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Abstract
Gas exchange in the soil is determined by the size and connectivity of air-filled pores.
Thereby, water saturation, soil compaction, and organic matter fraction are the main
barriers for gas movement in soil. For optimal growth, life in soil requires a balance
between water and oxygen content. However, fluctuations in moisture conditions
challenge this balance. By exuding mucilage and extracellular polymeric substances
(EPS), plants and bacteria can alter the physical properties of the soil in their vicinity.
It is considered that by releasing these hydrogel-like substances, plants and bacteria
increase their resilience against drought stress. However, we still lack knowledge on
how these substances affect the soil gas diffusion. An improved understanding of the
complex interactions between plants, bacteria, and soil, which have great implications
for root water and nutrient uptake, and biogeochemical turnover and respiration
processes in the soil, could provide valuable insights for optimizing crop performance
and improving water and nutrient use efficiency.
The focus of this thesis was to investigate the effect of mucilage and EPS on soil gas
diffusion, aiming to improve understanding of gas diffusion processes in in soil by
explaining the geometric alterations of the pore space induced by mucilage and EPS.
Laboratory measurements were conducted to determine soil gas diffusion coefficient
(Dp) supported by advanced imaging techniques such as X-ray Computed Tomography
(X-ray CT) and Environmental Scanning Electron Microscopy (ESEM) to quantify and
visualize mucilage-induced alterations of the pore space and simulations to characterize
the geometric distribution of mucilage within soil during the drying process.
Initially, a conceptual model was developed to describe alterations in the pore space
geometry induced by mucilage under dry soil conditions. Laboratory measurements
indicated that mucilage decreases the gas diffusion coefficient under dry conditions
without affecting bulk density or porosity. Depending on its content in the soil,
mucilage forms various structures within the pore space. The evolution of these
structures was explained via pore scale modeling based on identifying the elastic
strength of rhizodeposition during soil drying. Next, the influence of mucilage on
soil gas diffusion at different water contents during a drying-rewetting cycle was
investigated. In soils without mucilage, a hysteresis in the gas diffusion coefficient
was observed. The extent of the hysteresis depended on particle size. Furthermore,
X-ray CT imaging indicated a hysteresis in gas-phase connectivity for samples without
mucilage. The effect diminished with increasing mucilage content. In addition, ESEM



imaging of sandy soil samples mixed with mucilage confirmed the formation of liquid
structures in the pore space. However, these structures showed slightly different shapes
in comparison to those in glass bead samples, likely due to the higher surface roughness
of soil particles. Finally, diffusion measurements conducted on soil samples containing
EPS demonstrated a similar effect of EPS and mucilage on gas diffusivity.
In conclusion, the findings of this thesis suggest that plants and bacteria balance oxygen
availability and water content by releasing polymeric substances, even under fluctuating
moisture conditions. Through these exudates, they employ similar strategies to engineer
their surroundings, modifying the physical properties of their local environment in
ways that enhance their survival and resilience.



Zusammenfassung
Der Gasaustausch im Boden wird durch die Größe und Vernetzung der luftgefüllten
Poren bestimmt. Dabei stellen Wassersättigung, Bodenverdichtung und der Anteil
an organischer Substanz die Hauptbarrieren für die Gasbewegung im Boden dar. Für
optimales Wachstum erfordert das Leben im Boden ein Gleichgewicht zwischen Wasser-
und Sauerstoffgehalt. Schwankungen der Feuchtigkeitsbedingungen stellen jedoch eine
Herausforderung für dieses Gleichgewicht dar. Pflanzen und Bakterien können durch
die Ausscheidung von Mucilage und extrazellulären polymeren Substanzen (EPS) die
physikalischen Eigenschaften des Bodens in ihrer Umgebung beeinflussen. Es wird
angenommen, dass diese hydrogelartigen Substanzen die Widerstandsfähigkeit von
Pflanzen und Bakterien gegenüber Trockenstress erhöhen. Dennoch mangelt es an
Kenntnissen darüber, wie diese Substanzen die Gasdiffusion im Boden beeinflussen. Ein
besseres Verständnis der komplexen Wechselwirkungen zwischen Pflanzen, Bakterien
und Boden, die weitreichende Implikationen für die Wasser- und Nährstoffaufnahme
der Wurzeln sowie für biogeochemische Umsetzungen und Atmungsprozesse im Boden
haben, könnte wertvolle Erkenntnisse für die Optimierung des Ernteertrags und die
Verbesserung der Wasser- und Nährstoffnutzungseffizienz liefern.

Der Fokus dieser Dissertation lag auf der Untersuchung des Einflusses von Mucilage
und EPS auf die Gasdiffusion im Boden. Ziel war es, das Verständnis der Gasdiffusion-
sprozesse im Boden zu vertiefen, indem die durch Mucilage und EPS induzierten ge-
ometrischen Veränderungen des Porenraums erklärt wurden. Zu diesem Zweck wurden
Laboruntersuchungen durchgeführt, um den Boden-Gasdiffusionskoeffizienten (Dp) zu
bestimmen. Diese Untersuchungen wurden durch fortschrittliche Bildgebungstechniken
wie Röntgen-Computertomographie (X-ray CT) und Rasterelektronenmikroskopie (En-
vironmental Scanning Electron Microscopy, kurz ESEM) ergänzt. Dabei wurden
durch Mucilage hervorgerufene Veränderungen des Porenraums quantifiziert und visu-
alisiert. Zudem wurden Simulationen durchgeführt, um die geometrische Verteilung
von Mucilage im Boden während des Trocknungsprozesses zu charakterisieren.

Zunächst wurde ein konzeptionelles Modell entwickelt, um die Veränderungen der
Porenraumgeometrie durch Mucilage unter trockenen Bodenbedingungen zu beschrei-
ben. Labormessungen zeigten, dass Mucilage den Gasdiffusionskoeffizienten unter
trockenen Bedingungen verringert, ohne die Schüttdichte oder Porosität zu beein-
flussen. Je nach Mucilagegehalt im Boden bildet Mucilage unterschiedliche Strukturen
im Porenraum aus. Die Entwicklung dieser Strukturen wurde durch Modellierungen



im Porenmaßstab erklärt, die auf der elastischen Festigkeit von Rhizodepositionen
während der Trocknung des Bodens basieren.

Im nächsten Schritt wurde der Einfluss von Mucilage auf die Gasdiffusion im Boden
bei unterschiedlichen Wassergehalten während eines Trocknungs-Wiederbefeuchtungs-
zyklus untersucht. In Böden ohne Mucilage wurde eine Hysterese im Gasdiffusionsko-
effizienten beobachtet, deren Ausmaß von der Partikelgröße abhing. Darüber hinaus
zeigte die Röntgen-CT-Bildgebung eine Hysterese in der Gasphasenkonnektivität bei
Proben ohne Mucilage. Dieser Effekt nahm mit zunehmendem Mucilagegehalt ab.
Zusätzlich bestätigte die ESEM-Bildgebung von sandigen Bodenproben, die mit Mu-
cilage gemischt waren, die Bildung von Flüssigkeitsstrukturen im Porenraum. Diese
Strukturen wiesen jedoch im Vergleich zu Glasperlenproben leicht unterschiedliche
Formen auf, was vermutlich auf die höhere Oberflächenrauheit der Bodenpartikel
zurückzuführen ist. Schließlich zeigten Diffusionsmessungen an Bodenproben mit EPS
einen ähnlichen Effekt von EPS und Mucilage auf die Gasdiffusivität.

Abschließend legen die Ergebnisse dieser Dissertation nahe, dass Pflanzen und
Bakterien die Verfügbarkeit von Sauerstoff und Wassergehalt durch die Freisetzung
polymerer Substanzen auch unter schwankenden Feuchtigkeitsbedingungen ausgleichen
können. Durch diese Exsudate wenden sie ähnliche Strategien an, um ihre Umgebung
zu gestalten und die physikalischen Eigenschaften des Bodens so zu verändern, dass
ihr Überleben und ihre Widerstandsfähigkeit verbessert werden.
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1. Introduction

1.1. Rationale
The world population is increasing, and with it, the demand for food. At the same
time, climatic change leads to an increase in global temperature. Both will affect
the availability of fresh water. In the future, water scarcity will be a major threat to
food production (Gerten et al. 2011; Dinar, Tieu, and Huynh 2019). To address these
challenges, an agricultural production that optimizes the use of limited resources is
needed (Lynch and Brown 2012).
Considering soils as a main priority for food security, climate resilience, and biodiversity,
physical and mechanical soil properties will play a key role (Scherer et al. 2020; FAO
2023; Tolk 2003). Therefore, a sound understanding of physical processes in soil
can contribute to an agricultural system with increased crop performance and higher
nutrient and water use efficiency. Plants are obligate aerobic organisms. Optimal plant
growth requires the availability of water and nutrients and an adequate supply of O2 in
the soil. Maintaining a balance between water and O2 contents that are favorable for
optimal plant growth demands management strategies that are based on a profound
understanding of soil aeration and soil respiration processes (Lazarovitch et al. 2018).
After water and nutrient availability, these processes are the most important factors
affecting soil fertility and plant growth (Ben-Noah and Friedman 2018).
The primary natural mechanism for gas movement in soil is the diffusion of air from the
soil surface down through the soil profile and toward the plant roots, and conversely, the
diffusion of CO2 and other gases from the soil to the atmosphere (Jensen and Kirkham
1963). Within the soil, gas diffusion depends on the distribution and connectivity
of air-filled pores. Thereby, water saturation and compaction are the main barriers
for soil gas diffusion. The diffusivity of gas in water is 104 times lower than in air.
The presence of water filling the pore space can create anaerobic conditions within
several hours to several days, as the soil becomes rapidly oxygen-deprived due to
the rapid consumption of the remaining oxygen before diffusion limitations set in

1



1. Introduction

(Stępniewski et al. 2005). Drying and rewetting cycles lead to recurring fluctuations in
soil moisture conditions. In order to counteract negative effects on growth conditions,
plants modify the soil in their vicinity by releasing polymeric substances. Mucilage, a
polymeric blend composed mainly of glucose and organic acids, and secreted at the
root tip during growth, is one of these substances (Read and Gregory 1997; Naveed
et al. 2017). As the roots grow into the soil, they create the rhizosphere, a thin
layer of soil around the root actively modified by growth rate and exudation, and a
hotspot for microbial activity (Gregory 2006; Hinsinger et al. 2009; Kuzyakov and
Blagodatskaya 2015). In addition to plant roots, microorganisms are also capable
of shaping their local environment in the soil. By producing extracellular polymeric
substances (EPS), they form a biofilm to better withstand environmental stresses
(Flemming and Wingender 2010). Both mucilage and EPS are known for improving
the availability of water by forming a three-dimensional network in the soil (Carminati
et al. 2010; Roberson and Firestone 1992). Yet, this network represents a further
barrier to the diffusion of soil gases, which must be overcome before O2 becomes
available for plant roots. A complete (anoxia) or even partial (hypoxia) deficiency
of O2 can cause severe damage to the plant (Stępniewski et al. 2005). A lack of O2

can lead to oxygen stress conditions in the roots, resulting in major reductions in
crop yield (Drew 1997). The severity of damage caused by O2 shortage varies among
species and the stage of plant development, as well as the different biotic and abiotic
conditions they are exposed to (Stępniewski et al. 2005).
Plants require oxygen to carry out their life-sustaining processes, including root growth
and maintenance, as well as ion absorption and transport to the xylem (Amthor 2000;
Lambers, Steingröver, and Smakman 1978). The energy they need for this is obtained
by the plant through root respiration. Therefore, a proper understanding of soil
aeration and root respiration, especially the influence of mucilage and EPS on soil gas
diffusivity, can help to optimize the use of limited resources, irrigation techniques, and
consequently crop performance.

1.2. State of the art

1.2.1. Soil aeration

The soil gas phase, similar to the atmosphere, consists mainly of nitrogen and oxygen,
but also contains higher concentrations of carbon dioxide and variable amounts of

2



1.2. State of the art

argon and water vapor depending on environmental conditions. However, autotrophic
(roots) and heterotrophic (microbes, soil fauna) respiration processes lead to greater
fluctuations in the soil gas composition, with the proportion of CO2 being higher and
O2 lower than in the atmosphere (Russell and Appleyard 1915). Soil aeration is an
important factor for plant root growth and consequently crop growth (Vermoesen,
Ramon, and Van Cleemput 1991). Despite the fact that plants are one of the main
atmospheric oxygen producers (Hocke 2023), their roots can still lack O2 because
the O2 supply from the aerial parts of the plant to the roots is often insufficient
(Scanlon, Nicot, and Massmann 2001) and the demand for O2 in soil varies with
climatic conditions and vegetation (Ben-Noah and Friedman 2018). Soil aeration
processes occur mainly by diffusion (Jensen and Kirkham 1963). Thereby, the diffusion
of oxygen is considered the major process of soil gas exchange (Armstrong 1980). The
driving force for gas diffusion is the concentration gradient within the soil, e.g. caused
by root O2 consumption. Due to the low solubility of O2 in water (1.22 × 10−3 mol L−1,
at 25 ○C and 1 atm (Xing et al. 2014)), soil air content determines the storage of O2.
Hence, the gas diffusivity in soil depends highly on the geometry of the soil pore
system, including air-filled porosity, pore tortuosity, and connectivity (Hamamoto
et al. 2009). Thus, soil texture and compaction have a major impact on soil gas
diffusion as they affect the size, connectivity, and tortuosity of the pores. Furthermore,
water-filled pore space reduces soil air content and is seen as the main limiting factor
for gas diffusion. Besides soil traits, land cover and management affect soil aeration.
Although the destructive effects of tillage on soil structure are well known, it is still
the most common practice for improving soil aeration (Ben-Noah and Friedman 2018).

1.2.2. Consequences of oxygen deficiency in the soil

Plants can suffer from a partial (hypoxia) and even complete (anoxia) oxygen defi-
ciency. In both cases, there is an insufficient supply of O2 from the soil to the roots.
Water-filled pore space, paired with poor O2 transportation mechanisms, are the main
drivers (Ben-Noah and Friedman 2018; Stępniewski et al. 2005). The limitation of the
available O2 has a negative effect on plant growth and development. The common
field crops maize, wheat, and barley are all sensitive to an oxygen deficiency stress,
which can lead to an impaired growth and yield formation up to the death of the
plants (Zahra et al. 2021).
Oxygen deficiency can have direct (physiological) and indirect (soil processes) effects
on plants (Gliński and Stępniewski 1985). The main physiological effect is the limited
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cellular respiration. Oxidative phosphorylation leads to the release of energy in the
form of adenosine triphosphate (ATP). Under oxygen deficiency, plant cells are forced
to switch from this aerobic respiration to anaerobic respiration. Thereby, the ATP
generation is reduced (Stępniewski et al. 2005; Zahra et al. 2021). Furthermore,
anaerobic respiration produces toxic by-products, like lactate and ethanol, that can
accumulate in and around the root (Drew 1997; Rivoal and Hanson 1994). Negative
effects associated with processes in the soil are mainly caused by flooding when water
displaces the air in the pore space. The resulting anaerobic conditions impair redox
processes and the pH value, which in turn affects the availability of nutrients for the
plants (Stępniewski et al. 2005). As the diffusion of oxygen in water is 10,000 times
lower than in air, and the solubility of oxygen in water is low, the O2 supply via the
water absorption of the roots is negligible.

1.2.3. Root respiration

Plants require oxygen to carry out their vital processes. O2 provided by the above
ground part of the plant is often insufficient for below ground processes, like root
growth and maintenance. For this reason, plants respire O2 directly through their
roots from the soil, enabling them to meet the respiratory demands of these processes.
Besides this, also microbial communities in the soil are in demand of O2. In the
rhizosphere, roots and microorganisms compete for the same O2. Due to the lack
of measurement techniques capable of isolating these processes, current definitions
of root respiration include, in addition to root respiration itself, the respiration of
mycorrhizal, microbial, and other decomposing organisms that feed on root exudates
and dead root tissue (Wiant 1967). The respiration of roots varies among plant types
and depends on soil and environmental conditions. Differences in root traits, soil
physical properties and structure as well as temperature and precipitation can affect
O2 consumption rates. During the different seasons, the proportion of root respiration
accounts for < 10% to > 90% of total soil respiration processes (Hanson et al. 2000).
The consumption of O2 by plant roots leads to concentration gradients that force the
gas to diffuse from the soil surface to the root. But before the oxygen reaches the
root, it has to pass through the rhizosphere. Root exudates, such as mucilage, alter
the physical properties of the rhizosphere compared to the surrounding bulk soil. It
is reported that mucilage has positive effects on drought tolerance, lubrication, and
nutrient uptake (Carminati et al. 2010; Zarebanadkouki et al. 2019; York et al. 2016).
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Alongside the positive effects, mucilage forms a further barrier for O2 flux to the root.
Ben-Noah and Friedman (2018) stated that the restrictions of the mucilage layer on
the diffusivity depend on mucilage uniformity along the root, viscosity, and the extent
of the layer perpendicular to the root. Thereby, they assume a continuous mucilage
layer. Nevertheless, they mentioned the recently observed formation of liquid mucilage
bridges between soil particles (Carminati et al. 2017), that will impact gas diffusivity.
Upon drying, the form of these liquid structures depends on mucilage content and
ranges from thin filaments at low contents to interconnected surfaces at high contents
(Benard et al. 2019). These various structures may favor gas diffusion compared to a
uniform mucilage layer.
A further obstacle to the O2 flux in soil is microbial colonies. In order to better
withstand environmental stresses, they form biofilms by releasing EPS into the soil
(Flemming and Wingender 2010). The formation of the interconnected hydro-gel
like network that defines the structure of the biofilm is controlled by the EPS. EPS
facilitates the adhesion of microbes to soil surfaces, anchoring them while binding
bacterial cells into communities and forming aggregates (Petrova et al. 2021; Roberson
and Firestone 1992). Like mucilage, the biofilm spans throughout the pore space and
forms various structures between soil particles depending on EPS content (Benard
et al. 2019). Both the mucilage and the EPS matrix are expected to reduce gas
diffusivity in the soil. Yet, the impact of the formation of these structures on gas
diffusivity remains unclear.

1.2.4. Mucilage and extracellular polymeric substances

An important process during plant growth is rhizodeposition, the release of organic
compounds by the roots (Lynch and Whipps 1990). Besides others, mucilage is
excreted at the root tip. It is a biopolymer that consists mainly of polysaccharides and
small amounts of proteins, minerals, and lipids (Read et al. 2003; Naveed et al. 2017;
Read and Gregory 1997; Nazari 2021). Mucilage behaves differently depending on
its hydration status. On the one hand, when wet, it is very hydrophilic and able to
absorb and hold large amounts of water (McCully and Boyer 1997; Nazari 2021). It
is therefore categorized as a hydrogel by definition. On the other hand, mucilage
becomes hydrophobic when dry. Even after contact with water, it remains in this
state for some time and delays the rewetting of the rhizosphere (Carminati et al. 2010;
Moradi et al. 2012). Besides root mucilage, mucilage extracted from seeds, mostly chia
and flax seeds, is often used as an analogue because of their relatively high production
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of mucilage (Rahim et al. 2024; Kroener et al. 2018; Benard et al. 2019). The
physico-chemical properties of mucilage vary among plant species (Naveed et al. 2017).
Nevertheless, root and seed mucilage have similar fundamental characteristics. Both
increase the viscosity of the soil’s liquid phase (Naveed et al. 2017; Read and Gregory
1997), decrease the surface tension at the interface between the liquid and the gas
phase (Read and Gregory 1997; Naveed et al. 2019), reduce wettability by increasing
contact angles at the solid-liquid interface (Zickenrott et al. 2016; Ahmed et al. 2016),
and can absorb large amounts of water (Muñoz et al. 2012). When released into
soil, mucilage can have different effects. Mucilage with low surface tension acts like
a surfactant and exerts high swelling forces on soil particles, leading to a dispersion
of the initial state, while mucilage with high viscoelastic properties acts like a glue
binding particles together and increases stability (Naveed et al. 2017).
Alongside organic substances released by plant roots, a wide range of bacteria release
extracellular polymeric substances. Thereby, the EPS acts as a structural component
of the microbial biofilm (Flemming and Wingender 2001; Petrova et al. 2021; Roberson
and Firestone 1992). EPS consist mainly of polysaccharides and fractions of proteins,
lipids, and DNA (Redmile-Gordon et al. 2014; Costa, Raaijmakers, and Kuramae
2018; Or et al. 2007). Similar to mucilage, these biopolymers form a hydrate gel that
helps to better withstand environmental stresses (Flemming and Wingender 2010).
Furthermore, similar interconnected structures between soil particles could be observed
(Zheng et al. 2018). There is a vast quantity of microorganisms that are able to form a
biofilm, each producing various EPS (Sutherland 2001). Despite the enormous variety,
EPS generally increases the viscosity of the liquid phase of soils (Körstgens et al. 2001;
Stoodley et al. 2002; Wloka et al. 2004; Shaw et al. 2004; Lieleg et al. 2011), decreases
surface tension at the interface of the gas and liquid phase (Raaijmakers et al. 2010),
and can absorb large amounts of water (Roberson and Firestone 1992; Flemming
et al. 2016).

A comparison between mucilage and EPS shows that they exhibit similar char-
acteristics. Intrinsic properties and the effects on soil hydraulics of EPS, root, and
seed mucilage were summarized by Benard et al. (2019) (Table 1.1). They are both
biopolymers, capable of absorbing large amounts of water (Muñoz et al. 2012; McCully
and Boyer 1997; Read, Gregory, and Bell 1999; Roberson and Firestone 1992; Flem-
ming et al. 2016). They increase the viscosity of the soil solution (Naveed et al. 2017;
Stoodley et al. 2002; Wloka et al. 2004) and reduce surface tension at the gas-liquid
interface (Read and Gregory 1997; Raaijmakers et al. 2010). The similarities are also
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reflected in their influence on hydraulic properties.

Table 1.1.: Physical properties of EPS and mucilage and their effects in soil (Table
adapted from Benard et al. (2019)).

Bacterial EPS Root mucilage Seed mucilage

In
tr

in
si

c
pr

op
er

ti
es Increased

viscosity /
Viscoelasticity

Körstgens et al. 2001; Stoodley
et al. 2002; Wloka et al. 2004;

Shaw et al. 2004; Lieleg
et al. 2011

Read and Gregory 1997;
Naveed et al. 2019 Naveed et al. 2017

Decreased
surface tension

Raaijmakers et al. 2010 and
references included

Read and Gregory 1997;
Read et al. 2003 Naveed et al. 2019

Absorption of
water

Roberson and Firestone 1992;
Flemming et al. 2016

McCully and Boyer 1997;
Read, Gregory, and Bell

1999

Segura-Campos
et al. 2014; Muñoz

et al. 2012

Reduced
wettability - Ahmed et al. 2016;

Zickenrott et al. 2016 Benard et al. 2017

E
ffe

ct
on

so
il

hy
dr

au
lic

s

Increased soil
water retention

Roberson and Firestone 1992;
Chenu 1993; Rosenzweig,

Shavit, and Furman 2012; Volk
et al. 2016

Benard et al. 2019 Kroener et al. 2018;
Benard et al. 2019

Slowed down
evaporation from

soil

Chenu 1993; Flemming 2011;
Deng et al. 2015; Zheng

et al. 2018; Adessi et al. 2018
- Benard et al. 2019

Increased
relative

hydraulic
conductivity*

Volk et al. 2016; Zheng
et al. 2018 - Benard et al. 2019

Induced soil
water repellency -

Ahmed et al. 2016;
Carminati et al. 2010;

Moradi et al. 2012

Benard et al. 2017;
Benard,

Zarebanadkouki, and
Carminati 2018

*The relative hydraulic conductivity is defined as the hydraulic conductivity divided by the saturated
hydraulic conductivity. This means changes in hydraulic conductivity during drying of soils are eased.

Due to the presence of mucilage, the physical properties of the rhizosphere differ
from those of the surrounding bulk soil (Young 1995; Carminati et al. 2010; Benard
et al. 2019; Zarebanadkouki, Ahmed, and Carminati 2016; Kroener et al. 2014; Hallett,
Gordon, and Bengough 2003). Carminati et al. (2010) observed a higher water content
during drying and a reduced wettability immediately after rewetting of the rhizosphere
of lupins compared to the surrounding bulk soil. Moradi et al. (2012) confirmed these
observations by measuring higher contact angles of water in the rhizosphere during
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drying than in the bulk soil. A reduced wettability was also observed in the rhizosphere
of maize (Ahmed et al. 2016) and for mucilage derived from chia seeds (Benard et
al. 2017). Zickenrott et al. (2016) observed higher contact angles for soils mixed with
mucilage and reported that the extent of the effect varies between mucilage origin and
quantity. Further studies reported an increased soil water retention and a reduced
saturated soil hydraulic conductivity due to presence of mucilage (Zarebanadkouki,
Ahmed, and Carminati 2016; Kroener et al. 2018; Benard et al. 2019). In addition,
Kroener et al. (2018) showed that the effect highly depends on the particle size
distribution of the soil. Furthermore, mucilage promotes the transport of nutrients
in drying soil (Zarebanadkouki et al. 2019). Besides the physical properties, studies
reported that mucilage promotes aggregation and stabilizes the soil structure in the
rhizosphere (Morel et al. 1991; Czarnes et al. 2000).
Carminati et al. (2017) reported the observation of liquid bridges between soil particles
during drying in the presence of mucilage (Figure 1.1, left). The mucilage bridges
persist longer than pure water. The authors linked the breakup of these liquid filaments
to the interplay of surface tension, inertial forces, and viscosity. This correlation is
expressed by the Ohnesorge number Oh (Ohnesorge 1936):

Oh = µ
√

ρσr
(1.1)

where µ is viscosity, ρ is density, σ is surface tension, and r is a characteristic
length corresponding to the radius of the filament. For water, surface tension is the
dominating force, and viscosity is low, resulting in an Ohnesorge number « 1 and
consequently a faster breakage of the liquid bridge. When mucilage is added, the
viscosity increases, and surface tension decreases (Table 1.1), resulting in an increase
of Oh. Castrejón-Pita et al. (2012) showed that for Oh > 1 filaments do not break up
into droplets when falling in air. For this reason, mucilage deposition around the root
cannot be considered a uniform layer. Mucilage forms an interconnected network in
the pore space during drying that increases stability and has a major effect on soil
physical properties (Table 1.1).
In addition to their similarity in terms of intrinsic properties, the effect of EPS on
soil physical properties shows a striking similarity to those of mucilage. Microscopic
imaging revealed EPS structures between soil particles during drying (Figure 1.1,
right). The resulting network can draw particles together and clog smaller pores, and
consequently modify the soil pore size distribution (Zheng et al. 2018). A soil enriched
with EPS showed an increase in soil water retention (Chenu 1993; Zheng et al. 2018;
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Adessi et al. 2018; Volk et al. 2016), a slowed down evaporation (Benard et al. 2023;
Zheng et al. 2018), and a decrease in soil hydraulic conductivity (Volk et al. 2016;
Zheng et al. 2018).

Figure 1.1.: Mucilage (Slavia hispanica) structures (left, Benard et al. (2019)) and
EPS (Bacillus subtilus) structures (right, Zheng et al. (2018)) in sand.

All in all, the physical properties of the rhizosphere differ from them of the surrounding
bulk soil, due to the presence of mucilage. At the same time, microbial communities
affect the soil physical properties by releasing EPS. Both form interconnected structures
between soil particles that span like a network throughout the pore space that maintain
the connectivity of the liquid phase upon drying. Yet, there have been many studies
on the effect of mucilage and EPS on soil hydraulic properties. Nevertheless, optimal
plant growth needs both water and O2 availability (Lazarovitch et al. 2018) and we
still lack knowledge of how the filamentous mucilage and EPS structures affects the
soil gas diffusion. The assumption of a uniform gel layer in current models highlights
the necessity to elucidate the mechanisms involved on a pore-scale level.

1.2.5. Soil gas diffusion models

In a dry, porous medium, the gas diffusion coefficient Dp (cm2 s−1) strongly depends on
physical properties. In soil, particle size distribution and bulk density affect the pore
structure, determining air-filled porosity ϵ as well as pore connectivity and tortuosity
(Hamamoto et al. 2009). In coarse soils, pores are wider and less tortuous than in fine
soils, resulting in higher diffusion coefficients (Thorbjørn et al. 2008).
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Commonly, soil gas diffusivity is expressed as the relative diffusivity Dp/D0, where
D0 is the diffusion coefficient of the respective gas in air at the same temperature
and pressure. This normalisation means that soil gas diffusivity depends only on the
properties of the air-filled pores rather than on gas properties (Allaire et al. 2008).
There are several models predicting Dp/D0. The most common models are listed in
Table 1.2. The models of Buckingham (B) (1904), Penman (P) (1940), Marshall (M)
(1959), Millington and Quirk (MQ) (1961) and Troeh et al. (Tr) (1982) are described as
power-law functions of the soil-air content (ϵ) and serve as the foundation for models
developed later: PMQ (Penman-Millington-Quirk), WLR (Water-Induced Linear
Reduction), TPM (Three-Porosity Model) and SWLR (Structured Water-Induced
Linear Reduction) by Moldrup et al. (1997; 2000; 2004; 2013), SAPHIR (Soil Air
Phase Individual Resistances) by Thorbjørn et al. (2008) and OMF (Organic Matter
Fraction) by Hamamoto et al. (2012). In general, they are a function of soil-air content
ϵ and total porosity Φ and can be written as

Dp

D0
= ϵX ( ϵ

Φ)
δ

, (1.2)

where δ and X are model parameters and refer to pore size, connectivity and tortuosity.
The first models developed (B, P, M) are popular for their simplicity, as they only

depend on air-filled and total porosity. Advanced models (PMQ, WLR, TPM, SAPHIR)
started to include parameters representing pore properties as well as a water induced
reduction of soil air content and increased tortuosity. Moldrup et al. (2013) stated
that models for predicting Dp/D0 have either been developed theoretically or fitted to
experimental data and that they were selected based on available input parameters
rather than the actual soil conditions (repacked or undisturbed), resulting in potential
prediction errors. Therefore, they developed the SWLR model and introduced a
porous-media complexity factor (Cm) to cover both soil conditions. They have shown
that for dry soil conditions (ϵ = Φ) Cm = 1 provides a good prediction of gas diffusivity.
Comparison with literature data for gas diffusivity in dry porous media had shown
that Cm = 3 represents the lower limit of Dp/D0 models and gives a good description
of pore networks with high tortuosity, like clay soils. In their study on the influence of
organic matter on soil gas diffusion, Hamamoto et al. (2012) considered a percolation
threshold ϵth, at which the gas-phase within pores is disconnected and gas diffusion is
limited by the diffusion through the liquid phase - in water this is approximately 104

times lower than in air. Based on experimental data, they proposed an estimation of
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Table 1.2.: Soil gas diffusivity models for effective diffusivity (Dp) depending on air-
filled porosity (ϵ) (Table modified from (Ben-Noah and Friedman 2018)).

Model Dp///D0* Notation

Buckingham 1904 ϵ2 B

Penman 1940 0.66ϵ P

Marshall 1959 ϵ1.5 M

Millington and Quirk 1961 ϵX/Φδ MQ

Troeh, Jabro, and Kirkham 1982 [(ϵ − δ)/(1 − δ)]X Tr

Moldrup et al. 1997 0.66Φ(ϵ/Φ)(12−X)/3 PMQ

Moldrup et al. 2000 ϵX(ϵ/Φ) WLR

Moldrup et al. 2004 Φ2(ϵ/Φ)X TPM

Thorbjørn et al. 2008 ϵ1+X+δΦ SAPHIR

Hamamoto et al. 2012 (ϵ − ϵth)X OMF

Moldrup et al. 2013 ϵ[1+CmΦ](ϵ/Φ) SWLR

* D0, diffusivity in air; Φ, soil porosity; ϵth, percolation threshold; Cm, porous media complexity
factor; δ and X, fitting parameters.

the air-filled porosity threshold (ϵth) depending on the organic matter fraction (OMF):

ϵth = 0.01 exp(2.5 OMF ). (1.3)

Consequently, the addition of organic matter results in a reduction of air-filled
porosity. Since dried mucilage and EPS structures between soil particles are expected
to be relatively thin (Figure 1.1), they occupy only a small fraction of the pore space
and, as a result, have a minimal effect on air-filled porosity.
In conclusion, no model currently exists that effectively captures geometric alterations
of the pore space induced by mucilage or EPS on soil gas diffusion. One of the main
reasons for this seems to be the lack of experimental data.

1.2.6. Laboratory soil gas diffusion measurements

The key factor in studying soil gas diffusion is accurately determining the diffusion
coefficient Dp (m2 s−1). In their review on gas-phase diffusivity in the vadose zone,
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Werner et al. (2004) compared data from in situ measurements with laboratory
measurements. They came to the conclusion that both are equivalent approaches
for the determination of Dp. However, data was only available from three studies.
Yet, the focus of this thesis is on gas diffusion processes in the rhizosphere. Current
methods have struggled to provide accurate estimates of in situ rhizodeposition, and
the close relationship between root respiration, root exudation, and rhizo-microbial
respiration has made it challenging to study these processes individually in natural
soils (Chen et al. 2014). Soil type and structure, water content, nutrient status,
microbial populations, temperature, etc., are all affecting mucilage content as well as
gas diffusion processes (Chen et al. 2014; Fujikawa and Miyazaki 2005; Hamamoto
et al. 2009). Even under laboratory conditions, quantification of the effects of mucilage
and EPS on soil gas diffusion in natural soils remains challenging. To exclude the effect
of mucilage or EPS degradation, samples need to be sterilized. Gamma irradiation
and autoclaving are popular methods for soil sterilization. Nevertheless, the first is
very expensive, while the latter does not ensure a complete elimination of microbial
activity. Furthermore, a biologically, chemically, and physically non-reactive gas is
needed to avoid intrinsic respiration. Additionally, even if samples are collected at the
same site, they may vary in their physical properties. For these reasons, a laboratory
study using artificial soils is the first step to quantify the effects of mucilage and EPS
on soil gas diffusion.
The laboratory method to determine Dp is based on the work by Currie (1960) and
follows the description of Rolston and Moldrup (2018).
The starting point for the calculation of Dp is Fick’s first law. In order to be able to
apply Fick’s law, one of the following requirements must be met (Rolston and Moldrup
2018):

1. Diffusion of a trace gas in a binary mixture.

2. Diffusion of two gases in a closed system.

3. A three-component system, where two gases have similar diffusion coefficients
and the third gas exists in trace amounts.

Assuming that one of the conditions is met and that there is a homogeneous initial
distribution of the gas in the soil, diffusion is only driven by the concentration gradient
along one axis, from one open end of the soil sample to the other. Thus, Fick’s law
can be reduced to one dimension. Additionally, if the soil is uniform with respect to
the diffusion coefficient, Fick’s law applies as follows
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J = −Dp

∂Cg

∂x
(1.4)

where J is the diffusion flux, the amount of gas diffusing (g gas) per cross-sectional
area of the soil (m2 soil) per unit time (s), Dp the soil gas diffusion coefficient (m3

soil air m−1 soil s−1), Cg the concentration in the gaseous phase (g gas m−3 soil air)
and x the is the distance (m soil).
The basic idea of Currie’s method is to establish a concentration gradient from one
end of the soil core to the other. Therefore, the initial gas concentration C0 is set at
the one end of the soil core and the concentration at the other end of the soil core
Cs is kept constant. A selection of possible laboratory setups to determine Dp were
summarized by Allaire et al. (2008) (Figure 1.2).

SCR: Small repacked column in a closed system; LCR: Long repacked column in a closed system; SOI/SOR: Small

intact or repacked columns in an open system; 2DCR: Large 2D repacked column with macropores in a closed system;

LCI: Large monoliths in a closed system.

Figure 1.2.: Selection of laboratory experimental setups to determine gas diffusion
coefficient Dp (Adapted from Allaire et al. 2008).

The experimental setup used in this thesis is based on an open system approach
(SOI, Figure 1.2). The initial concentration C0 is set within the diffusion chamber.
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The surrounding concentration (Cs) at the open end of the soil core remains constant.
The initial concentration inside the soil core is, due to the open system setup, the same
as the surrounding concentration. The gas of interest diffuses through the soil either
into the diffusion chamber or out of it, depending on the direction of the concentration
gradient (Figure 1.3). The rate of change of the concentration in the chamber over
time is related to the soil gas diffusion coefficient.

Figure 1.3.: Initial and boundary conditions for measuring soil gas diffusion coefficient
(adapted from Rolsten (1986)).

Assuming that there is no intrinsic respiration, the gas that diffuses into the soil
diffuses out of the soil, and the continuity equation can be applied. In free air, the
continuity equation is given by

∇J + ∂Cg

∂t
= 0 (1.5)

In a porous medium, such as soil, the available volume for the gas to diffuse through
is limited to the air-filled porosity (ϵ). Assuming the porosity is uniform in space and
time, equation (1.5) becomes:

∇J

ϵ
+ ∂Cg

∂t
= 0 (1.6)
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Substituting equation 1.4 (Fick’s law) in equation 1.6 (continuity equation) results
in a second-order partial differential equation

∇ (−Dp
∂Cg

∂x )
ϵ

+ ∂Cg

∂t
= 0 (1.7)

respectively

Dp

ϵ

∂2Cg

∂x2 =
∂Cg

∂t
(1.8)

A solution to an analogue problem (thermal diffusivity in heat transfer) is given
by Carslaw and Jaeger (1959, p.128) and applied to gas diffusion through a porous
medium by Currie (1960). Currie’s solution assumes that Cs = 0. With the given
initial and boundary conditions (Figure 1.3), the solution of Equation (1.8) for the
relative concentration in the chamber Cr is

Cr =
Cg −Cs

C0 −Cs

=
∞

∑
n=1

2h

L(α2
n + h2) + h

exp(−Dpα2
n

ϵ
t) (1.9)

where Cg is the concentration inside the chamber; Cs is the concentration in the
atmosphere; C0 is the initial concentration inside the chamber (t = 0); h = ϵ/(aϵc);
a = V /A the length of the chamber or the volume of the chamber V per area A of soil
and ϵc = 1 the air content of the chamber; L the height of the soil sample; and αn, with
n = 1, 2, ..., are the positive roots of (αL)tan(αL) = hL (Table A.1). The roots are all
real if hL > 0. The sum in Equation (1.9) has the following simplified representation

∞

∑
n=1

a
1

α2
n

exp(−bα2
nt) (1.10)

where a > 0 and b > 0 are constant for L, h, Dp and ϵ > 0. For sufficiently large t, the
first part of the term and the exponential function converge to 0, with αn increasing
for increasing n. Thus, the addends for n ≥ 2 are negligible with respect to the first
addend (n = 1), and Equation (1.9) reduces to

Cr(t) =
Cg −Cs

C0 −Cs

= 2h

L(α2
1 + h2) + h

exp(−Dpα2
1

ϵ
t) (1.11)

Applying a logarithm on both sides of Equation (1.11) results in

log(Cr(t)) = log( 2h

L(α2
1 + h2) + h

exp(−Dpα2
1

ϵ
t)) (1.12)
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Using the laws of logarithms, Equation (1.12) can be written as

log(Cr(t)) = log( 2h

L(α2
1 + h2) + h

) + −Dpα2
1

ϵ
t (1.13)

The right side of the equation now has the shape of a linear equation. Thus, for
sufficiently large values of t, the plot of log(Cr) against t becomes linear with a slope
of −Dpα2

1/ϵ.
Core ideas for the diffusion apparatus were adapted from Rolston and Moldrup (2018).
The final setup (Figure 1.4) consists of a desiccator (without the lid) functioning as
the diffusion vessel and an acrylic plate, with an opening in the center for inserting the
sample, placed on top of the desiccator and sealed airtight. O2 was used as a tracer
gas and measured with two contactless oxygen sensors (Pyroscience GmbH, Aachen,
Germany). Using O2 as a tracer had the benefit that it was contactless measurable,
which reduced potential gas leaks in the setup. The setup was placed on a magnetic
stirrer and a stir bar with attached flights inside the vessel. This arrangement ensured
thorough mixing of the air inside the vessel during the measurement, resulting in a
homogeneous O2 distribution for accurate determination.

Figure 1.4.: Experimental setup for soil gas diffusion measurements based on a diffusion
chamber method.

Dp is now determined as follows. First, samples are prepared, packed in cylindrical
sample holders, and closed using parafilm (Amcor, Zurich, Switzerland). Then, the
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diffusion vessel is flushed through the opening with N2 until the O2 concentration
inside the diffusion chamber is close to 0. Now, the sample is placed on the opening,
and the contact between holder and sample is sealed. Next, the magnetic stirrer
is started. After a sufficient time, the air is well mixed, and the O2 concentration
becomes constant. This is the initial concentration C0. To start the measurement,
data logging is activated, and the parafilm is removed (t = 0). Figure 1.5 shows an
example of the logging of O2 concentration over time inside the chamber.

Figure 1.5.: Example data logging during a measurement.

Using O2 as a tracer, N2 to flush the diffusion chamber and atmospheric air, the
third requirement described above is met and Fick’s law can be applied to determine
Dp. The diffusion coefficients of O2 (0.231 cm2 s−1) and N2 (0.211 cm2 s−1) in air are
of the same order of magnitude (Wiegleb 2016), and flushing the diffusion chamber
with 100 % N2 results in similar concentration gradients for both gases. As air consists
mainly of Nitrogen (78%), Oxygen (21%) and Argon (∼1%) the concentration gradients
of both, O2 and N2 are about 0.2. Thus, N2 diffuses with the same velocity out of
the chamber as O2 diffuses into the chamber, and with only trace amounts of Ar in
atmospheric air, the movement of gas is only triggered by diffusion and Fick’s law can
be applied.
Next, the data from Figure 1.5 can be used to plot ln(Cr) against t (Figure 1.6),
followed by linear regression. The slope (s) of the linear regression is given by

s =Dp
α2

1
ϵ

(1.14)

and
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Dp = s
ϵ

α2
1

(1.15)

Figure 1.6.: A plot of ln(Cr) against time t.

Now, Dp can be determined using Table A.1 to find the value for α1. Finally, Dp

is divided by D0, resulting in the relative diffusion coefficient, which represents the
diffusion independent of the gas used as a tracer.

There are potential errors associated with this method (Rolston and Moldrup 2018):

1. Drying of a wet soil core during measurements,

2. Convective flow,

3. Reaction of gas with the soil or chamber,

4. Diffusion of gas through chamber leaks,

5. Temperature fluctuations.

There are two possible ways to prevent the soil core from drying during the measure-
ment. Either a water-saturated air stream is slowly passed over the sample opening, or
the soil core is rewetted at certain intervals by drip irrigation. Convective flow is caused
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by pressure gradients between the air in the chamber and the atmosphere. Therefore,
strong air movement over the top of the sample should be avoided. Consumption or
production of the tracer gas within the soil leads to an error of Dp. Especially for
long measuring times, e.g. wet samples, this error can become substantial. A proper
sealing of the experimental setup is needed to ensure that the gas only flows through
the soil sample. Diffusion through leaks results in errors of Dp. Diffusion is sensitive
to temperature fluctuations. Therefore, temperature should be monitored and kept as
constant as possible during each measurement.

1.3. Outline
The primary aim of this thesis was to investigate how mucilage and EPS influence soil
physical properties and how these alterations affect soil gas diffusion. More concretely,
the aim was to relate the patterns of mucilage and EPS during drying to gas exchange
processes in the rhizosphere. The specific questions addressed in this thesis were:

1. How do dried mucilage patterns affect soil gas diffusion and can the spatial
distribution and dynamics of mucilage be described on a pore scale?

2. Does the effect of mucilage on gas diffusion in the soil depend on the particle
size?

3. Does the hysteresis in soil water content during a drying-rewetting cycle affect
soil gas diffusion and how does mucilage influence this effect?

4. Are the similarities between mucilage and EPS also represented in their effect
on soil gas diffusion?

To achieve these goals, laboratory diffusion experiments were combined with advanced
imaging techniques and numerical simulations.
In Chapter 2, a conceptual model is presented to describe gas diffusion in a dry
rhizosphere. To validate the concept, gas diffusion experiments were performed on dry
soil-mucilage samples. Additionally, Environmental Scanning Electron Microscopy was
used to take images of dried mucilage structures in the pore space of glass beads. In a
final step, simulations were performed to characterize the geometric distribution of
mucilage within soil during the drying process. The hypothesis was that mucilage forms
a network during drying that disconnects the gas phase, reducing soil gas diffusion.
The form of mucilage structures and consequently their effect on gas diffusivity depends
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on mucilage content.
In Chapter 3, the concept from Chapter 2 was expanded to various particle sizes
and water contents during a drying-rewetting cycle. The aim was to gain a better
understanding of gas diffusion processes in the rhizosphere by explaining the geometric
alterations of the soil pore space induced by mucilage. The hypothesis was that the
effect of mucilage on soil gas diffusion depends on particle size and mucilage content.
In coarse soils, a higher mucilage content would be required for structures to span
across larger pores, while in very fine-textured soils a reduced effect can be expected
due to the higher number of potential pore throats where mucilage is deposited during
drying. In addition, different distributions of water in the pore space during drying
and rewetting, resulting in a hysteresis of gas diffusion, and a diminishing effect with
increasing mucilage content can be expected.
Finally, the effect of microbial-derived EPS on soil gas diffusion was investigated in
Chapter 4. The hypothesis was that EPS affects the physical soil properties in the
same way as mucilage due to the similarity of their basic traits. It was expected that
the polymeric network formed by EPS would obstruct the movement of gas and reduce
soil gas diffusivity. In addition, the effect of EPS on soil gas diffusion would depend
on particle size and whether the soil is drying or rewetted, resulting in a hysteresis
of gas diffusion. Finally, it was hypothesized that the effect would diminish in the
presence of EPS.
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2. Plants control soil gas exchanges
possibly via mucilage

Based on: Haupenthal, Adrian, Mathilde Brax, Jonas Bentz, Hermann F. Jungkunst,
Klaus Schützenmeister, and Eva Kroener. 2021. “Plants control soil gas exchanges
possibly via mucilage.” Journal of Plant Nutrition and Soil Science 184 (3):320–328.
DOI: 10.1002/jpln.202000496

2.1. Introduction
The availability of life-sustaining resources in the Earth’s Critical Zone (National
Research Council 2000) highly dependent on solute and energy transportation. Gas
and water transport in air and water is quite well calculable. Gas and water transport
in and out of soils is, due to the heterogeneous nature of soils, more complex. The
connectivity of the pore system determines liquid and gaseous flows in the porous media
soil. The basic route network for matter flow through soils is set by the solid mineral
phase like soil texture. However, the tortuosity of the pore connectivity through soils
is highly influenced by organic matter locking pores. Furthermore, the highly dynamic
and variable liquid phase is locking pores for the gaseous flow, as gas diffusion is 104

times lower in water than in gas (Ferrell and Himmelblau 1967). Therefore, it remains
very challenging to predict matter flow through soils like greenhouse gas emissions
from soils to the atmosphere. Above all, soil is a living environment and therefore
biology comes into play and the diversity of biological influences is still not yet fully
understood. When growing in soil, roots create the rhizosphere. The rhizosphere is
a small layer of soil particles around roots, where interactions between plants and
soil take place and which is actively modified by plant root rhizodeposits and growth
rate (Bais et al. 2006; Gregory 2006; Hinsinger et al. 2009). Depending on the root
density, the rhizosphere frequently covers a dense layer at the interface of the soil
to the atmosphere. Therefore, plants influence is decisive for all matter flow at the
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2. Plants control soil gas exchanges possibly via mucilage

interfaces soil–plant and soil–atmosphere. By releasing hydrogels, roots influence both
the organic matter and the liquid phase of the soil and consequently pore tortuosity.
One of the most prominent hydrogel root releases is mucilage, known to affect soil
hydraulic properties (Carminati et al. 2010; Kroener et al. 2014; Kroener et al. 2018).
In contact with water, it swells and is able to adsorb water up to 103 times its own
weight depending on the type (Muñoz et al. 2012). During drying mucilage forms
liquid bridges between soil particles, filling larger parts of the pore space (Albalasmeh
and Ghezzehei 2014; Carminati et al. 2017; Benard, Zarebanadkouki, and Carminati
2018).
The movement of gas is triggered by concentration gradients that develop due to
autotrophic (mainly plants) and heterotrophic (microbes) respiration in the rhizosphere
between soil and atmosphere and by concentration gradients within the soil. Soil-gas
diffusion is controlled by soil gas diffusion coefficient Dp which is mostly affected by
the soil structure, air-filled porosity, bulk density, and pore connectivity and tortuosity
(Fujikawa and Miyazaki 2005; Hamamoto et al. 2009). The main barriers for gas
movement in soil is altered pore structure due to compaction, water saturation and
organic matter fraction (Xu, Nieber, and Gupta 1992; Moldrup et al. 2000; Thorbjørn
et al. 2008; Hamamoto et al. 2009, 2012).
The composition of soil gas is affected by atmospheric diffusion and respiration of
roots and microorganisms (Fujikawa and Miyazaki 2005). During respiration oxygen is
used by heterotrophic organisms producing carbon dioxide. Other gases like methane
and nitrous oxide are produced and used as well. At high soil moisture there is a
limited availability of oxygen in soil pore-space leading to hypoxia (Badri and Vivanco
2009). As a result of hypoxia respiration change from aerobic to anaerobic leading
to an accumulation of ethanol, lactic acid and alanine at phytotoxic levels (Rivoal
and Hanson 1994). It is reported that roots protect themselves from toxication by
secreting exudates from their roots (Xia and Roberts 1994). Thus, the process of
diffusion in soil close to the roots is a key aspect in the survival of plants.
Despite several studies on the effect of physical properties and organic matter on soil
gas diffusion, it is still unknown how mucilage affects gas movement in soils. Benard
et al. (2019) showed that during drying maize mucilage and extracellular polymeric
substances (EPS) form filaments and twodimensional interconnected structures, which
span across multiple pores. Due to a higher viscosity and a lower surface tension of
mucilage and EPS compared to water, these structures will not break up easily. As a
result, the formed network enhances water retention, keeps the liquid phase connected
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during drying, and decreases vapour diffusivity and local drying rates. They expect
that mucilage and EPS layers limit the diffusion of gases. However, we still lack both,
measurements and models of the effect of rhizodeposits on gas diffusion in soil.
In this study, we examined the effect of mucilage on soil gas diffusion coefficient
during drying. Our hypothesis is that during drying mucilage forms a network that
disconnects the gas phase, reducing soil gas diffusion. We present experimental data
and a conceptual model with pore scale simulations of simplified drying scenarios.
For the experiments, we mixed a sandy soil with chia seed mucilage at various
concentrations and given bulk density, dried the samples and measured gas diffusion
coefficient.

2.2. Material and Methods

2.2.1. Theory and conceptual model

Mucilage and organic matter dependent gas diffusion models

Diffusion models to predict gas diffusivity depending on soil porosity, pore tortuosity
and water content, as well as organic matter are presented in Chapter 1.2.5. When
mucilage is added to the soil, we assume a blocking effect. However, we assume
that, unlike organic matter, mucilage blocks diffusion pathways without affecting
air-filled porosity. Oleghe et al. (2019) recognized that adding mucilage can result
in an increase of soil water retention without bulk porosity being affected by chia
seed mucilage and thus suggested that pores got clogged by mucilage. It is very
straightforward to postulate that hydrogel is clogging pores, so the challenge now lies
in conceptualizing the effects of soil gas exchanges when mucilage (hydrogel) is drying
or has dried out. The addition of mucilage results in an increase of viscosity of the
liquid phase which leads to a formation of mucilage bridges between soil particles during
drying (Albalasmeh and Ghezzehei 2014; Benard, Zarebanadkouki, and Carminati
2018; Benard et al. 2019). At low concentrations of mucilage within soil (mass of
dry mucilage per mass of dry soil) the bridges between particles are shaped like thin
filaments. With higher concentrations the amount of mucilage per soil increases and
instead of filaments, hollow structures or even interconnected surfaces of dry mucilage
are formed which are spanning across the pore space (Fig. 2.1). Similar to a foil,
these very thin layers break the connectivity of the gas phase and we expect that gas
diffusion may get strongly reduced. Due to its low volumetric content, dry mucilage
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2. Plants control soil gas exchanges possibly via mucilage

does not affect total air-filled porosity in sandy soils significantly. We hypothesize
that, in dry soils, mucilage increases the tortuosity of gas diffusion pathways until
disconnecting the gas phase which results in a reduction of the gas diffusion coefficient
(Fig. 2.1).

Figure 2.1.: Schematic of increasing mucilage content at constant dry soil condition for
(left) the rhizosphere of a single root and (right) a soil with many roots coated with
mucilage. Depending on mucilage concentration, liquid bridges form thin filaments
(low), hollow structures or interconnected surfaces (high) between soil particles.

Since dry mucilage does not affect air-filled porosity significantly, models such as
the OMF model (1.2) by Hamamoto et al. (2012) considering a reduction of air-filled
porosity due to organic matter cannot serve as a suitable model to predict Dp in the
rhizosphere. There is the possibility to adjust the complexity factor Cm of the model
of Moldrup et al. (2013) to represent the complexity of the air-filled pore network.
However, in Moldrup et al. (2013) Cm is supposed to be related to total porosity — a
parameter that is, in our case, not significantly affected by mucilage.
The described models may serve as a first rough approximation to predict the influence
of mucilage on soil gas diffusion. But, these models are developed for organic matter
in general instead of mucilage. To develop more suitable models an understanding of
underlying pore scale processes affecting gas phase connectivity is needed.
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Pore scale model of mucilage distribution during drying

To simulate the effect of mucilage on gas phase connectivity, a model is required
that describes pore scale spatial distribution and dynamics of mucilage. At low
concentrations of mucilage, i.e., when there are large distances between polymers
(Fig. 2.2a, left), mucilage behaves like a liquid, having a viscosity that increases with
polymer concentration. Polymer chains start to build cross-links to create a network
as mucilage dries out and the concentration of polymers increases (Fig. 2.2a, right).

Figure 2.2.: Conceptual idea of mucilage drying: (a) transition from low to high
concentrated mucilage (i.e., transition from high to low water content) corresponds to
a transition from a liquid with large distances between polymers to a solid network
where long chained polymers are connected via cross-links, (b) when mucilage is at high
mucilage concentrations, during drying, its polymeric web shrinks, becomes denser
and thus stronger at its outer parts and may break at its weakest parts in the centre
forming a hollow structures.

Mucilage transforms from a liquid to a solid made of an elastic hydrogel that spans
a three-dimensional solid web between the mineral soil particles. To properly simulate
those drying processes at the pore scale, a description of the smooth transition from
the rather liquid to the rather solid state is required. Here, we present a simplified case
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study. Simulations of the two extremes, the liquid and the solid network, only, without
a transition between the two states. Lattice–Boltzmann methods are a suitable tool
to simulate the pore scale dynamics of liquids (Sukop and Or 2004; Tuller and Or
2004; Pot et al. 2015; Richefeu, Radjai, and Delenne 2016). To simulate dynamics
of the highly concentrated, rather solid mucilage, we applied the discrete element
method which is a common tool to describe deformation and rupture processes of
solids (Munjiza, Owen, and Bicanic 1995; Bobet et al. 2009) and has also been used to
simulate fracture of hydrogels (Kimber, Kazarian, and Štěpánek 2012; Yang et al. 2018).
Using the description of highly concentrated mucilage as a network spanning across
the pore space, one can explain the formation of hollow cylinders between particles
(Fig. 2.2b). Upon drying the volume of water decreases, surface tension together with
the attractive forces between polymers and water induce a tension on the network:
it shrinks and as a result the density of polymers may locally increase near to the
outer parts and strengthen the network there. Upon further tension the network may
break at its weakest point which may be in the centre. Here, this concept is presented
just in two dimensions. However, in the more complex three-dimensional pore space
geometry this concept may not only describe the formation of hollow bridges between
two particles but also the formation of connected surfaces of mucilage spanning across
many pores (Fig. 2.1, right) and disconnecting the gas phase.

Setup of the simulations

For both simulations of the distribution of mucilage during drying (either as a liquid or
as a polymeric network) we assume a slow drying process, i.e., the system is assumed
to be in a quasi-steady state in which viscosity and momentum do not need to be
considered. For the liquid case, we implemented the Shan–Chen type multiphase
lattice Boltzmann model (Shan and Chen 1993) using the LBM simulation tool Yantra
(Patel, Perko, and Jacques 2017). For each drying step, a certain water content is
chosen and its equilibrium distribution is simulated assuming a contact angle of the
soil surface close to 0°. The model is based on the D2Q9 method: this means for each
cell of the regular 2D-lattice, interactions with its eight neighbouring cells and the
cell itself are considered to calculate streaming and collision at this step. These steps
are repeated until equilibrium can be assumed, i.e., changes in the liquid distribution
are smaller than a certain threshold value. In each equilibrium state, the liquid–air
interface adjusts such that its curvature is constant (compare Young–Laplace equation
where interface curvature is related to surface tension and pressure difference). Upon
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further drying, i.e., reduced water content, the negative curvature of the liquid phase
becomes more and more negative.
In the highly concentrated case, mucilage is described as a polymeric network (Fig.
2.3) which consists of many nodes. These nodes are connected to their neighbouring
nodes via springs of a certain stress-strain relation which represent the attractive
forces. In our model, the stress-strain relation is represented by a simple linear relation
between the elongation of the spring and the force F on the spring:

F (r) = −k × (Requ − r), (2.1)

where k is a constant, and the elongation (Requ − r) is the difference between length
of the spring Requ in equilibrium and its current extension r. If a node gets close to the
soil surface, it connects also to the soil surface via a spring, representing the attractive
force towards the soil particle. During the drying process, each quasi-steady-state
spatial distribution of the network is simulated stepwise: in each step, each node
moves one step into the direction of the total force and proportional to the total force
acting on it. If the tension on a spring gets larger than its breaking point, then the
nodes get disconnected. Equilibrium is assumed when each node becomes stationary,
i.e., the forces on all the springs connected to this node sum up to approximately zero.

The next quasi-steady state of the drying process, i.e., a reduced water content of
the mucilage phase, is obtained by decreasing the equilibrium distance Requ of the
stress-strain relation of each spring. This way, the decreased equilibrium distance is
related to the tension on the network induced by the reduced water content, i.e., a
reduced pore volume available for polymers.

To sum up, important parameters that need to be defined for the simulation are: k,
the critical tension at which a connection breaks, the distance between two nodes at
which a new connection can form between both nodes, the maximum number of springs
one node can connect with, and the density of network nodes which may be related
to the concentration of mucilage. An extensive analysis of the effect of each of these
parameters exceeds the purpose of this viewpoint paper, here we only want to present
qualitative results describing spatial structures that are created by hydrogel dynamics.
Our two-dimensional simulations serve as a proposition of possible modelling tools to
describe the observed pore space distributions of mucilage. For a quantitative analysis
of these complex pore space dynamics, further advanced three-dimensional models, a
transition between the two cases (low and high concentration of mucilage in the liquid
phase) and knowledge of the changes of physico-chemical properties of the specific
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Figure 2.3.: Setup of the simulation of drying dynamics at high concentrations using
the discrete element methods.
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mucilage type during the drying process will be needed.

2.2.2. Mucilage collection

Mucilage was collected from chia seeds. Chia seed mucilage is easily available in large
amounts and widely used as a model for plant mucilage. Its physical properties are
similar to those of plant mucilage (McCully and Boyer 1997; Read and Gregory 1997;
Naveed et al. 2017), but there are still differences, e.g., a relatively high content of
polysaccharides and a higher viscosity of chia seeds compared to barley mucilage or
maize mucilage which contain more organic acid (Naveed et al. 2017; Veelen et al. 2018).
Mucilage was extracted from chia seeds according to the method of Kroener et al.
(2018). The gel–water mixture was frozen and freeze-dried to obtain dry mucilage
which was then pulverized.

2.2.3. Sample preparation

As an analogue of the rhizosphere, a soil–mucilage mixture was chosen to test the
effect of mucilage on soil gas diffusion coefficient. Sand (soil) of particle sizes of
500–630 µm was mixed with chia mucilage to concentrations of 0, 0.1, 0.3 and 0.6 %
(w/w dry mucilage/dry soil). Dry mucilage was diluted with water and kept in a closed
container for 15 min to swell. We set the amount of water for the gel–water mixture
so that the volumetric water content was equal to the porosity. In this way, porosity
was not affected during drying for all samples. Soil was mixed with wet mucilage,
packed and allowed to dry for 48 h at 20 ○C ± 1 ○C. After drying, gravimetric water
content of the samples was <1 %. While the simulations describe the effect of mucilage
on pore scale dynamics of the liquid phase during drying, the following experiments
were performed on already dried samples.

2.2.4. Environmental Scanning Electron Microscopy

Glass beads (0.2 mm) were mixed with chia seed mucilage at various concentrations
and dried in the oven at 30 ○C for 24 h. ESEM images were taken with a FEI Quanta
250 ESEM (FEI Company Hillsboro, United States) under low vacuum with chamber
pressures between 60 Pa and 80 Pa. A large field detector was used with an acceleration
voltage between 12.5 kV and 15 kV.
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2.2.5. Gas diffusion measurements

To examine the effect of mucilage on gas diffusion in a dried sandy soil and to
determine the diffusion coefficient Dp, a diffusion chamber experiment as described in
Chapter 1.2.6 was conducted (Fig. 1.4). Dp was measured as a function of mucilage
concentration. For each concentration three replicates were prepared. Samples were
repacked in 5.77 cm3 soil cores, with a height of 0.6 cm, a cross section of 9.62 cm2 and
a weight of 10 g. Oxygen was used as a tracer gas with a gas diffusion coefficient in
free air of D0 = 0.231 cm2 s−1 (Wiegleb 2016). All measurements were performed at
room temperature of 20 ○C ± 1 ○C.

2.3. Results

2.3.1. Gas diffusion measurements

Measurements of the diffusion coefficient Dp/D0 for a dry sandy soil (500–630 µm) as
a function of mucilage concentration show that with increasing mucilage concentration
the relative diffusion coefficient Dp/D0 decreases. Gas diffusion was reduced by about
50 % as can be seen in Fig. 2.4.
Throughout all measurements bulk density ((1.737 ± 0.002) g cm−3) and porosity
((0.343 ± 0.002) cm3 cm−3) were not affected. Dry weight of mucilage per sample
ranged depending on concentration (0.1–0.6 % gravimetric concentrations) from 0.01 g
to 0.06 g. Assuming a mucilage density of roughly 1 g cm−3 leads to a volumetric
mucilage fraction of 0.17 % to 1.04 %. Thus, the volume occupied by mucilage is
≤1.04 % of the volume of bulk soil and the effect of dry mucilage on air-filled porosity
is negligible.

2.3.2. Environmental Scanning Electron Microscopy

The conceptual model (Fig. 2.1) is supported by images created using an environmental
scanning electron microscope. Fig. 2.5 shows the formation of mucilage structures
in glass beads after drying. At a concentration of 0.16 % thin mucilage filaments
spanning across various pores are shown (Fig. 2.5a, d), at intermediate concentration
of 0.25 % hollow cylinders emerge (Fig. 2.5b, e), and at high concentration of 0.49 %
mucilage forms interconnected surfaces throughout the pore space (Fig. 2.5c, f).
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2.3. Results

Figure 2.4.: Relative diffusion coefficient Dp/D0 as a function of mucilage concentration
for a sandy soil with particle size of 500–630 µm.

2.3.3. Simulation of mucilage distribution during drying

Simulations of two simplified two-dimensional scenarios (either liquid or elastic network)
can indeed reproduce pore scale dynamics observed for water and highly concentrated
mucilage, respectively. For the liquid case (Fig. 2.6, left), simulations create the
typical geometry of water bridges that break at low water contents. For the case of
an elastic network (Fig. 2.6, right), simulations indeed show the formation of hollow
structures between two particles upon drying. Here, the simulations are not meant
to quantitatively describe processes, but they are rather a qualitative illustration of
how interactions of polymer-like nanostructures may create the observed porescale
distributions, e.g., hollow cylinders, of mucilage which very much differ from those
structures of water bridges.
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Figure 2.5.: Environmental Scanning Electron Microscope (a–f) and Light Microscope (g, h) images of mucilage-based
structures within the pore space of glass beads (0.2 mm diameter). Increasing concentration from left to right (0.16 %, 0.25 %
and 0.49 %). (a–f) Various structures can be seen depending on mucilage concentration (thin filaments, hollow cylinders,
interconnected surfaces). (g, h) remains of broken mucilage filaments (red arrows) and former interparticle contact (green
arrow) show that dry mucilage forms hollow structures during drying.
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2.4. Discussion

Figure 2.6.: Simulated pore scale dynamics during a slow drying process of a liquid
between two particles. In each step, the steady state spatial distribution of the liquid
phase is simulated in each case at a certain water content.

2.4. Discussion
Gas diffusion measurements of dry soil (Fig. 2.4) confirmed the hypothesis of the
conceptual model (Fig. 2.1): mucilage decreases the gas diffusion coefficient in dry
soil without significantly affecting air-filled porosity. This can be explained by the
formation of a mucilage dry surface spanning throughout the pore-space as imaged
using Environmental Scanning Electron Microscopy (Fig. 2.5). These are in agree-
ment with the observations by Carminati et al. (2017) and Benard et al. (2019), who
discovered mucilage forming liquid bridges throughout the pore space during drying.
The mucilage-based structures between neighbouring particles are able to disconnect
the gas phase. This leads to an increased air-filled pore tortuosity and longer diffusion
pathways resulting in a lower diffusion coefficient.
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In their review on root respiration, Ben-Noah and Friedman (2018) presented a model
to describe diffusion in a soil–mucilage layer. They assumed a homogeneous mucilage
layer of a certain diffusion coefficient and thickness around the root. But neglecting
the complex mucilage structures and considering mucilage as a uniform layer coating
the root, is a simplification that might have a huge impact on predictions of gas
diffusion through a soil–mucilage layer. We show that the pore scale dynamics of
mucilage are more complex. Therefore, it is necessary to regard a more intricate
spatial arrangement of mucilage within the pore-space.
Existing models (Tab.1.2) describe gas diffusion processes in soil and how this is
affected by water content and organic matter in general, but they are not designed to
describe how mucilage alters gas diffusion. As a consequence, the predicted values of
these models [Dp/D0 = 0.22, 0.22 and 0.28 using Eq. (1.2), OMF model∗, respectively
MQ model∗∗ (Tab. 1.2)] when applied to our soil samples are much higher compared
to our measured data. More flexible models, like the SWLR model [Tab. 1.2] allow
a better description of gas diffusion processes. Considering literature references of
Cm = 2 (Dp/D0 = 0.163), respectively Cm = 3 (Dp/D0 = 0.114) allow a closer prediction
of gas diffusion coefficient for a dry sandy soil with 0 % (Dp/D0 = 0.134) and 0.1 %
(Dp/D0 = 0.103) mucilage concentration used in this study. However, a complexity
factor of Cm = 2 provides a good estimation of gas diffusion coefficient for a variety
of natural soils, while Cm = 3 gave a good description for specifically clay minerals
(Moldrup et al. 2013). An adaption of the complexity factor on measured results
only allows a comparison between gas diffusion coefficient of a sandy soil affected by
mucilage and gas diffusion coefficient of soils with different soil texture. Since, in dry
soil, air-filled porosity is not significantly affected by mucilage concentrations, these
models would not predict an effect of dry mucilage on the relative diffusion coefficient.
A reduction of the relative diffusion coefficient by a factor of 0.5 which we measured
at 0.3 % mucilage concentration could be predicted by the OMF model (Tab. 1.2)
only if air-filled porosity was reduced from 34 % to 11.4 % opposed to our experiment
where air-filled porosity was not significantly affected.
A better description of pore scale processes of the spatial formation of liquid mucilage
bridges and surfaces is needed to create more appropriate gas diffusion models. Further
experimental, theoretical and numerical studies may help to understand and describe
the effect of mucilage on gas diffusion also at further water contents and soil conditions.

∗X = 0.4 + 2.9Φ and ϵth = 0.11Φ4
∗∗X = 10/4 and δ = 2
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Although mucilage membranes reduce gas diffusion at dry soil conditions these struc-
tures may prevent roots from a deficiency of oxygen during a heavy rain fall event after
drought: when dry, a hydrophobic mucilage surface that disconnects the pore space
may prevent the pore space around the root from being completely filled with water
while rewetting. In this way it may allow a better aeration of roots at the critical
conditions close to saturation.
This results in a deceleration of gas movement in soil and by extending the pathway
through the soil it may enhance possible redox reactions. Therefore, we hypothe-
size that it will affect soil–rhizosphere biogeochemistry and in consequence also the
biogeochemical exchange between soil and atmosphere. Using greenhouse gases as a
topic example, plants most likely may have a so far unaccounted biophysical effect
on N2O and CH4 emissions. Both gases are highly reactive in the soil–rhizosphere
being sources of energy for soil microbes. A decelerated diffusion through the soil
increases the probability that N2O will be denitrified to N2 and CH4 oxidized to CO2

which reduces the climate warming feedback effect from soils. Additionally, soils and
therefore plants will lose less water because water vapour will not move as fast to the
open atmosphere. Since root exudates play a significant role in shaping rhizosphere
bacterial community (Haichar et al. 2008; Dennis, Miller, and Hirsch 2010), a next
step would be to investigate the interactions with the microbial communities which
may alter additionally our view on how plants control soil gas exchanges.
Our study does not only advance our understanding of gas diffusion in soil, but gas
diffusion measurements may also be a useful tool to learn about the conditions at
which mucilage forms connected surfaces in the pore space. In this way we want to
contribute to further interdisciplinary rhizosphere research combining hydrology, gas
transport and microbial activity as controlled by plant roots.

2.5. Conclusion
This study shows that plant derived mucilage increases air-filled pore tortuosity in
soils by partly locking pores even when dry. During drying mucilage forms a polymeric
network spanning throughout the pore space. Existing soil gas diffusion models (e.g.,
Hamamoto et al. 2012; Moldrup et al. 2013) cannot provide a proper estimation of
the influence of mucilage on soil gas diffusion, since mucilage increases pore tortuosity
without affecting air-filled porosity. Most of these gas diffusion models do not have
such a flexible tortuosity factor implemented. Therefore, a key to predict the effect of
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rhizodeposition on soil gas diffusion is at first to find a way to estimate tortuosity in
rhizosphere soils and secondly to adjust gas diffusion models to consider a tortuosity
factor. Such a decoupling of tortuosity from total porosity and air-filled porosity may
help predicting the influence of rhizodeposition on soil gas diffusion. In summary, this
study supports the concept that plants are capable of altering soil physical properties
to their advantage.
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Based on: Haupenthal, Adrian, Patrick Duddek, Pascal Benard, Mathilde Knott,
Andrea Carminati, Hermann F. Jungkunst, Eva Kroener, and Nicolas Brüggemann.
2024. “A root mucilage analogue from chia seeds reduces soil gas diffusivity.” European
Journal of Soil Science 75 (5): e13576. DOI: 10.1111/ejss.13576

3.1. Introduction
Gas exchange between roots and soil is essential as the O2 supply from the aerial
parts of plants is often insufficient for satisfactory root growth (Gardner, Laryea, and
Unger 1999) and the accumulation of toxic substances like ethanol and lactic acid near
roots can be harmful (Rivoal and Hanson 1994). Therefore, maintaining gas exchange
within the root-rhizosphere-bulk soil system is advantageous for biota in soils.
The movement of gas through soil occurs mainly by diffusion (Gliński and Stępniewski
1985). Gradients in concentration 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 Dp (Fujikawa and 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; Thorbjørn et al. 2008; Xu,
Nieber, and Gupta 1992). Wesseling et al. (1957) stated that a volumetric soil air
content of 10% seems to be a threshold for gas diffusion.
Aside from the quantity of water in the soil, its distribution 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
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known as hysteresis (Cooper et al. 2017; Haines 1930; Wen, Shao, and Guo 2021). This
phenomenon results in differences in water content at the same water potential 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, Lu, and Godt 2014).
Further, it explains observations of Hamamoto et al. (2022) who reported differences
in gas diffusion coefficients at the same air-filled porosity during a wetting-drying
cycle.
Plant roots actively modify the physical properties of the soil in their vicinity by
secreting mucilage (Benard 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 O2 contents. Mucilage may be a plant’s tool to
maintain this balance. The physico-chemical properties of root mucilage (e.g., water
holding capacity, viscosity and surface tension) vary between plant species. Seed
mucilage (e.g., from chia or flax seeds), which has similar physico-chemical properties,
is 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, and 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 behavior,
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. Kroener et al. (2018) found that
the effect of mucilage on saturated 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. Moreover,
mucilage increased water content at low matric potentials in all soils. However, in
coarse soils a comparably high mucilage content was needed to induce an increase in
soil water retention.
High viscosity of mucilage leads to the formation of characteristic bridges between soil
particles during soil drying (Albalasmeh and Ghezzehei 2014; Benard, Zarebanadkouki,
and Carminati 2019). Carminati et al. (2017), Benard et al. (2018) and Haupenthal et
al. (2021) observed various types of structures in different porous media. The shape of
these bridges depends on mucilage content. Thin filaments are formed at low content.
With increasing content, hollow cylinders were observed and at high mucilage content,
2D interconnected surfaces reaching through the pore space are formed. Benard et
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al. (2017) 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, therefore, reasonable to postulate that the interaction of mucilage with the soil
matrix alters the connectivity of air-filled pores in soil.

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 3.1. The shape
of mucilage structures in soil and their effect on gas diffusion depends on mucilage
content. An increase in mucilage content results in larger structures, hence a decrease
in connectivity of air-filled pores, thereby limiting gas diffusion. 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 hysteresis (Likos, Lu, and Godt 2014; Diamantopoulos et al. 2013).
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 surface 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 during rewetting at the
same water content. However, in clay the amount 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 to expand throughout the pore space (Brax,
Buchmann, and Schaumann 2017). As mucilage dries, persistent liquid bridges between
particles can draw them together (Williams et al. 2021). Both processes can cause an
alteration of the geometry of the soil by rearranging the particles and pores. In coarse
soils with large pores, mucilage will swell into the pore space without affecting 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, mucilage
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 a fine-textured
soil, the swelling of mucilage results in the formation of large pores. During drying,
water is no longer present within these large pores, and at low mucilage content the
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Figure 3.1.: Conceptual model of gas movement in soil as a function of mucilage content and particle size at a constant low
water 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 soils incomparable. 40
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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 of the soil volume (Kroener et al. 2018). For
simplification, the effect of mucilage 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 conceptualizing the interactions between soil particles
and mucilage, the impact of particle size and soil water content in the context of gas
diffusion remain 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, Larsbo, and Jarvis 2020; Lucas et al. 2021;
Renard and 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 visualize 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) χ

and the Gamma (Γ−) indicator. Whilst χ describes the connectivity of the pore space
characterized by its geometrical topology (Vogel 1997), Γ represents the probability of
finding a continuous path through the pore system (Lucas et al. 2021; Renard and
Allard 2013). Hence, the Γ−indicator is more sensitive to global connectivity of a soil,
whilst χ is independent of the size of pore clusters.
In this study, we investigated the effect of a root mucilage 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
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soil drying. In addition, we assumed a hysteresis in gas diffusion coefficient during a
drying-rewetting cycle caused by non-uniformity of interconnected pores. Finally, we
hypothesized that the effect would diminish with increasing mucilage content as the
structures formed during drying would attract water during rewetting and redistribute
it to larger pores.

3.2. Material and Methods

3.2.1. Mucilage collection

Chia seed mucilage was used as an analogue for root exudates. 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.

3.2.2. Gas diffusion measurements

A detailed description of the experimental setup (Figure 1.4) and the procedure to
determine Dp is given in Chapter 1.2.6.
A soil-mucilage mixture was used as a model of the rhizosphere. We mixed soils of
various particle sizes (800–1000, 500–800, 200–500, 63–200, 20–63 and <20 µm) with
different amounts of chia seed mucilage to achieve specific mucilage content in soil (0,
0.5, 1, 2.5 and 5 mg g−1 dry mucilage/dry soil). Coarse sandy soil (800–1000 and 500–
800 µm, Quarzwerk WOLFF & MÜLLER, 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± 0.05) g cm−3. Soil-
mucilage mixtures were packed in PVC tubes with a diameter of 3.6 cm and a height
of (0.60 ± 0.01) cm. Air-filled porosity was derived from bulk density, particle density
(2.65 g cm−3) and volumetric water content, and ranged from (0.430 ± 0.015) cm3 cm−3

(total porosity) for dry samples to (0.230±0.015) cm3 cm−3 for the highest water content.
Mucilage was diluted in water. The amount of water for dilution was determined
by setting the volumetric water content (ΦV) 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 by using a stamp to counteract
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
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water content, seeking ΦV of 0.1 cm3 cm−3, 0.15 cm3 cm−3 and 0.2 cm3 cm−3 for testing.
For rewetting, the amount of water corresponding to predefined ΦV 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 4 h to ensure equilibration
of the water content across depth while limiting microbial activity. During drying,
the evaporation rate was monitored. To maintain the desired water content during
diffusion measurements, water was resupplied to the soil surface every 30 minutes
based on the recorded evaporative loss. The measurements were performed at room
temperature ((22 ± 1) ○C).

3.2.3. X-ray CT-imaging

Sand (Carlo Bernasconi AG, Zurich, Switzerland) was sieved (200 µm–500 µm) and
mixed with wet mucilage to achieve a range of mucilage content in soil (0 mg g−1,
1 mg g−1 and 2.5 mg g−1), and air-dried, respectively wetted via capillary rise, to ΦV

of 0.1 cm3 cm−3, 0.15 cm3 cm−3 and 0.2 cm3 cm−3. Sample holders were sealed with
parafilm in order to avoid evaporative losses and stored at 4 ○C for 4 h to reach
equilibrium in matric potential before imaging. Immediately after rewetting and
sealing the samples, additional CT scans were performed. X-ray CT-images were
taken with a GE Phoenix V|tome|x s micro-CT scanner (General Electric Company,
Boston, MA, United States) with a tube voltage of 140 kV and a tube current of
70 µA. An actual pixel size of 11 × 11 µm2 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 analyzed
using the analysis software Avizo (Thermo Fisher Scientific, Waltham, MA USA). For
preprocessing, the following steps in corresponding order were performed: (i) Since
concave and convex deformations occurred at the top and bottom of the samples,
respectively, during sample preparation, the total number of slices was reduced to
700 during image preprocessing, removing the upper- and lowermost layers from the
processed image. This resulted in a consistent cylindrical shape of the CT images,
allowing for accurate comparisons 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 1 cm; 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 grayscale value histogram was created
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to determine the markers of the solid, liquid and gaseous phase, which were required
as input for the watershed transformation. Therefore, a rolling window calculation
was applied at each grayscale with a center labeled 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 grayscale values defining each phase
was evaluated at a relative height of 0.5 be-tween 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 respective phase. (v) Afterwards, markers derived from the histogram
analysis were used as input for a marker-based watershed transformation (Beucher
and Meyer 1992) 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 resolution limit. An
exemplary cross section of the segmented result is shown in Figure 3.2.

Figure 3.2.: Exemplary cross section of a raw and corresponding segmented X-ray
CT-image with water (dark blue), air (light blue) and soil (brown).

The connectivity of the gas phase, was estimated based on the EPC χ and the
Γ-indicator. Calculation of χ was done by applying a label analysis based on the Avizo
inbuilt EPC measure using a 26-neighborhood algorithm. χ is related to the topology
of the pore space, dimensionless, and is based on the number of unconnected clusters
(N), the number of redundant connections (C) and number of completely enclosed
cavities (H) (Vogel 2002):

44



3.2. Material and Methods

χ = N −C +H. (3.1)

For a network of pores in soil, H is negligible. The larger the χ, the lower is the
connectivity of the pore system. Typically, χ is highly negative in soils, indicating a
high connectivity of the pore space. However, a negative χ does not imply the presence
of a percolating path connecting top and bottom of a soil sample (Lucas et al. 2021).
Another metric to describe pore connectivity is the Γ-indicator. The Γ-indicator is a
measure of probability for two voxels belonging to the same cluster, and consequently
being connected. For soil-water-air samples it can be calculated from the total number
of all air-filled pore voxels (Npair

), the number of all air clusters kair (Nkair
) and the

number of air-filled pore voxels pair contained in each cluster kair (npkair
). Γ(pair) is

defined as (Renard and Allard 2013):

Γ(pair) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

1
N2

pair
∑Nkair

k=1 n2
pkair

pair ≠ 0

0 pair = 0
(3.2)

A Γ value of one indicates that all air-filled pore voxels are connected and conse-
quently 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, Larsbo, and Jarvis 2020).

3.2.4. 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 tem-
perature ((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
a FEI Quanta 250 ESEM (FEI Company, Hillsboro, OR, United States) under low
vacuum with chamber pressures between 60 Pa and 80 Pa. A large field detector was
used with an acceleration voltage of 30 kV.
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3.3. Results

3.3.1. Gas diffusion measurements

The amount of mucilage per sample ranged from 0.495 mg g−1 to 5.1 mg g−1 dry mu-
cilage/dry soil, depending on initial mucilage content. Assuming a mucilage density
of roughly 1 g cm−3, the volumetric mucilage fraction would be roughly 0.9 %. Thus,
the volume occupied by pure mucilage would be <1 % of the volume of the bulk soil.
Therefore, the effect of dry mucilage on air-filled porosity was assumed negligible.

In Figure 3.3, the relative diffusion coefficient Dp/D0 is plotted as a function of
water content for various particle sizes and mucilage content during a drying-rewetting
cycle. A comprehensive presentation of the results differentiated by mucilage content
and particle size can be found in the supplemental material (Figure A.1). Generally,
Dp/D0 decreased with increasing water content and increasing mucilage content (Table
3.1). The effect of mucilage on gas diffusion was highly dependent on the particle size.
The reduction in medium sandy soil (200 µm–500 µm) was six times larger than the
reduction in silty and clay soil. For untreated samples, a hysteresis in Dp/D0 during
the drying-rewetting cycle was observed. The extent of the hysteresis depended on
particle size. While the coarse soils showed no difference, Dp/D0 was significantly
lower during drying in fine soils. This effect diminished with increasing mucilage
content. At the highest water content (20%), diffusivity changed only slightly with
increasing mucilage content.

Table 3.1.: Relative diffusion coefficient (Dp/D0) for dry samples without mucilage
and the reduction of Dp/D0 caused by mucilage and water.

Particle size [µm]

Parameter 800 − 1000 500 − 800 200 − 500 63 − 200 < 40 < 20

Dp/D0 for control soil 0.137 0.129 0.127 0.12 0.124 0.142

Reduction factor caused by
mucilage (5 mg g−1)

3.66 3.08 6.68 4.24 1.01 1.08

Reduction factor caused by water
(0.2 cm3 cm−3 drying)

3.91 2.93 5.08 6.9 5.39 8.88

Reduction factor caused by water
(0.2 cm3 cm−3 rewetting)

2.49 2.58 4.23 4.29 3.54 3.38

Note: The reduction caused by mucilage was highest for 200 − 500 µm particle size. For silt (< 40
µm) and clay (< 20 µm) no reduction could be observed. The reduction caused by water was higher
during drying compared to rewetting.
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Figure 3.3.: Relative diffusion coefficient Dp/D0 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 increase in mucilage
content.47
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3.3.2. X-ray CT-Imaging

The EPC χ for the gas phase decreased for all contents with decreasing water content,
while for the liquid phase χ decreased for increasing water content for all mucilage
contents (Figure 3.4). ΦV 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 capillary rise, more volume of water than volume of air
was removed. This resulted in a reduced calculated soil moisture content. Results for
samples without mucilage indicated a hysteresis behavior for the gas phase. Values for
during rewetting were slightly smaller compared to drying for water contents above
10 %. However, for the liquid phase no differences in χ during drying and rewetting,
and consequently no hysteresis was observed for all mucilage contents.

Figure 3.4.: Euler-Poincaré characteristic χ for the gas (top) and liquid phase (bottom)
depending on water content and mucilage content.

Results for χ immediately after rewetting and after 4 h showed no significant
differences, indicating that the topology of the air-water-mucilage phase equilibrates
quickly (Figure 3.5).

The Γ-indicator of the gas phase decreased with increasing water content in all
treatments (Figure 3.6). 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 at their corresponding water content. For
the liquid phase, values increased with increasing water content. Values for various
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Figure 3.5.: Euler-Poincaré characteristic χ immediately after rewetting and 4 hours
after rewetting. The connectivity of the liquid phase improved over time while the
connectivity of the gas phase decreased. The effect seems to diminish with increasing
mucilage content.

mucilage contents did not differ significantly. Also, no major differences between drying
and rewetting could be observed. Furthermore, values immediately after rewetting
and after 4 h showed no significant difference (Figure 3.7). As with the EPC, this
showed a quick equilibration of the air-water-mucilage phase.

Comparison of the percolating gas phase cluster for various mucilage and water
contents indicates a reduction of the connectivity throughout the sample with increasing
mucilage and water content (Figure A.2).

3.3.3. Environmental scanning electron microscopy

The ESEM images reveal various dried mucilage structures 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 interconnected surfaces spanning throughout the pore space at high
content (Figure 3.8). While 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, while
with increasing content the size of these surfaces increased.
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Figure 3.6.: Gamma indicator for the gas and liquid phase depending on water content
and mucilage content.

Figure 3.7.: Gamma indicator for the gas and liquid phase depending on water content
and mucilage content immediately after rewetting and 4 h after rewetting.
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Figure 3.8.: ESEM images of mucilage deposits in the pore space of coarse sandy soil with 500–800, respectively 800–1000
particle size. Mucilage content increases from left to right (a, b 1 mg g−1, c, d 2.5 mg g−1, e, f 5 mg g−1). 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 highest content, interconnected surfaces span across multiple pores.
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3.4. Discussion
The gas diffusion measurements of soils with various particle size and mucilage content
under a drying-rewetting cycle supports the conceptual model (Figure 3.1). In dry
soils, the effect of mucilage on gas diffusion depends on soil texture and mucilage
content (Figure 3.3). At low mucilage contents (0.5 mg g−1 to 1 mg g−1), only minor
reduction in Dp/D0 could be observed. With mucilage content increasing (0.5 mg g−1 to
1 mg g−1), gas diffusivity was reduced for the coarse, medium and fine sandy soils, while
for silt and clay no reduction could be observed. In general, when mucilage caused
a reduction of Dp/D0 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 content (Figure 3.3). Thorbjorn et al. (2008)
proposed a conceptual model in which gas diffusivity depends on particle size. However,
no significant differences in diffusion coefficient depending on particle size for dry
samples without mucilage could be observed in our study (Table 3.1). All samples were
prepared to have the same bulk density. Furthermore, the density of the soil particles
was the same, thus air-filled porosity was the same between the differently textured
soils. Liu et al. (2006) reported that for an artificial macropore network (pores smaller
than ∼100 µm are assumed to be blocked) no universal relationship between diffusion
coefficient and porosity exists. Local porosity heterogeneities could lead to deviations
in gas diffusivity. 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 Dp/D0 for medium sandy soil mixed with mucilage compared
to the untreated medium sand samples. At 0 cm3 cm−3 water content and mucilage
content of 2.5 mg g−1, the diffusion coefficient of the untreated samples was reduced
by a factor of 5, and increased to a factor of 6.68 for 5 mg g−1 (Table 3.1). Mucilage
structures observed via ESEM seem to disconnect the gas phase significantly, and
the ratio between pore size and the amount of potential pore throats seems to be
optimal in medium sand (200 µm–500 µm) for mucilage to span across many pores and
have a significant effect on gas diffusivity. In coarse sandy soil (500 µm–800 µm and
800 µm–1000 µm) and fine sandy soil (63 µm–200 µm) the effect is smaller. In coarse
soil, the average pore seems to be too large for mucilage to span across, while in fine
sand, and even more so in silty and clayey soil, the number of potential pore throats
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is 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 mucilage had no effect on the saturated hydraulic conductivity of
clay soil. Note that since the physicochemical properties differ among mucilage from
different plants and environmental 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 gas diffusion coefficient during a drying-rewetting cycle. The
hysteresis was more distinct in fine soils. These observations are in good agreement
with the concept of an ink bottle, small bottle throat diameter and broad bottle
body diameter, caused by non-uniformity of interconnected pores, as well as the
concept of differences in solid-liquid contact angles during wetting and drying (Haines
1930; Likos, Lu, and Godt 2014). During drying, narrow parts of interconnected
pores are able to hold water and increase the length of diffusion pathways. During
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 particle 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. 2017). This results in more
similar water–soil contact angles during drying and wetting, reducing the hysteresis
effect in the water retention, 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 to 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, Sekharan, and Manna 2022). Results for
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Dp/D0 in medium (200 µm–500 µm) and fine soil (63 µm–200 µm) showed a distinct
increase in gas diffusion at low mucilage content during drying compared to untreated
samples. 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, Dp/D0 decreased in both scenarios, i.e., 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 during 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 be too heavy to be displaced by the mucilage, instead mucilage tends
to swell into empty pore space during wetting or liquid bridges break during drying. In
the experiments, 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, Dp/D0 decreased in both cases even
at low mucilage contents.
The EPC χ and the Γ-indicator revealed a better-connected gas phase at low water
contents and an increased liquid phase connectivity with increasing water content.
While χ 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 lead to a hysteresis
effect in the connectivity of the gas phase. This hysteresis during a drying-rewetting
cycle, as well as its reduction with increasing mucilage content, is in good agreement
with results from gas diffusion measurements (Figure 3.3), 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 which 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 χ and
Γ measurements showed no such differences. This might be a consequence of the
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limitation in spatial and temporal image resolution, due to which it was not possible
to detect mucilage directly. As a consequence, mucilage structures (Figure 3.8), which
may have disconnected the gas phase, could not be explicitly considered 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 phase.

3.5. Conclusion
This study showed 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. While 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 mucilage. With increasing mucilage content this effect diminished.
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 physical conditions in the soil around the root and that they
balance oxygen and water content by secreting mucilage.
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4. Extracellular Polymeric Substances
(EPS) decrease soil gas diffusion
coefficient

This chapter includes contributions from Thomas Konjetzko and Nick Wierckx from
IBG-1, Forschungszentrum Jülich∗

4.1. Introduction
Microorganisms in soil usually live in colonies. In order to better withstand environmen-
tal stress factors, these colonies can form a so-called biofilm (Flemming and Wingender
2010). The formation of this biofilm is controlled by extracellular polymeric substances
(EPS) produced by the microbes, which form a hydrogel-like, three-dimensional matrix
that determines the structure of the biofilm (Petrova et al. 2021; Flemming and
Wingender 2001; Roberson and Firestone 1992). Although there are many studies
investigating the effect of this EPS matrix on soil hydraulic properties, e.g. increased
water retention (Chenu 1993; Zheng et al. 2018; Adessi et al. 2018), reduced saturated
hydraulic conductivity (Volk et al. 2016; Zheng et al. 2018), and reduced evaporation
(Benard et al. 2023; Zheng et al. 2018), it is still unclear how this three-dimensional
architecture of the biofilm affects the connectivity and tortuosity of the air-filled soil
pore system and consequently gas diffusion.
EPS are natural biopolymers produced by microbes and consist mainly of polysac-
charides, but might contain other biopolymers such as proteins, lipids, and DNA
(Redmile-Gordon et al. 2014; Costa, Raaijmakers, and Kuramae 2018; Or, Phutane,
and Dechesne 2007). Extracellular bacterial polysaccharides are important for biofilm

∗T.K. produced and harvested the EPS, wrote the first draft of section 4.2.1, reviewed and edited
section 4.1; N.W. reviewed and edited section 4.1 and 4.2.1
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formation (Schmid, Sieber, and Rehm 2015). The produced EPS network expands the
microenvironment of the microbes, leading to increased resilience against environmental
stress factors and improved nitrogen fixation (Schimel 2018). The oxygen-dependent
production of these hydrogel-like substances demands a significant energy input from
the microbes. Nevertheless, the advantages it offers, including protection, hydration,
anchoring, and more, outweigh the energy expenditure (Flemming and Wingender
2010; Costa, Raaijmakers, and Kuramae 2018; Or et al. 2007). Due to its large water
holding capacity (up to 20 times its own weight), EPS maintain liquid connectivity,
thereby protecting the microbes against desiccation and improving their survivability
(Chenu 1993; Redmile-Gordon et al. 2014; Roberson and Firestone 1992). Furthermore,
the interconnected polymer chains of the network attach to the surface of the soil
particles, binding them together, anchoring the microbial colonies in the pore space,
stabilizing the soil, and forming microaggregates (Chenu 1993; Or et al. 2007). As a
result, the alteration of the microbial microenvironment by the production of EPS
not only affects the microbes themselves but also has a major effect on the physical
properties of the soil.
Microbial growth in the rhizosphere results in symbiosis between microbes and plants.
On the one hand, plant roots provide organic carbon by releasing mucilage; on the
other hand, microbial EPS promote soil aggregation, increase root adhering soil,
protect the rhizosphere against drying and fluctuations in water potential, stimulate
root exudation, increase nutrient uptake, and are capable of nitrogen fixation and
phosphate solubilization (Costa, Raaijmakers, and Kuramae 2018; Alami et al. 2000;
Bezzate et al. 2000; Roberson, Chenu, and Firestone 1993; Jeong et al. 2019; Mahdi
et al. 2020). In their study on plant mucilage and microbial EPS, Nazari et al. (2022)
reported similarities in their chemical composition and physical properties. Specifically,
the viscosity and surface tension of mucilage and EPS showed almost no difference.
Therefore, they suggested that mucilage can also function as a biofilm matrix. Further-
more, studies showed similar effects of EPS on soil hydraulic properties as mucilage
(Benard et al. 2019). The polymer network produced by mucilage spans throughout
the pore space, forming interconnected structures, which alter pore connectivity and
porosity by clogging them. Haupenthal et al. (2021) observed a reduction in gas
diffusivity in soil mixed with mucilage even at low water contents and related it to the
formation of interconnected mucilage structures within the pore space. It is therefore
straightforward to postulate an identical effect of EPS structures on gas diffusivity.
However, measurements of the effect of EPS on gas diffusion in soil are still lacking.
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In this study, the effect of EPS produced by Paenibacillus polymyxa DSM 365 and
Bacillus licheniformis DSM 13 on soil gas diffusivity was examined for soils with
specific particle size ranges and at different water contents during a drying-rewetting
cycle. We postulated that the polymeric network formed by EPS obstructs gas flow by
clogging pores, leading to changes in connectivity and tortuosity, thereby reducing gas
diffusivity. Furthermore, we expected that this effect would depend on soil particle
size distribution, with higher EPS concentrations needed in coarse soils to clog the
pores than in fine-textured soils, while in fine-textured soils the EPS network would
not be able to span throughout the whole pore space and therefore would only have
minor effects on gas diffusion. To test our hypothesis, EPS was mixed with artificial
soils of different particle sizes, which were then progressively dried and rewetted with
the gas diffusion coefficient quantified at each stage.

4.2. Material and Methods

4.2.1. Production and harvesting of EPS

P. polymyxa and B. lichenirofmis are both Gram-positive, non-pathogenic, and plant
growth-promoting soil bacteria (Mahdi et al. 2020; Jeong et al. 2019). They were
selected for their natural occurrence in soil, high potential for biofilm formation, and
production of EPS.
A cryogenic culture of P. polymyxa DSM 365 was streaked onto petri dishes filled
with solidified lysogeny broth (LB) medium containing 1.5 % (w/v) agar and incu-
bated overnight at 30 ○C. The next day, one single colony was picked and culti-
vated in 15 mL test tubes with a cultivation volume of 3 mL liquid LB medium at
30 ○C shaking at 200 rpm overnight as a pre-culture. Four 500 mL shake flasks were
filled each with 50 mL EPS medium (33 g L−1 glucose monohydrate, 5 g L−1 peptone
from casein, 0.05 g L−1 CaCL2 ⋅2 H2O, 1.67 g L−1 KH2PO4, 1.33 g L−1 MgSO4 ⋅7 H2O,
2.5 g L−1 FeSO4 ⋅7 H2O, 2.1 g L−1 C4H4Na2O6 ⋅2 H2O, 1.8 g L−1 MnCl2 ⋅2 H2O,
0.075 g L−1 CoCl2 ⋅H2O, 0.031 g L−1 CuSO4 ⋅5 H2O, 0.258 g L−1 H3BO3, 0.023 g L−1

Na2MoO4 ⋅2 H2O, 0.021 g L−1 ZnCl2, and 10 mL L−1 100x concentrated RPMI 1640
vitamins solution from Sigma Aldrich) and inoculated to an OD600 of 0.1 from the
pre-culture. The main cultures were cultivated for 48 h at 30 ○C, shaking at 200 rpm.
After 48 h, the cultures were diluted 1:8 with ddH2O due to high viscosity. The
diluted culture broth was centrifuged for 30 min at maximum speed (25000 rpm)
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in an ultracentrifuge. For EPS extraction, the resulting supernatant was mixed 1:2
with 2-propanol (≥98 %), leading to EPS precipitate formation, which could be easily
collected. The EPS were dried under the fume hood for 48 h and for further 24 h in a
60 ○C incubator.
The procedure was the same for EPS obtained from B. licheniformis DSM 13, with
the difference that the cultivation temperature was 37 ○C instead of 30 ○C for this
strain, and the main cultures were cultivated in Okonkwo medium modified by Tsig-
oriyna et al. (2021) (100 g L−1 sucrose, 0.5 g L−1 (NH4)2SO4, 13.38 g L−1 yeast extract,
6.41 g L−1 peptone from casein, 2.1 g L−1 K2HPO4, 1.75 g L−1 KH2PO4, 0.316 g L−1

MgSO4 ⋅7 H2O, 1.25 g L−1 ammonium acetate, 1.75 mg L−1 CaCl2 ⋅2 H2O, 2.5 mg L−1

FeSO4 ⋅7 H2O, 2.1 mg L−1 sodium tartrate ⋅2 H2O, 1.8 mg L−1 MnCl2 ⋅2 H2O, 75 µg L−1

CoCl2 ⋅6 H2O, 31 µg L−1 CuSO4 ⋅5 H2O, 258 µg L−1 H3BO3, 23 µg L−1 Na2MoO4 ⋅2 H2O,
21 µg L−1 ZnCl2, and 10 mL L−1 100x concentrated RPMI 1640 vitamins solution from
Sigma Aldrich). Finally, both EPS were freeze-dried and ball-milled.

4.2.2. Gas diffusion measurements

A soil-EPS mixture was used to test the effect of EPS on soil gas diffusion coefficient.
Therefore, Dp/D0 was determined for soils with various particle sizes and 1 mg g−1 EPS
content produced by P. polymyxa DSM 365 and B. licheniformis DSM 13 during a
drying-rewetting cycle. The setup and the procedure of the experiment are described in
Chapter 1.2.6. The soil, the sample preparation, as well as the experimental procedure
and setup (Figure 1.4) are the same as in Chapter 3, allowing to compare the effect of
EPS and mucilage on soil gas diffusion.

4.3. Results
The effect of dry EPS on air-filled porosity was assumed to be negligible. The dry
weight of the EPS per sample was (1.0 ± 0.1)mg g−1 dry EPS/dry soil. Assuming that
EPS has a density of roughly 1 g cm−3, the volume fraction would be approximately
0.16 % and thus, less than 0.2 % of the volume of the bulk soil would be occupied by
EPS.

The relative diffusion coefficient Dp/D0 as a function of water content for various
particle sizes and 1 mg g−1 of EPS produced by P. polymyxa DSM 365 and B. licheni-
formis DSM 13 during a drying-rewetting cycle is shown in Figure 4.1. Figure A.3
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Figure 4.1.: Relative diffusion coefficient Dp/D0 depending on water content for 1 mg g−1 P. polymyxa DSM 365 (middle)
and B. licheniformis DSM 13 (right) EPS content during drying (top row) and rewetting (bottom row). Results indicate a
hysteresis for control treatments which diminished with the addition of EPS.61
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Table 4.1.: Relative diffusion coefficient (Dp/D0) for dry samples without EPS and
the reduction of Dp/D0 caused by EPS and water.

Particle size [µm]

Parameter 800 − 1000 500 − 800 200 − 500 63 − 200 < 40 < 20

Dp/D0 for control soil 0.162 0.163 0.166 0.167 0.167 0.151

Reduction factor caused by
P. polymyxa (1 mg g−1)

1.16 1.31 1.21 1.27 1.25 1.05

Reduction factor caused by
B. licheniformis (1 mg g−1)

0.9 1 1.01 0.99 1.18 1.09

Reduction factor caused by water
(0.2 cm3 cm−3 drying)

4.59 4.93 5.53 4.69 7.26 5.59

Reduction factor caused by water
(0.2 cm3 cm−3 rewetting)

4.28 4.85 4.88 3.71 4.64 4.19

Note: The reduction caused by EPS was higher for EPS produced by P. polymyxa. For EPS
produced by B. licheniformis only silt (< 40 µm) and clay (< 20 µm) showed a reduction in Dp/D0.
The reduction caused by water was higher during drying compared to rewetting.

shows a comparison between drying and rewetting for each EPS type and control
samples as well as each particle size distribution of the artificial soil mixtures. In
general, Dp/D0 decreased with increasing water content. The addition of 1 mg EPS
per g soil resulted in a decrease in Dp/D0 for samples mixed with EPS of P. polymyxa
DSM 365. For samples mixed with EPS produced by B. licheniformis, only silt and
clay samples showed a reduction in Dp/D0 (Table 4.1). Differences in the reduction
of Dp/D0 between drying and rewetting could be observed for untreated samples,
resulting in a hysteresis. The extent of the hysteresis varied with the particle size.
This effect diminished with the addition of EPS. However, for medium sand samples
(200 µm–500 µm) mixed with EPS of P. polymyxa, the effect could still be observed.
At the highest water content (0.2 cm3 cm−3), Dp/D0 changed only slightly with the
addition of EPS.

4.4. Discussion
Gas diffusion measurements for a soil-EPS mixture with various particle sizes under
a drying-rewetting cycle also support the conceptual model developed in Chapter 3
(Figure 3.1). Intrinsic properties of EPS and mucilage (Table 1.1) and their effect on
soil gas diffusion are astoundingly similar. This allows us to draw the same conclusions
as in Chapter 3. Microbially produced EPS shows a hydrogel-like behavior that is
similar to mucilage exuded by plant roots (Nazari et al. 2022). Like mucilage, EPS
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form liquid structures between soil particles during drying (Zheng et al. 2018), reducing
gas diffusivity by increasing diffusion pathways without affecting air-filled porosity.
In dry soils, the addition of EPS caused only a minor reduction of Dp/D0 (Figure 4.1).
The reduction of Dp/D0 caused by EPS was not accompanied by a change in air-filled
porosity. Compared to untreated samples, EPS derived from P. polymyxa showed the
highest reduction in sandy soils, where it reduced Dp/D0 by a factor of 1.31, while
B. licheniformis EPS reduced Dp/D0 only in silt (factor 1.18) and clay (factor 1.09)
soil samples (Table 4.1). The small sample height (0.6 cm) suggests that fluctuations
of porosity and tortuosity were negligible, while no differences in gas diffusion could
be observed for the various particle sizes. In general, the addition of water caused
a reduction in gas diffusivity. The biggest reduction was observed for silty soil at
0.2 cm3 cm−3, where Dp/D0 was reduced by a factor of 7.26 (Table 4.1). Furthermore,
the results confirm the findings of Hamamoto et al. (2022) and of Chapter 3, where
also a hysteresis in Dp/D0 during a drying-rewetting for untreated samples could be
observed. Likewise, the extent of the hysteresis depends on particle size and was
more distinct in fine-textured soil mixtures. With the addition of EPS, the hysteresis
effect diminished. The ink-bottle effect and differences in soil-liquid contact angle can
explain the hysteresis effect and the dependence on particle size (Haines 1930; Likos,
Lu, and Godt 2014). As for mucilage (Chapter 3), the reduction of the hysteresis
effect is caused by the liquid EPS network, which is able to attract water into pores
that would not be reached by water during rewetting. In addition, the ability of EPS
to swell and push soil particles, as well as EPS bridges between particles that are
able to draw particles together during drying, are likely to create preferential diffusion
pathways, which reduce the hysteresis effect. An aggregation of sand particles mixed
with EPS, indicating that the particles were drawn together, was observed by Zheng
et al. (2023).
Benard et al. (2019) developed a conceptual model to describe the persistence of
mucilage and EPS structures. They showed that the viscosity of the liquid and the pore
diameter play a dominant role in the durability of the structures against drying. Higher
viscosity and smaller pore diameter result in more persistent structures. The diffusion
measurement results suggest that chia seed mucilage (Chapter 3) and EPS produced
by P. polymyxa seem to have a similar viscosity, resulting in comparable structures,
while EPS produced by B. licheniformis seems to be less viscous. Consequently, the
structures formed by B. licheniformis are less persistent, and the reduction of Dp/D0

is lower. Nevertheless, the EPS in this study were first produced and harvested, and
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afterwards mixed with soil. It remains still unclear how microbial EPS would affect
soil gas diffusion if the EPS had been released after incubation of the bacteria in the soil.

4.5. Conclusion
The present study demonstrated the effects of microbially produced EPS on soil gas
diffusion processes at the pore scale. Results showed that the addition of EPS reduced
soil gas diffusivity, with the effect depending on particle size distribution and the type
of EPS. A hysteresis in the gas diffusion coefficient during a drying-rewetting cycle
was observed, with the most distinct effect occurring in fine-textured soil mixtures,
which was attenuated by the addition of EPS. The findings of this study indicate
that microbial activity can impede the movement of gases within soil. Produced EPS
accumulate in the pore space, forming structures during drying that are able to clog
pores and extend gas diffusion pathways. This process results in a reduction of the gas
phase connectivity and consequently in a reduction of soil gas diffusivity. The results
of this study emphasize the similarities between mucilage and EPS identified to date
and support the hypothesis that microbial communities try to maintain stable physical
conditions in the soil in their vicinity by balancing oxygen and water content through
EPS production and biofilm formation. Furthermore, gas diffusion measurements
prove to be a helpful indicator for geometrical alterations of the pore space induced
by hydrogels. This way, we pave the way for further rhizosphere research, since water
and gas transport may not only be controlled by plant roots but more by an interplay
between plants and microbial communities.
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5.1. Summary
Gas flow from the soil towards the root and vice versa needs to pass the rhizosphere,
a thin layer around the root whose physical properties are actively modified by root
growth and rhizodeposition. Besides root exudates, microbes colonising the rhizosphere
are capable of modifying soil physical properties by releasing EPS. Both form a net-like
structure throughout the pore space during drying, that acts as a barrier for the gas
flow.
To describe the effect of mucilage on soil gas exchange, we performed gas diffusion
experiments on samples of dry sandy soil mixed with mucilage and took images
of glass beads mixed with mucilage to visualize the formation of mucilage bridges
after drying, using Environmental Scanning Electron Microscopy. Finally, we set
up simulations to characterize the geometric distribution of mucilage within soil
during the drying process. Measurements of gas diffusion showed that mucilage
decreased the gas diffusion coefficient in dry soil without significantly altering bulk
density and porosity. Electron microscopy indicated that mucilage forms filaments and
interconnected structures throughout the pore space during drying, thereby reducing
the gas phase connectivity. The evolution of these geometric structures was explained
via pore scale modelling based on identifying the elastic strength of rhizodeposition
during soil drying.
Next, we quantified the effect of a root mucilage analogue collected from chia seeds on
oxygen diffusion in various artificial soil textures with no intrinsic respiratory activity
at different water contents during drying-rewetting cycles in a diffusion chamber
experiment. Quantification of oxygen diffusion showed that mucilage decreased the
gas diffusion coefficient in dry soil without affecting air-filled porosity. Without
mucilage, a hysteresis of the gas diffusion coefficient during a drying-rewetting cycle
was observed. The effect depended on particle size and diminished with increasing
mucilage content. X-ray computed tomography (CT) imaging indicated a hysteresis in
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the connectivity of the gas phase during a drying-rewetting cycle for samples without
mucilage. This effect was attenuated with increasing mucilage content. Furthermore,
electron microscopy showed that mucilage structures formed in drying soil increase
with mucilage content, thereby progressively reducing the connectivity of the gas
phase. We found that the effect of mucilage on soil gas diffusion highly depends on
soil texture and mucilage content. The decreasing hysteresis with the addition of
mucilage suggests that plants balance oxygen availability and water content even
under fluctuating moisture conditions by secreting mucilage.
Finally, we performed gas diffusion experiments to quantify the effect of EPS produced
by Paenibacillus polymyxa DSM 365 and Bacillus lechiniformis DSM 13 on oxygen
diffusion for various soil textures at different water contents during a drying-rewetting
cycle. We found that in dry soil EPS from Paenibacillus polymyxa DSM 365 decreased
soil gas diffusivity without affecting air-filled porosity, while EPS from Bacillus
lechiniformis DSM 13 reduced gas diffusivity only in silt and clay. A hysteresis of
the gas diffusion coefficient could be observed for control samples without EPS and
depended on soil texture. The decreasing hysteresis effect with the addition of EPS
suggests that, as for plants, microbial communities modify the physical properties of
the soil to their advantage.

5.2. Synthesis
The objective of this thesis was to quantify the effect of mucilage and EPS on soil gas
diffusion. Recently observed net-like structures, that mucilage and EPS form in the
pore space of soil during drying seem to favor gas diffusion compared to a uniform
layer (Carminati et al. 2017; Ben-Noah and Friedman 2018). Despite the beneficial
effects of mucilage and EPS on soil hydraulics, e.g. soil moisture content, root water
and nutrient uptake (Table 1.1), they represent an additional barrier for gas movement
in soil. However, knowledge to what extent mucilage and EPS structures affect soil
gas diffusivity is still lacking.
In Chapter 2, we developed a conceptual model to describe the effect of mucilage on
soil gas diffusion under dry conditions and tested it in a gas diffusion experiment with
sandy soil. While the most common soil gas diffusion models use air-filled porosity
as a parameter to associate barriers for gas movement, e.g. water or organic matter,
with reduced gas diffusivity, we have shown that mucilage structures reduce gas
diffusivity without affecting air-filled porosity under dry conditions. The reduction in
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gas diffusivity can be associated with the different structures mucilage forms depending
on its content in the soil. Carminati et al. (2017) observed thin mucilage filaments at
low contents and larger structures with increasing content using light transmission
microscopy. We could confirm this observations in the pore space of glass beads using
environmental scanning electron microscopy. The results confirmed our hypothesis
that at low mucilage contents, thin mucilage filaments predominate and have only
little effect on gas diffusion in the soil, as the gas can easily diffuse past them. With
increasing mucilage content the number of cylindrical structures and interconnected
surfaces increases, which are able to clog pores and disconnect the gas phase, resulting
in distinct reduction of soil gas diffusivity. In addition, our simulations were able to
reproduce the observed cylindrical structures with the addition of mucilage and the
broken structures without mucilage (pure water) between two soil particles during
drying. In this way, we were able to describe the development of these structures and
explain that the cylindrical mucilage structures are hollow inside. All in all, the results
of this study show that the different structures have different effects on gas diffusion
in soil, at least under dry conditions. Thin filaments allow for relatively unimpeded
diffusion of gas, whereas cylindrical structures and interconnected surfaces disrupt
the continuity of the gas phase, thereby reducing gas diffusivity. This indicates that
mucilage cannot be treated as a uniform layer for modelling gas exchange processes in
the rhizosphere and that the mucilage-induced reduction in gas diffusivity is not a
factor of air-filled porosity. Due to the formation of thin structures capable of clogging
pores and increasing the tortuosity of diffusion pathways, models predicting the impact
on gas diffusion in soil require a flexible tortuosity factor to allow for a reasonable
estimation of the gas diffusion coefficient.
Based on the results of Chapter 2, we expanded our conceptual model for soil gas
diffusion under dry conditions to include various soil textures and water contents
during a drying-rewetting cycle (Chapter 3). The results have shown that the effect of
mucilage on gas diffusion under dry conditions is strongly dependent on soil texture.
While the addition of mucilage in coarse, medium and fine sandy soils led to reduced
gas diffusivity, it had no effect in silt and clay soils. A similar effect was observed
by Kroener et al. (2018) where the saturated hydraulic conductivity in silt and
clay was not affected by mucilage, while it was reduced for coarse, medium and
fine sand. It is most likely, that the ratio of average pore diameter and number
of potential pore throats is an important factor. In silt and clay, with many small
pores, mucilage is unable to settle in every pore, leaving enough pores open for gas
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to diffuse through. However, in coarse soils the number of pores is lower, they are
broader than in fine-textured soils and mucilage clogs most of them, resulting in a
reduction in gas diffusion. Furthermore, Benard et al. (2017) observed that in soils
with a high surface roughness, e.g. silt and clay, mucilage structures are smaller
compared to structures in soils with low surface roughness at the same mucilage
content. A combination of both explains the observed texture-dependent effect of
mucilage under dry conditions. Measurements at different water contents during a
drying-rewetting cycle revealed a hysteresis effect in gas diffusivity for samples without
mucilage. We measured a lower gas diffusion coefficient during drying compared to
rewetting at the same water content. This confirms the findings of Hamamoto et al.
(2022) who observed a hysteresis in gas diffusion for a sandy soil. The effect is closely
related to observed hysteresis in water retention (Haines 1930). Non-uniformity of the
pores, entrapped air and different contact angles at liquid-solid interface for drying
and rewetting are the factors responsible for the effect. As a result, during drying,
narrow parts of interconnected pores are able to hold water and increase the length of
diffusion pathways. During rewetting, water might not reach the narrow parts of the
pore, leaving space for gas to diffuse. However, the effect diminished with increasing
mucilage content. Moreover, to our surprise we observed an increase in diffusion
coefficient at low mucilage contents during drying. This suggests that mucilage not
only settles in the pore space but also swells and pushes particles during rewetting and
draws particles together during drying, thereby affecting soil structure and creating
larger pores for preferential gas diffusion. In addition, connectivity measurements of
the liquid and the gas phase using X-ray CT also showed a hysteresis effect. However,
we were not able to find differences in the connectivity of the two phases between
measurements after immediate rewetting and after 4 hours. This indicated a quick
equilibrium of the topology of the air-water-mucilage phase. Nevertheless, limitations
in voxel resolution and cutting of the images to have comparable samples might have
had a large effect on the results, i.e. thin mucilage structures were probably not
detectable and most of the water was likely at the bottom of the samples. Finally,
we could visualize various mucilage structures depending on mucilage content in the
pore space of a coarse sand. Compared to almost perfectly spherical glass beads,
mucilage bridges span across the edges of the surface of the soil particles, forming
rather membrane-like structures than thin filaments. Furthermore, mucilage structures
could be found more frequently in the narrow parts of two or more particles.
The effect of EPS on soil gas diffusion was similar to that of mucilage (Chapter 4).
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Their comparable intrinsic properties and similar impacts on soil hydraulics were
also reflected in gas diffusion measurements. The results showed a reduction in gas
diffusivity in samples containing EPS, with the extent of this effect depending on soil
texture. As observed in Chapter 3, a hysteresis in the gas diffusion coefficient was
evident in fine-textured soils without EPS, while the addition of EPS reduced this
effect. The non-uniformity of pores, entrapped air, and differing contact angles at the
liquid-solid interface during drying and rewetting are the key factors responsible for
hysteresis. EPS, like mucilage, reduces these effects through the same mechanism as
mentioned above. These findings indicate that microbially produced EPS can reduce
gas diffusivity, further highlighting the inadequacy of treating EPS or mucilage as
uniform layers in models predicting gas diffusion. Nevertheless, additional experimental
data across a range of EPS contents are needed to refine our understanding of this
effect. The results of this study suggest that both mucilage and EPS influence soil gas
diffusion processes. This implies that water and gas transport in soil may be governed
not solely by plant roots but also by the interactions between plants and microbial
communities.

5.3. Conclusions and outlook
Accurate prediction of soil gas diffusion is critical for optimizing resource utilization,
irrigation strategies, and crop performance. Current models often assume mucilage
exists as uniform layers surrounding the root (Ben-Noah and Friedman 2018). However,
the findings of this thesis demonstrate that upon drying, mucilage forms reticular
structures within the pore space, enhancing gas diffusivity compared to a uniform layer.
Furthermore, the results indicate that dried mucilage structures reduce gas diffusivity
without affecting the soil’s air-filled porosity. This highlights the necessity of adapting
models to predict gas diffusivity, as current models rely on air-filled porosity as the
primary variable controlling changes in soil gas diffusion (Table 1.2). Experiments
with EPS reveal that it behaves similarly to mucilage. Incorporating an additional
tortuosity factor is essential to improve predictions in soils containing mucilage or EPS.
Although mucilage and EPS are generally assumed to settle in the pore space and alter
the soil’s physical properties, the findings of this thesis suggest that they also modify
the soil structure, thereby influencing gas movement. Further research is required to
quantify these structural changes and their impact on soil physical properties.
The experiments conducted in this thesis were carried out under simplified conditions;
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chia seed mucilage, EPS produced outside of the soil and artificial soils. Therefore,
further research is needed to fully understand the impact of mucilage and EPS on soil
physical properties, improving our understanding of the complex interactions between
crops and soils, which have great implications for root uptake of water and nutrients,
gas transport, biogeochemical turnover processes in the soil, and ultimately for crop
performance as well as nutrient and water use efficiency. The following additional
experiments and improvements are suggested:

• Undisturbed soil samples. Measurements of mucilage and EPS in undisturbed
environments.

• Although they have similar physical properties, a shift from a seed mucilage
(chia seeds) to a root mucilage (e.g. from maize roots) could help to improve
our understanding of the effect of mucilage.

• Measurements with EPS released after incubation of the bacteria in the soil
could improve our understanding of the geometrical alterations of the pore space
induced by EPS.

• In-situ measurements: At this point, we still lack measurement techniques to
perform in-situ rhizosphere experiments. However, diffusion measurements using
18O as a tracer and the development of micro-electrodes capable of functioning
in unsaturated soil environments are promising approaches.

• Modeling the evolution of mucilage structures: A shift from perfect spherical
soil particles to particles with a higher surface roughness could help to improve
our understanding of the various shapes of mucilage structures and represent
them more accurately.

• Gas diffusion models: Since the dried mucilage and EPS structures do not affect
air-filled porosity, an additional tortuosity factor might be needed to accurately
predict the effect of mucilage or EPS on soil gas diffusion.

• CT imaging with a higher resolution than used in this thesis (e.g. synchrotron-
based X-ray CT) might help to identify dried mucilage structures, resulting in
more accurate connectivity measurements.

• Effects of mucilage and EPS on soil structure: Observed increases in gas diffusivity
under certain scenarios lead to the conclusion that mucilage and EPS not only
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settles in the pore space. Their ability to swell and shrink might lead to an
alteration of the soil structure that seems to benefit gas diffusion. High resolution
CT imaging could help to quantify these alterations in soil structure.
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A.1. Supplemental material for chapter 1
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Table A.1.: The first six roots, αL, of (αL) tan(αL) = hL. The roots of this equation
are all real if hL > 0 (Adapted from (Rolston and Moldrup 2018)).

hL α1L α2L α3L α4L α5L α6L

0 0 3.1416 6.2832 9.4248 12.5664 15.7080

0.001 0.0316 3.1419 6.2833 9.4249 12.5665 15.7080

0.002 0.0447 3.1422 6.2835 9.4250 12.5665 15.7081

0.004 0.0632 3.1429 6.2838 9.4252 12.5667 15.7082

0.006 0.0774 3.1435 6.2841 9.4254 12.5668 15.7083

0.008 0.0893 3.1441 6.2845 9.4256 12.5670 15.7085

0.01 0.0998 3.1448 6.2848 9.4258 12.5672 15.7086

0.02 0.1410 3.1479 6.2864 9.4269 12.5680 15.7092

0.04 0.1987 3.1543 6.2895 9.4290 12.5696 15.7105

0.06 0.2425 3.1606 6.2927 9.4311 12.5711 15.7118

0.08 0.2791 3.1668 6.2959 9.4333 12.5727 15.7131

0.1 0.3111 3.1731 6.2991 9.4354 12.5743 15.7143

0.2 0.4328 3.2039 6.3148 9.4459 12.5833 15.7207

0.3 0.5218 3.2341 6.3305 9.4565 12.5902 15.7270

0.4 0.5932 3.2636 6.3461 9.4670 12.5981 15.7344

0.5 0.6533 3.2923 6.3616 9.4775 12.6060 15.7397

0.6 0.7051 3.3204 6.3770 9.4879 12.6139 15.7360

0.7 0.7506 3.3477 6.3923 9.4983 12.6218 15.7524

0.8 0.7910 3.3744 6.4074 9.5087 12.6296 15.7587

0.9 0.8274 3.4003 6.4224 9.5190 12.6375 15.7650

1.0 0.8603 3.4256 6.4373 9.5293 12.6451 15.7713

1.5 0.9882 3.5422 6.5097 9.5801 12.6841 15.7945

2.0 1.0769 3.6436 6.5783 9.6296 12.7223 15.8164

3.0 1.1925 3.8088 6.7040 9.7240 12.7966 15.8945

4.0 1.2646 3.9352 6.8140 9.8119 12.8592 15.9536

5.0 1.3138 4.0336 6.9096 9.8928 12.9135 15.9998

6.0 1.3496 4.1116 6.9924 9.9667 12.9988 16.0654

7.0 1.3766 4.1746 7.0640 10.0339 13.0584 16.1175

8.0 1.3978 4.2264 7.1263 10.0949 13.1141 16.1675

9.0 1.4149 4.2694 7.1806 10.1496 13.1664 16.2153

10.0 1.4289 4.3058 7.2281 10.2003 13.2142 16.2594

15.0 1.4729 4.4255 7.3398 10.3898 13.4078 16.4478

20.0 1.4961 4.4915 7.4954 10.5117 13.5420 16.5864

30.0 1.5202 4.5615 7.6057 10.6540 13.7058 16.7584

40.0 1.5325 4.5979 7.6647 10.7334 13.8048 16.8794

50.0 1.5400 4.6202 7.7012 10.7833 13.8666 16.9519

60.0 1.5451 4.6335 7.7259 10.8172 13.9094 17.0028

80.0 1.5541 4.6543 7.7573 10.8609 13.9644 17.0686

100.0 1.5552 4.6658 7.7764 10.8871 13.9981 17.1068

∞ 1.5708 4.7124 7.8540 10.9956 14.1372 17.2788
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Figure A.1.: Gas diffusion coefficient Dp/D0 depending on water content for each
mucilage content and particle size.
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Figure A.2.: Gas phase percolation clusters depending on mucilage content and water content during a drying-rewetting cycle.
Images indicate a reduction in the connectivity with increasing mucilage content and water content.
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Figure A.3.: Gas diffusion coefficient Dp/D0 depending on water content for each EPS
type and particle size.
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