
the top and bottom of the image stack of each sample
were removed during image processing. This altered
the soil moisture content, which may have also impacted
the connectivity of the liquid and gaseous phases.

5 | CONCLUSION

This study showed that the effects of mucilage on soil gas
diffusion processes at the pore scale depended on basic
physical soil properties. It indicates that by secreting
mucilage from roots, plants can help mitigate changes in
gas diffusivity induced by soil moisture fluctuations.
Results show that dry mucilage reduced soil gas diffusion
without affecting air-filled porosity. The effect of

mucilage on soil diffusivity depended highly on particle
size and mucilage content. Whilst the biggest effect could
be observed in medium sand, no differences were observed
in silt and clay soils. During a drying-rewetting cycle,
hysteresis in the gas diffusion coefficient and gas phase
connectivity could be observed in samples without muci-
lage. With increasing mucilage content this effect dimin-
ished. Results indicate that swelling mucilage can alter the
structure of the soil, especially in soils with fine particles.
Yet, a quantitative description of the influence of mucilage
on soil structure is missing. This study supports the
hypothesis that plants actively try to maintain stable physi-
cal conditions in the soil around the root and that they
balance oxygen and water content by secreting mucilage.
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