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ARTICLE INFO ABSTRACT

Handling Editor: Yvan Capowiez Rhizosphere wettability decreases upon severe drying leading to periods of prolonged low water content around

roots after precipitation or irrigation. These observations were explained by the temporal hydrophobic character

Keywords: of mucilage, while structural alterations of the pore space caused by mucilage, such as pore clogging, remained

S°‘.1 wettability mostly unexplored. In this study, time-series neutron radiography and a pore network model were used to assess

;hlzfiSphere the impact of pore geometry and wettability on water flow following the addition of mucilage in a sand substrate.
ucilage

To do so, we monitored the capillary rise of ethanol and water separately for mucilage contents, ranging from 0.0
to 2.0 mg g~ 1. A pore network model was developed to analyze the impact of alterations in pore geometry and
wettability. Results are compared with analytical solutions of the Lucas-Washburn equation. Rewetting dynamics
were explained by a combination of a decrease in effective pore throat size and a global decrease in wettability.
The local distribution of wettability, however, appeared of minor importance as dynamics of water imbibition
could be matched by a uniform effective contact angle. For 0.1 mg g~* mucilage content increased wettability
was predicted for both approaches: the analytical solution and the pore network model fit. At larger contents, a
decrease in wettability occurred which was accompanied by a decrease in derived effective pore and pore throat
size. On a minute scale, rewetting appeared to steadily progress at all mucilage contents with accelerated
rewetting observed at 0.6 mg g~ ! likely related to an increased wetting front length. This study highlights the
importance of mucilage on pore geometry in combination with wettability modifications in the rhizosphere.
Aside from rhizosphere rewetting, the presented approach provides an opportunity to investigate further
wettability-related processes in other soil environments on various spatial scales.

Neutron imaging
Pore network model

1. Introduction is also released into the rhizosphere (Roberts, 1916; Oades, 1978).

Consisting of a blend of extracellular polymeric substances (EPS),

The rhizosphere comprises the volume of soil actively modified by
root growth and exudation with its physical and chemical properties
being distinct from its surrounding bulk soil (Gregory, 2006). As an
estimated 40% of all terrestrial precipitation flows through this thin
region (Bengough, 2012), it is vital to understand the basic principles of
modifications induced by root exudation (Hallett et al., 2022). In addi-
tion to various sugars, amino and organic acids, which are known to
promote microbial activity in the rhizosphere (Kuzyakov and Blago-
datskaya, 2015), mucilage with significant impact on physical processes
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mucilage shares many of its features with other highly polymeric com-
pounds found in nature, like bacterial EPS in biofilm (Benard et al.,
2019). In the rhizosphere, many of the water related alterations
observed within this soil volume of a few millimeters in thickness
around roots (Holz et al., 2018b; Holz et al., 2018a) were attributed to
mucilage. For instance, increased soil water retention in the rhizosphere
of maize and lupin was attributed to the high water retention of muci-
lage (Carminati et al., 2010; Ahmed et al., 2014). Upon rewetting of dry
rhizosphere, reduced soil moisture (Moradi et al., 2012; Carminati,
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Fig. 1. Illustration of experimental proced-
ure of time-series neutron radiography im-
aging (consecutive time steps indicated by t;-
t3) and analysis of capillary rise of ethanol
and water. The neutron beam is attenuated
t by the sample material and the imbibing
liquid while the penetrating signal is
captured by a detector. Through image pro-
cessing the signal is translated into a 2D
distribution of liquid thickness perpendicular
to the sample. Derived dynamics of liquid
distribution are used to parameterize the
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2013; Ahmed et al., 2016) and root water uptake (Zarebanadkouki and
Carminati, 2014; Zarebanadkouki et al., 2018) were observed over
extended periods. These effects were correlated with a reduction of
mucilage wettability upon drying (Kroener et al., 2015; Benard et al.,
2016; Ahmed et al., 2016). The soil moisture-dependent occurrence of
water repellency in the rhizosphere is not exclusive to this soil region but
it is a common observation in various soil environments (Bachmann
et al., 2007). Heterogeneous distribution of dry mucilage structures
within the soil pore space has been emphasized to be a most relevant
parameter controlling the threshold-like switch in macroscopic wetta-
bility and the percolative nature of the infiltration process (Benard et al.,
2018a). The preferential distribution of mucilage in contact regions
between soil particles (Benard et al., 2018b) is the product of its distinct
physical properties and liquid movement in drying soils. With an in-
crease in mucilage concentration, water potential in the liquid phase
decreases (McCully and Boyer, 1997) and so does surface tension while
viscosity increases (Read and Gregory, 1997; Read et al., 1999; Naveed
et al., 2019; Benard et al., 2021). These properties induce an increase in
liquid connectivity and eventually result in the creation of stable poly-
meric structures extending across the pore space when soil dries. This
mechanism delays the fragmentation of the liquid phase (Albalasmeh
and Ghezzehei, 2014; Carminati et al., 2017; Benard et al., 2019, 2021;
Williams et al., 2021) and can reduce gas diffusion (Haupenthal et al.,
2021). These and other soil hydraulic modifications are EPS-
concentration dependent. For example soil hydraulic conductivity de-
creases while soil water retention increases with EPS concentration
(Volk et al., 2016; Kroener et al., 2018; Zheng et al., 2018).

The ecological relevance of increased soil water retention, enhanced
liquid connectivity and modifications of soil wettability in dry rhizo-
sphere, however, are only partly understood. While a delayed frag-
mentation of the liquid phase (Carminati et al., 2017) and increased soil
water retention were linked to enhanced nutrient (Zarebanadkouki
et al., 2019) and enzyme diffusion (Holz et al., 2019), little is known on
the impact of reduced soil wettability on rhizosphere water dynamics
which is caused by gaps in the mechanistic description of the process.
Current knowledge is that dry mucilage reduces the initial wettability of
solid surfaces (Benard et al., 2016; Ahmed et al., 2016). Further,
wettability commonly increases with time of contact between water and
affected surfaces (Leelamanie and Karube, 2009; Whelan et al., 2015;
Zickenrott et al., 2016) which can further affect water flow dynamics
(Wang and Wallach, 2020). Generally, the mediation of soil hydraulic
properties by bacterial EPS inducing delayed drying (Benard et al.,
2023) and rewetting of soil (Or et al., 2007) helps to extend periods of
biological activity (Skopp et al., 1990; Or et al., 2007; Benard et al.,
2023).

Time Saturation

analytical solution of the Lucas-Washburn
equation (Liu et al., 2016) and the pore
l network model.

Parameterization of analytical solution
and pore network model

So far, methodological approaches have not allowed differentiating
between the impact of structural changes i.e., alteration of pore geom-
etry vs. modifications of local initial wettability distribution induced by
mucilage (Kroener et al., 2015; Benard et al., 2016, 2018a; Ahmed et al.,
2016). Hence, the objective of this study was to quantify simultaneously
the contribution of both alterations affecting water flow separately and
in combination. Furthermore, the aim was to evaluate the impact of
heterogeneities in wettability distribution on the rewetting process.

In this study, we utilized time-series neutron radiography to capture
the capillary rise of both ethanol and water in sand treated with muci-
lage. By use of ethanol and water, geometric alterations of the pore space
were distinguished from wettability induced modifications and the early
rewetting process was captured. Results were used to parameterize a
pore network model and subsequently assess the impact of wettability
distribution. Outcomes were compared with results calculated using an
analytical solution (Fries and Dreyer, 2008; Liu et al., 2016) of the
Lucas-Washburn equation (Lucas, 1918; Washburn, 1921). The in-situ
contact angles were determined in a parallel study (Schliiter et al.,
2022).

2. Materials and methods
2.1. Experimental set-up

The impact of pore geometric alterations and wettability distribution
on water imbibition was tested using mucilage amended sand. In this
approach, sand was mixed with water and hydrated mucilage to create
mucilage contents of 0.0, 0.1, 0.3, 0.6, 1.0, and 2.0 mg g~! (mg dry
mucilage per g of soil). As an analogue of plant root mucilage, chia
mucilage (Salvia hispanica) extracted from seeds according to the
description by Kroener et al. (2018) was used. The physical properties
and the impact of chia mucilage on soil hydraulic properties are com-
parable to root-exuded mucilage regarding the magnitude of induced
modifications (Segura-Campos et al., 2014; Naveed et al., 2019; Benard
et al.,, 2021). All samples were prepared according to the following
description. Acid washed, air-dried coarse sand (0.7-1.2 mm; SAND-
SCHULZ GmbH, Berlin) was mixed with hydrated mucilage with an
initial concentration of 6.97 mg g~' to achieve a range of mucilage
contents. To achieve a bulk density of the packing of 1.36-:0.025 g cm >
i.e., an approximate porosity of the final packing of 0.48, different
amounts of hydrated mucilage and water were mixed with the respec-
tive weight of sand to achieve a minimum liquid saturation of >0.5 of
the final packing. For a mucilage content of 2.0 mg g~! the mixture was
dried prior to packing to ensure 0.5 liquid saturation during packing.
Porosity for treatments with 2.0 mg g~ was slightly decreased with
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0.44. For all other contents, deionized water was added to the mixture of
hydrated mucilage and sand to achieve the minimum liquid saturation.

Treated sand was packed into aluminium containers of inner di-
mensions 0.6x1.6x3.0 cm which were sealed from one end with fiber
tissue to enable capillary rise. Containers filled with mucilage-amended
sand were dried by evaporation in a desiccator vessel filled with silica
gel. Samples were dried until mass loss within one day was ca. £1% of
the approximate initial mass of water. Wet packing allows for an un-
disturbed distribution of mucilage in the pore space when soil dries
(Benard et al., 2018b) inducing the characteristic alterations of soil pore
geometry (Albalasmeh and Ghezzehei, 2014; Carminati et al., 2017;
Benard et al., 2019). Note that a vertical redistribution of mucilage is
highly unlikely in coarse sand as hydraulic conductivity diminishes at
comparably high water content.

Capillary rise of ethanol and water was imaged using time-series
neutron radiography. This method is highly sensitive to H-rich liquids,
like water or ethanol in soil as they strongly attenuate neutrons (Moradi
et al., 2009). For this reason, neutron radiography allows for non-
invasively quantifying of liquid distribution at high temporal resolu-
tion (Carminati et al., 2007) by analysis of the difference between the
signal of initially dry soil and wet soil. Time-series neutron radiography
was conducted at the ICON (Imaging with COld Neutrons) beamline of
the Paul Scherrer Institute, Villigen, Switzerland. A CCD camera with a
field of view of 15x15 cm capturing the capillary rise of liquid at a pixel
size of 58 um was used. Acquired images were scatter corrected using a
black body bias correction procedure (Boillat et al., 2018), normalized,
spot cleaned and filtered (Kaestner and Schulz, 2015). Attenuation co-
efficients of water and ethanol were derived from liquid of specific
thickness between the edge of aluminium containers and the aluminium
channel (see Fig. 1) filled with the respective liquid to initiate liquid
imbibition.

Capillary rise experiments were conducted by placing six aluminium
containers in an aluminium channel connected to a liquid reservoir on
one side and an overflow on the opposite side. In this way a constant
liquid level during imbibition was ensured. Filling of the channel was
initiated using a peristaltic pump filling the channel to a height of ca. 5
mm above the lower edge of containers. Capillary rise was imaged for
three replicates of each mucilage content and liquid (ethanol and
deionized water). The experimental procedure and derived quantities
for analysis from time-series neutron radiography imaging are depicted
in Fig. 1.

2.2. Analytical approach

The effective contact angle (CA) of sand was derived from the dy-
namics of the wetting front during capillary rise according to an
analytical solution of the Lucas-Washburn equation (Fries and Dreyer,
2008; Liu et al., 2016). Including the impact of gravitational accelera-
tion, the equation relates height of the wetting front and time by (1)

20cos(a) t
h = 7,0ng w| —exp| —1- 716;6:0:£a) +1 (€))

with height of the wetting front h [cm], surface tension of the liquid ¢
[mN m ™1, dynamic viscosity of the liquid 5 [g cm ™! s71], density of the
liquid p [g cm_3], effective CA a [degree], gravitational acceleration g
[cm s’z], effective pore radius r [cm], tortuosity factor 7 [-], time ¢ [s]
and the Lambert W function w [-] (Corless et al., 1996). First, the
effective geometric parameters r and 7 were derived for each treatment
by fitting the mean observed dynamics of ethanol imbibition of three
replicates assuming a = 0° i.e., perfect wetting (Letey et al., 1962).
Subsequently, the geometric parameters r and 7 were used to match the
relation of wetting front height and time of capillary rise of water using
Eq. (1) by fitting a. Fitting of geometric parameters and effective CAs
was done using Matlab 9.8.0.1396136 (R2020a; TheMathWorks, Inc.,

Geoderma 437 (2023) 116576

2020). Note that for all treatments, dynamics of the ethanol front in the
porous medium was evaluated for the initial ca. 30 s before the ethanol
level in the aluminium channel below increased beyond the lower edge
of containers. Similarly, at mucilage contents between 0.0 and 0.3 mg
g1, the maximum height of water in the porous medium was reached
before the water level in the channel increased. For mucilage contents
>0.6 mg g~*, the late phase of capillary rise above the submerged level
of containers was included in the analysis. The height of the liquid front
was derived for all treatments by manually thresholding the advancing
liquid front from the difference between signals of wet images and the
initial dry image.

Dynamics of water imbibition were analysed to evaluate the impact
of mucilage on pore geometry and wettability. While the early phase of
water imbibition is determined by the initial wettability and spatial
distribution of mucilage structures, it is also affected by an increase in
wettability upon contact of mucilage with water (Zickenrott et al., 2016)
and at a time scale of minutes to days by the transport of water through
rehydrating polymeric structures or swelling of dry mucilage (Chenu,
1993; Goerke et al., 2000; Singh et al., 2009). Water uptake of initially
dry mucilage explains the slow rewetting of initially dry rhizosphere
(Carminati et al., 2010). Note that the dynamics of wettability are not
quantified in this study and related challenges and quantitative methods
are discussed in the second last paragraph of the “Results and Discus-
sion” section.

To compare the impact of initial wettability and pore geometry to
other factors like increase in wettability and swelling of mucilage, the
water saturation profile after 0.5 min, 1 min and 5 min (10 min for
contents >0.6 mg g~ ') is compared for all treatments above the final
water level in the aluminium channel.

The impact of spatially heterogeneous wettability distribution in
combination with alterations of the pore geometry was analyzed using a
site-bond invasion percolation model to simulate capillary rise of
ethanol and water. Similar to the approach employing the analytical
solution of the Lucas-Washburn equation, effective geometric parame-
ters pore and throat size distribution were fitted by matching the dy-
namics of capillary rise of ethanol captured by time-series neutron
radiography (i.e., saturation profile dynamics). Subsequently, the geo-
metric parameters derived from ethanol imbibition dynamics of each
treatment were used to evaluate different wettability distribution sce-
narios by matching the observed dynamics of water imbibition.

2.3. Numerical simulations

2.3.1. Pore network model

Capillary rise is simulated with an invasion site-bond percolation
pore network model developed for this study. In the network, each site
represents a pore that is placed on a cubic lattice connected via bonds
that represent pore-throats with neighboring pores. The coordination
number was 8, meaning each pore is connected to 8 of its adjacent
neighbors unless it is situated at the edge of the numeric domain. In this
case, individual coordination can be reduced. This coordination was
chosen based on the relation of coordination and porosity presented by
Dong and Blunt (2009). This modification is essential to capture satu-
ration dynamics since the underestimation of pore coordination is likely
to result in excessive air entrapment (Dong and Blunt, 2009).

The coordination of individual pores is randomly chosen from the 26
possible options as illustrated in Fig. Al. Throat sizes are distributed
randomly in space and according to the derived global effective size
distribution as explained in the parameterization section. Pore and
throat size are correlated from smallest to largest beginning with the
smallest mean diameter of all throats associated with the pore with the
smallest diameter and so forth.

The pressure difference Ap [cm] inducing liquid flow from one pore
to another is derived from the difference in capillary pressure according
to the Young-Laplace equation (Young, 1804; Laplace, 1805) and
gravitational acceleration (2)
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Fig. 2. Iteration process of liquid imbibition. The shortest time to saturate a pore is calculated according to Eq. (4) and individual pore saturation S; accordingly.

After each iteration, the connectivity of phases and flow rate Q; is updated.
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Fig. 3. Exemplary results of saturation distribution after 20 s of capillary rise of ethanol (top row) and water (bottom row) for mucilage content 0.0, 0.1, and 0.6 mg
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e cos(a) + pgz 2)

Tpore

Ap

with liquid surface tension ¢ [mN m], pore radius rpore [cm], CA a
[degree], liquid density p [g cm ], gravitational acceleration g [cm s 2]
and respective vertical elevation above the reference height of the free
liquid z [cm]. Assuming flow Q [cm® s1] from a saturated pore into an
unsaturated pore through a cylindrical pipe, the flow resistance is
derived from the Hagen-Poiseuille equation (Hagen, 1839; Poiseuille,
1846) (3)

throar P
n8L

rt

Qo 3

with throat radius reroat [cml, viscosity 7 [g em ! s72] and tube
length L [cm]. The length of L is the sum of radii of connected pores
multiplied by a factor to account for pore positions on the cubic lattice
(see Fig. Al). This factor is 1 for pores facing each other (e.g., number

11), 1.41 for pores diagonal to each other on the same plane (e.g.,
number 14), and 1.73 for pores closest at a corner of the cubic lattice (e.
g., number 3).

Integrating (2) into (3) the flow of liquid into an unsaturated pore Q;
[cm3 s’l] is calculated at each time step with the total flow resistance as
the sum of individual resistances along the flow path according to (4).

20 n L !
Q= ( cos(a) — z) — 4
Tpore ( ) re 87](2 r?hmut)
The time to saturate a pore t; [s] is calculated according to (5)
\%
i =— 5)
0;

with specific pore volume V; [cm®]. V; is calculated for a spherical
volume derived from the pore radius rpere.
The process of liquid imbibition is simulated for variable time steps
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Fig. 4. Mean observed height of ethanol wetting front over time (red dots) for a range of mucilage content with 95% confidence interval of the mean (grey band) and
results from the analytical solution of Eq. (1) (dashed black line) and respective geometric fitting parameters r (effective pore radius) and  (tortuosity factor).
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Fig. 5. Mean observed height of water wetting front over time (red dots) for a range of mucilage content with 95% confidence interval of the mean (grey band) and
results from the analytical solution of eq.1 (dashed black line) for fitting parameter « (effective contact angle). Note that the x-axis limit is capped for 0.1 mg g*
when the maximum height of capillary rise occurred and was adapted to display the near maximum height of capillary rise for all other treatments.

S. The shortest time to saturate a pore is derived based on the compar-
ison of individual volumes V; and current flow rates Q;. For the shortest
duration or time step, the saturation of all pores is updated according to
Q; and individual saturation from the previous time step S;.;. After a
pore is saturated, the connectivity of phases is reevaluated, and indi-
vidual Q; are updated (Fig. 2). A pore can only be filled if continually
connected to air and water i.e., an air filled cluster of pores connecting to
the surface of the numeric domain, and a cluster of liquid saturated

pores connecting to the bottom of the numeric domain exists.

2.3.2. Parameterization
The initial effective pore and effective throat size distribution

assigned to sites and bonds randomly in space, were derived by
matching the saturation profile of ethanol for three replicates of the
unamended control sand at 5 and 30 s with a two-parameter Weibull
distribution function. Subsequently, the ethanol saturation profiles of
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mucilage amended treatments were matched by shifting a fraction of the
original pore and throat sizes to a reduced size range i.e., a second
Weibull distribution. The fraction of shifted pore and throat sizes were
fitted to match the observed dynamics of capillary rise of ethanol while
the range of the shifted size distribution function was fixed. This scheme
was chosen to account for the non-uniform distribution of mucilage in
bottlenecks of the soil pore space observed previously (Benard et al.,
2018b; Benard et al., 2019). Perfect wettability i.e., a CA of 0° between
particle surfaces and ethanol was assumed (Letey et al., 1962).

After derivation of the effective pore and effective throat size dis-
tribution by matching the observed ethanol imbibition, the effective CA
distribution was estimated by matching observed and simulated water

saturation profiles after 5 and 30 s of capillary rise. Four scenarios for
spatial CA distribution were compared (S1-S4). Uniform wettability
with the same CA assigned to all pores (S1); Normally distributed
wettability between a minimum and a maximum CA with CAs randomly
distributed in space (S2); Bimodal distribution of CA correlated with
pore size (S3) from small to large and high to low CA; Bimodal distri-
bution of CA with preferentially altered wettability in pores in contact to
geometrically affected throats i.e., the fraction of pores affected by a
shift in throat size distribution derived from matching ethanol capillary
rise dynamics (S4). As a starting point to match observed water dy-
namics by fitting the wettability distribution in S3 and S4, the effective
normal CA distribution of control treatments was used.
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All simulations were made with a cross-sectional domain size of 20
by 20 pores. The sensitivity of the model to coordination number and
cross-sectional area was tested for geometric parameters derived from
ethanol imbibition at 0.0 mg g~ * (Fig. A2).

3. Results and discussion

A combination of methods was used to quantify the impact of
mucilage on water flow in dry sand. Results from time-series neutron
radiography of capillary rise of ethanol and water (Fig. 3) were used to
derive the geometric parameters effective radius r and tortuosity factor ¢
which were subsequently used to fit the effective CA « using eq.1, an
analytical solution of the Lucas-Washburn equation (Liu et al., 2016). To
assess the principal impact of local alterations in wettability and mod-
ifications of pore geometry induced and their effect on rewetting,
different wettability scenarios were compared using a pore network
model.

Geometric parameters of the Lucas-Washburn equation, r and = were
derived by matching the dynamics of ethanol imbibition (height versus
time). Observations are displayed along the result of the analytical so-
lution in Fig. 4. At a mucilage content of 0.1 mg g~ ! the advance of the
liquid front was accelerated resulting in greater mean height which is
reflected in the decrease of r and 7 (Fig. 3 a. 4). At mucilage contents
>0.3 mg g}, ethanol imbibition was increasingly decelerated with
mucilage content manifested in an r of 50 pm and a continuous increase
of 7 t0 6.5 at 2.0 mg g~ 1.

Accelerated ethanol imbibition at low mucilage content (Fig. 3 a. 4)
is likely related to an increase in pore connectivity due to mucilage
structures created during drying, and bridging gaps between sand grains
(Benard et al., 2018b). Such polymeric structures form when viscous
mucilage delays the retreat of the liquid phase in drying soil and pre-
vents the breakup of liquid connections (Carminati et al., 2017; Benard
et al., 2021; Williams et al., 2021). This mechanism is not exclusive to
plant and seed derived mucilage but was also observed for bacterial EPS
(Zheng et al., 2018; Benard et al., 2019). The size of dry structures in-
creases with mucilage content (Benard et al., 2018b) which eventually
appear as 2D surfaces reaching across multiple pores (Benard et al.,
2019). At comparably high mucilage content, these structures likely
begin to limit the cross-section of accessible pore space for liquid
transport. This mechanism explains the decelerated ethanol uptake by
the porous medium at 2 mg g™, and could also explain the decrease in
gas diffusion observed in mucilage amended soil (Haupenthal et al.,
2021). Another explanation for accelerated ethanol imbibition at low
mucilage content could be the reduction of average effective pore size
resulting in increased capillary forces. A combination of decreased
effective pore size and increased connectivity is supported by r and
derived from fits of the analytical solution which decreased from 38 to
32 um and 5.2 to 4.1, respectively.

The individual geometric parameters r and 7 of each treatment i.e.,
mucilage content derived from ethanol imbibition dynamics were used
to match observed water imbibition by fitting the effective CA a of eq.1
(Fig. 4). Like for ethanol, water imbibition was slightly accelerated at
0.1 mg g~ ! (see also Fig. 3) and « was slightly reduced (Fig. 5). At 0.3
mg g~!, mean height of water in the porous medium was decreased
resulting in an increase in a from 44° to 61°. This trend persisted until @
reached a maximum of >89° at >1.0 mg g~ .

The decrease in a from 50° to 44° at 0.1 mg g~ * (Fig. 5) appears
reasonable when compared to the minimum CA of mucilage treated
glass surfaces and soil (Zickenrott et al., 2016; Ahmed et al., 2016;
Benard et al., 2018b; a). It is interesting to note, that a reduction of CA
during contact with water has recently been observed by Bachmann
et al. (2021). It should be noted, that observed CA were still non-zero
and also showed a rank order according to the initial CA of the dry
material before contact with water. This confirms the equilibrium CAs in
the capillary fringe obtained from X-ray CT imaging of sand treatments
prepared as described in this study between 59° and 54° (Schliiter et al.,
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Fig. Al. Coordination scheme of pore positions on a cubic lattice represented
by transparent cubes. Each number represent a potential connection between
positioned pores with regard to the central position.

2022). At 0.3 mg g, decreased wettability balanced alterations of the
pore geometry resulting in similar water imbibition dynamics as
observed in the control treatment. For mucilage contents >0.3 mg g~
water imbibition was limited as shown exemplarily for 0.6 mg g~ ! in

Fig. 3. Derived 7 increased while a decreased until capillary rise of water
was prevented at mucilage content >1.0 mg g . The increase in 7 is
consistent with previous studies reporting an increase in size of mucilage
structures deposited in bottlenecks of the soil pore space (Benard et al.,
2018a) which lead to an increase in average flow path length. The
limitation of water imbibition to the first few millimetres at mucilage
content >1.0 mg g~ ! is the result of this process causing a decrease in
accessible pore space and effective wettability. These observations are in
line with results from X-ray CT imaging which showed reduced capillary
rise due to water infiltration in a few pores at mucilage content of 1.0
mg g’1 (Schliiter et al., 2022). Note that water flow across the rhizo-
sphere might occur in these conditions, as the size of the soil layer
affected by mucilage is not expected to exceed a few millimeters away
from the root surface. Differences between the analytical solution and
observed capillary rise dynamics, especially for mucilage content <0.3
mg g~ ! (Fig. 5) are likely the result of time dependent changes in CA
(Leelamanie and Karube, 2009; Zickenrott et al., 2016). The impact of
this phenomenon and potential methods of quantification are discussed
with the results from pore-network simulations in the second last
paragraph of this section.

The dynamics of water saturation showed reduced rewetting rates
for mucilage amended treatments with time. Saturation profiles for each
treatment are shown for the height above the water table in the
aluminum channel in Fig. 6. An increased water content was observed
for 0.1 mg g~! in mucilage content below 1.3 cm in height. This effect
might in part be the result of minor differences in porosity. Above this
height, the water content decreased gradually and remained reduced
after 5 min when compared to the control. For mucilage content >0.1
mg g~ ! saturation was similarly decreased above 1 cm in height and for
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Fig. A2. Sensitivity of imbibition dynamics of pore-network model for parameter pair coordination number and cross-sectional area. Simulations were done with a
coordination number of 8 and a cross-sectional area of 400 indicated by the black dot.

0.6 mg g~ ! reduced saturation was observed starting from 0 cm (see
Fig. 3 for an exemplary 2D illustration). For 1.0 mg g !, saturation was
greatly decreased to a mean maximum height of 0.2 cm after 10 min. At
2.0 mg g~ ! only a slight increase in water content occurred within the
first 0.27 cm.

The analysis of water saturation profiles shows an increased length of
the liquid front i.e., the interface between liquid and gas phase at a
mucilage content of 0.1 mg g~! (Fig. 6). Progressive rewetting along the
liquid front was observed in presence of mucilage. Increased water
saturation within the first cm at 0.1 mg g~ indicates a balancing effect
of induced modifications resulting in reduced air entrapment. Entrap-
ment of air is likely to occur in sand as large unsaturated pores are easily
bypassed during capillary rise. An increase in pore connectivity as dis-
cussed earlier might as well contribute to saturating large pores before
being cut off from the gas phase. The increase in saturation within the
first 5 min at a height >1.7 cm in the control treatment is likely related
to an increase in local wettability of particle surfaces adjoining the
wetting front. Reduction of CA during contact with water was also
observed by Bachmann et al. (2021). In this context, the comparably big
change in saturation across the rewetted profile at 0.6 mg g~ ! indicates a
large contact area between water and initially non-wettable pore space
and/or non-zero CA even in the wetted state. For mucilage content >1.0
mg g~ 1, water imbibition appeared to be dominated by slow rehydration
(i.e., swelling) of dry mucilage. It is worth noting, that the equilibration
time, before in situ contact angle measurements of same treatments were
conducted had to be increased from 5 to 130 min between 0.0 and 2.0
mg g~ ! in order to establish a capillary fringe with ca. 50% liquid
saturation (Schliiter et al., 2022). Nevertheless, the measured CAs were
very similar to those in control treatments despite the increasing
equilibration time needed. This observation highlights the impact of
properties other than wettability like rehydration of mucilage in bot-
tlenecks of the pore space in controlling the rewetting process. Espe-
cially in light of the decrease in CA reported for mucilage treated
surfaces (Zickenrott et al., 2016) and in the rhizosphere (Moradi et al.,
2012) occurring on a time scale of seconds in contrast to a reduced water
content of dry rhizosphere persisting for several hours (Zarebanadkouki
and Carminati, 2014; Zarebanadkouki et al., 2018), emphasize the
importance of pore space alteration including pore clogging induced by
mucilage (Benard et al., 2018b) and other potential EPS (Volk et al.,
2016; Zheng et al., 2018).

As the connectivity of accessible pore space decreases due to

continuous mucilage depositions indicated by reduced ethanol imbibi-
tion observed in this study and results obtained from other studies
(Benard et al., 2018b; Haupenthal et al., 2021), the opposite effect on
connectivity is to be expected in drying soil. In other words, when
mucilage is concentrated in drying soil, its water retention is enhanced
(McCully and Boyer, 1997; Read et al., 1999) and liquid connectivity
throughout the pore space is preserved (Carminati et al., 2017; Williams
et al., 2021). Although liquid connectivity has not been investigated in
this study, presented results provide further evidence supporting the
hypothesis of improved liquid continuity in the rhizosphere (Carminati
et al., 2017).

Employing a pore network model, the combined contribution of
modifications of pore geometry and local wettability induced by muci-
lage was evaluated. Geometric parameters effective pore and throat
radius at mucilage content >0.0 mg g~! were derived by shifting a
fraction of the original distribution to match ethanol infiltration dy-
namics (Fig. 7). While these shifts in effective pore size appeared minor
with up to 0.25 at 2.0 mg g~ the fraction of shifted effective throat sizes
increased to 0.9 at 2.0 mg g~ !. The geometric parameters required to
inform the model were derived by matching the saturation profiles of
ethanol imbibition at 5 and 30 s.

Fitted ethanol imbibition dynamics for 0.0, 0.3 and 2.0 mg g~
mucilage content from pore network model simulations are displayed
along observations in Fig. 8. For all results, see Fig. A3. The length of the
ethanol wetting front i.e., the slope of the saturation profile which can
be interpreted as the length of the wetting front was increased for
mucilage content between 0.1 and 1.0 mg g~ *. At 2.0 mg g~ * the length
of the wetting front decreased, and the normalized imbibed volume was
reduced from 3.6 mm to 1.5 mm in 30 s.

Pore-network model simulation of ethanol capillary rise were in
good agreement with observations derived from neutron imaging. The
model was able to match the dynamics of the process. The reduced
imbibition observed for 2.0 mg g~! could be reproduced, and can be
explained by pore clogging at high mucilage content (Benard et al.,
2019).

The impact of local wettability distribution was evaluated based on
the four described scenarios (S1-S4). All distribution scenarios captured
the capillary rise dynamics of water at a similar quality (Fig. A4 and A5).
Even scenario S1, a uniformly distributed CA resulted in no substantial
differences in imbibition dynamics when compared to other scenarios
(e.g., for 0.3 mg g}, Fig. 9). The average contact angle (derived for S1)
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Fig. A3. Mean observed (n = 3) and simulated normalized ethanol imbibition and ethanol saturation profiles with 95% confidence interval of the mean at 5 and 30 s
of capillary rise for different mucilage content.

decreased from 52.3° to 45° between 0.0 and 0.1 mg g~ * and increased
thereafter to 50° and 66° at 0.3 and 0.6 mg g™}, respectively. For the
geometric parameters derived for 1.0 mg g~! a minimum average con-
tact angle of 84° prevented water imbibition beyond the observed

elevation of ca. 0.1 cm (data not shown).

The distribution of local wettability had no substantial impact on
water imbibition simulated with the pore network model (e.g., Fig. 9)
which is likely due to the considerable impact of pore geometric

10

alterations of the coarse sand. Additionally, temporal dynamics of
wettability resulting in a decrease in CA of surfaces in contact with water
which can substantially alter infiltration dynamics (Leelamanie and
Karube, 2009; Whelan et al., 2015; Wang and Wallach, 2020) have not
been considered. The employed methods do not allow to distinguish
between the impact of static and dynamic contact angle or rehydration
of mucilage depositions on the rewetting process. The in-situ time-
resolved quantification of local wettability remains a great challenge in
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Fig. A5. Mean observed (n = 3) and simulated saturation profiles after 5 and 30 s of water imbibition with 95% confidence interval of the mean at mucilage content
0.3 and 0.6 mg g*. Simulated wettability distribution scenarios S1 (uniform), S2 (normal random), $3 (bimodal assigned) a. $4 (bimodal unassigned i.e., random).
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this context. Especially since mucilage is non-uniformly distributed in
soil (Benard et al., 2018b) and the wettability of dry mucilage may
change over time (Zickenrott et al., 2016), therefore methods like X-ray
CT are limited to near equilibrium conditions when changes in liquid
configuration are much slower than image acquisition (Schliiter et al.,
2022). The sessile drop method developed for soil (Bachmann et al.,
2000) could be used to assess wettability dynamics of mucilage amended
soils after breaking particles apart (Benard et al., 2018b). In undisturbed
soils where the local distribution of mucilage structures and wettability
are preserved, observations are limited to CA >90° while infiltration of
the water droplet occurs rapidly below this value.

Although, the mean CA in all simulated scenarios was similar, a
uniform wettability distribution seems unlikely considering the het-
erogeneous distribution of mucilage observed earlier (Benard et al.,
2019). The employed pore network model could be improved by
incorporating a time dependent CA relation and a function to describe
the rehydration of mucilage accounting for slow water transport in
clogged pores.

4. Conclusions

This study shows for the first time how macroscopic wettability is
modified by alterations of pore structure and wettability in presence of
mucilage. So far, decreased rhizosphere wettability was entirely
explained by water repellent dry mucilage neglecting its potential
impact on pore geometry (Benard et al., 2018a). Here, we have clarified
the additional effects of the altered pore geometry. Enhanced pore
connectivity at comparably low mucilage content facilitated water flow
while accompanied by decelerated rewetting along an increased wetting
front length (Fig. 5 a. 6). With an increase in mucilage content, flow
resistance was increased reflected in an increased tortuosity from the
analytical solution (Fig. 4) and decreased effective throat size from
corresponding fits of the pore network model (Fig. 7). From an ecolog-
ical perspective, observed reduced initial wettability for mucilage con-
tent >0.1 mg g’3, progressive rewetting and an increase in wetting front
length could be beneficial for numerous reasons. Reduced initial
wettability helps to prevent anoxic conditions near the root surface
which could not only harm the plant but could also reduce microbial
activity (Skopp et al., 1990). On the other hand, as the soil region
influenced by mucilage is unlikely to extend beyond a few millimeters
(Holz et al., 2018b; Holz et al., 2018a), it is possible that water perco-
lates through the rhizosphere despite a large fraction of water repellent
pores, as for the capillary rise experiment in samples with high mucilage
content (1.0 a. 2.0 mg g’l; Fig. 5).

Microbial activity could further benefit from slow rewetting as is
would allow the microbial community to adapt to changing moisture
conditions and would avoid exposure to harmful gradients in osmotic
potential due to the presence of rainwater (Or et al., 2007). Controlled
rewetting along an extended wetting front could be a mechanism to
optimize nutrient diffusion, microbial activity, and quantity of plant
available resources by improving soil aeration while permitting prefer-
ential water flow to the root surface.

Overall, this study confirmed that micro-hydraulic properties and
water flux in the rhizosphere can be captured by the chosen model
approach that parametrized changes in pore geometry as well as changes
in wettability on the pore scale. Further approaches are needed to
incorporate time dependent parameters, like contact angle and rehy-
dration of mucilage, to upscale these results to the root zone and to
extend them to other soil textures and structures.
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