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and soil aggregation in
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Investigating plant/root-soil interactions at different scales is crucial to advance
the understanding of soil structure formation in the rhizosphere. To better
comprehend the underlying interwoven processes an explicit, fully dynamic
spatial and image-based modeling at the pore scale is a promising tool
especially taking into account experimental limitations. We develop a modeling
tool to investigate how soil aggregation, root growth and root exudates mutually
interact with each other at the micro-scale. This allows the simultaneous
simulation of the dynamic rearrangement of soil particles, the input and
turnover of particulate organic matter, root growth and decay as well as the
deposition, redistribution and decomposition of mucilage in the rhizosphere.
The interactions are realized within a cellular automaton framework. The most
stable configuration is determined by the amount and attractiveness of surface
contacts between the particles, where organo-mineral associations preferably
lead to the formation of soil aggregates. Their break-up can be induced by root
growth or the degradation of gluing agents previously created after the
decomposition of particulate organic matter and mucilage. We illustrate the
capability of our model by simulating a full life cycle of a fine root in a two-
dimensional, horizontal cross section through the soil. We evaluate various
scenarios to identify the role of different drivers such as soil texture and
mucilage. We quantify the displacement intensity of individual particles and the
variations in local porosity due to the change in available pore space as
influenced by the root growth and observe compaction, gap formation and a
biopore evolution. The simulation results support that the deposition of mucilage
is an important driver for structure formation in the rhizosphere. Although
mucilage is degraded within a few days after exudation, it leads to a persistent
stabilization of the aggregated structures for both textures in the vicinity of the
root within a time frame of 1000 days. Local porosity changes are quantified for
exudation periods of 1, 10 and 100 days and are already pronounced for short-
term exudation of mucilage. This stabilization is significantly different from the
structures encountered when only POM could trigger the evolution of gluing
spots, and is still present after complete degradation of the root.

KEYWORDS

aggregation, micro-scale, image-based model, soil organic matter turnover, root
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1 Introduction

Root-soil interactions are crucial for many ecosystem functions,
e.g. water and carbon fluxes, the microbial habitat, plant
productivity, or soil structure formation. The advancement of
experimental technologies delivers new information and insight
down to the nm scale of the rhizosphere (1, 2). Despite this progress,
experimental methods are still limited, e.g., when it comes to
dynamic imaging. A first attempt to overcome this drawback is
presented in (3), where the micro-scale interaction between a
growing plant root and soil was imaged for different time lapses.
Moreover, high resolution scans are restricted to small sample sizes,
and still not all components (e.g. soil water and root exudates as
mucilage), can be distinguished from each other (e.g. in X-ray
computed tomography (CT) images), because their density is
similar (4). Consequently, the experimental methods need to be
accompanied by novel, mechanistic models to understand the fully
dynamic evolution of the soil structure and rhizosphere processes,
which are intimately intervowen (2, 5, 6). Schnepf et al. (6)
presented several case studies at the field, single root and pore
scale to demonstrate how the current advances in modelling and
experimental methods can help to unravel the importance and
interconnectedness of rhizosphere processes, among them soil
carbon storage and transformation by microorganisms, nutrient
or water uptake.

To improve the understanding of soil structure dynamics, it is
essential to investigate the drivers and related processes at the
micrometer scale in a temporally and spatially explicit way (7-9). Six
et al. (10) identified that soil fauna, microorganisms, roots, inorganics,
and physical processes influence the dynamics, stability, and structure
of soil microaggregates, which are considered the main building blocks
of almost all soils (11). Totsche et al. (11) stated that the microbial
turnover of organic matter (OM), the subsequent formation of gluing
agents and the build-up of organo-mineral associations are the major
aspect in soil structure formation.

The variability in soil structure as a consequence of the self-
organization of soil aggregates was first modeled by (12) and
pursued further, e.g. in (13). The authors simulated aggregate
formation as a function of binding agents (chemical bonding, and
binding by microbial products and fungi) with the help of Monte-
Carlo techniques. Ray et al. (14) and Rupp et al. (15) developed a
comprehensive toolbox to model and simulate aggregate formation
in a spatially and temporally explicit way. They use a cellular
automaton method (CAM) which is a powerful approach to
model phenomena (such as redistribution or spreading of
entities) that are very difficult to include in e.g., a differential
equation setting. Its richness and interest comes from the
transition rules which, in general, have a physical or intuitive
interpretation directly at the level of entities termed cells (16).
Phenomena as phase transitions, fluid flow, population dynamics or
wild fire have been successfully modelled with the help of CAM, and
Lattice-Boltzmann methods can be seen as extension of them (16).
In the context of soil science the interaction of particles due to
electric forces or organo-mineral associations can be an object of
study. In such a CAM setting, Rupp et al. (17) investigated the
aggregation of prototypes of goethite, illite, and quartz with
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diameters of 3-41 um. It was shown that the size of the
interacting oppositely charged constituents controls the size,
shape, and amount of aggregates formed and that the aggregation
rate increases with particle concentration. The impact of size, aspect
ratio, differences in surface charge, and mixing ratio on the homo-
and hetero-aggregation of illite and goethite as well as the resulting
structure and stability was investigated in (18).

In the past, the impact of OM turnover on aggregation was
widely investigated by pool models including lumped parameters.
Such models are not capable to include the micro-scale, at which
biological decomposition processes occur. Consequently, it was
pointed out in recent reviews (8, 19, 20) that explicit spatial and
image-based modeling at the pore scale is fundamental to examine
the interaction between architecture, soil microbial activity and OM
turnover. Portell et al. (21), e.g., considered an individual-based
pore scale model. In this research, the authors used CT scans of
natural soils to study the effects of heterogeneously distributed
organic matter on three different strains of bacteria at the mm scale.
In (22, 23), biofilm growth at the pore scale was investigated in a
cellular automaton framework. Building upon the previous studies,
Zech et al. (18) investigated the role of connectivity for the local and
global CO, output due to the hydrolysis of particulate
organic matter (POM) and bacteria dynamics in unsaturated,
heterogeneous micro-aggregates. Finally, combining the previous
attempts enabled quantifying the simultaneous structure formation/
disaggregation and OM turnover. In (24), the drivers texture,
decomposition rate, and OM input were evaluated. It was
revealed that the addition of fresh organic matter to soil may
induce a short-term primed decomposition of native OM due to
the creation of new gluing joints leading to the simultaneous break-
up of old gluing joints and the subsequent decomposition of
older POM.

Specifically in the rhizosphere or the rooted subsoil mucilage
represents another important and easily accessible carbon source
(25). Although the impact of mucilage on soil aggregation was
recognized decades ago (25-29), its quantification in natural soils
remains difficult (30). The deposition of mucilage via the root surface
can be experimentally determined by separating the substances by
mechanical (31) and/or thermal processes (32). Many experiments
artificially inject water/mucilage mixtures in soils (4, 33, 34) creating a
homogeneous distribution compared to the spatial patterns that stem
from the heterogeneous exudation at root tips. Others used simplified
laboratory settings to investigate physical properties, e.g. Williams et al.
(35) studied liquid bridge formation between plates on the pore scale in
different water-mucilage mixtures. Recently Landl et al. (36) analyzed
rhizodeposition patterns with the help of simulations at the plant scale,
but not dealing with the pore scale explicitly. Amelung et al. (37)
reported an initial aggregate stabilization by extracellular polymeric
substances, but also a quick loss of organic gluing agents in a pot
experiment with multiple stable isotope tracers of organic and mineral
binding agents. Another study combining rare earth oxide tracers with
C-CO, labeling differentiated soil-derived from root-derived OC and
concluded that roots can be a key factor accelerating aggregate turnover
and OC decomposition (38). Traoré et al. (29) emphasized the
importance of the exudates which are easily available to
microorganisms, and also the microbial products originating from
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the materials released by roots to stabilize soil aggregates. Also Vidal et
al. (39) provided evidence of the transfer of carbon from plants to
exudates, microbes and stabilizing agents with the help of stable isotope
labelling and high-resolution imaging. This indicates that the strong
impact of plant roots and their exudates on aggregate build-up deserves
further investigations, also with the help of spatially explicit modeling
approaches at the micro-scale.

Finally, the role of the root itself for aggregation and vice versa is
vital. The impact of the extension and degradation of roots on the
local porosity has been investigated in several studies, e.g. (40, 41).
The interplay of compaction and increased porosity was observed in
the vicinity of roots, whose effects remained difficult to quantify
(41-45). Koebernick et al. (46) analyzed pore size frequencies on the
basis of high-resolution images of a sandy loam and observed
increased frequencies of smaller pores close to the root surface,
which have also been reported by (47) for fine root systems.
Koebernick et al. (44, 46) also observed higher porosities in the
annulus closest to the root, explained by a surface/wall effect.
Equally, Phalempin et al. (48) showed imperfect root/soil
contacts. The impact of such porosity changes on root water
uptake and the hydraulic properties in the rhizosphere was
focused on in (43, 49, 50) exploring X-ray CT analyses and
including numerical models. Finally, sophisticated modeling
approaches taking explicitly into account the deformation of soil
particles based on detailed considerations of mechanics and
elasticity were presented in (51, 52). Ruiz et al. (51) estimated the
energy needed for soil penetration by earthworms or growing roots
considering the soil as an elasto-plastic medium. A first attempt to
transfer results to a larger scale is found in (52), where poro-elastic
equations were scaled up to investigate compaction. However, in
general, the development of functional root-architecture models
concentrates mainly on the plant scale, and interactions with the
soil are limited to resource supply [cf. the reviews (20, 53)]. The
inclusion of structural properties of soils are - if any - often
restricted to impedance factors that affect root growth rates and/
or directions (53-55) because the scales these processes occur are
too small. To our knowledge none of the state-of-the-art functional
root-soil models do consider aggregation or contain explicit,
dynamic pore geometries (6, 20, 53).

In this research, we open the way to simultaneously investigate
structural dynamics and OM/mucilage turnover during a root’s life
cycle. We address the interaction of carbon input in particular by
POM and mucilage and their degradation with soil re-structuring in
the rhizosphere. Moreover, we incorporate the root growth and
shrinking explicitly into the model. Thereby the focus lies less on
developing a functional root model, but on presenting a tool to
investigate the impact of compaction on soil structure evolution at
the level of soil aggregates.

In Section 2, we introduce the underlying mathematical/
computational model and assumptions, as well as its
parametrization. In particular we present the novel root growth
and mucilage dynamics. Moreover, we define measures to
quantitatively evaluate the outcome of the various simulation
scenarios, which are specified in Section 2.3. We consider two
textures with 18% and 33% clay content, respectively, and compare
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structure formation in- or excluding root exudation during a time
span of 1000 days (Section 3). In Section 4, we discuss the results
obtained and outline directions of further research.

2 Materials and methods
2.1 Conceptual and mathematical model

We build upon the model presented in (24), who introduced a
process-based, spatially and temporally explicit micro-scale model
that describes the interaction between the dynamic re-arrangement
of soil aggregates, the turnover of particulate organic matter (POM)
and simultaneous alteration of the surface properties of particles. It
takes reactive surface sites into account, the production of gluing
agents by microbial degradation of OM, and the influence of the
spatial accessibility of OM on its degradation rates. It is realized in
the framework of a cellular automaton method (CAM) which
extends the work of (14, 17).

Within the CAM, the computational domain is discretized into
pixels to which different states are assigned such as solid, POM,
pore, root, or mucilage, see Figure 1. Likewise edges of different type
can be defined. The solid phase consists of water-stable, inseparable
primary soil particles and aggregates (see Section 2.1.1). As a first
estimate, the pore space is assumed to be locally saturated or
occupied by mucilage. Thus we do not consider swelling or
shrinkage of clay over time due to wetting or drying. With
increasing size, a decreasing fraction of the solid building units’
surfaces is marked as reactive. At these reactive surfaces, POM
particles may attach preferably undergoing microbial degradation
(56). The concept of reactive edges thus includes gluing spots
originating from microbial remnants and occurring on temporary
OM covered mineral surfaces which enhance the formation of
aggregates (57). As this surface conditioning of mineral surfaces
by organic compounds may be locally retained even after
degradation of the OM coating (58), the term memory edges for
mineral surface edges after degradation of OM has been introduced
in (24). For more details on the conceptual model we refer to the
Supplementary Material (24, 59).

In this research, we extend the previous model to incorporate
the effects of root exudates and the interaction between soil and a
growing/shrinking root. The developed model allows for the
reorganisation of solid building units depending on the available
pore space as influenced by root growth and the altering attractive
surface properties which are influenced by input of fresh organic
matter by means of POM and mucilage in the system. The workflow
is outlined in Figure 2 and the detailed mechanisms outlined therein
are further discussed in Section 2.1.1-2.1.5 below. After the creation
of an initial, aggregated state built up from water-stable building
units (see Section 2.1.1), we simulate for up to 1000 days the
interaction of soil constituents with a root, which is growing for
100 days and shrinking thereafter (Section 2.1.2). In particular the
turnover of POM, the formation and break-up of micro-aggregates,
and the exudation, distribution and degradation of mucilage
(Section 2.1.3) is taken into account.
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Cell types: [ ] pore mucilage solid [l root POM Edge type: mmmm mucilage
50pm 50um

A Initial aggregated state

FIGURE 1

B Rhizosphere scenario

Concept of the 2D discretized computational domain containing 250x250 pixels with a resolution of 2 um for investigating the interwoven processes
between different cell types such as solid (gray), POM (green), pore (white), root (brown) or mucilage (pink). (A) Initial aggregated state. (B) Rhizosphere
scenario. The reactive and memory edges originating from microbial degradation of mucilage and subsequent formation of gluing agents are colored
red. Mineral specific and POM induced reactive edges are not color coded in the image to focus on the additional influence of mucilage.

2.1.1 Set-up of initial aggregated soil with POM
For our investigations, we considered a horizontal cross section

through the soil and choose the two-dimensional computational

domain to have a size of 500 x 500 um? (250 x 250 pixels with a

resolution of 2 um). The initial dispersed state was created by
distributing solid building units < 250 pm and POM particles
randomly within the computational domain according to a given
particle size distribution, for a solid phase fraction of 35% and POM

B Rhizosphere Scenario

A Initial state

Information about
particle shape and
distribution

[
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Initial
aggregated

while t < 1000 days

0

End of simulation }‘7’10
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surface and relocation of all its
solid and POM components
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domain
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Mucilage alterations W

- Displacement of mucilage
- Exudation from root surface

Information about
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- Solid building units

- Reversed order =

FIGURE 2

- Deposition into water-filled pores

- Degradation of mucilage-derived memory edges

{- Decomposition of mucilage }

I J

A4
POM alterations
[ Decay of POM particles

- Degradation of POM-derived reactive and memory edges
- Addition of new input Y,
’ ¥

Reorganization of all aggregates, solid building units and
POM particles in the domain J

Flowchart of the computational model simulating an initial aggregated state (A) and a subsequent rhizosphere scenario (B) for a time span of 1000
days: The cellular automaton (red) realizes in every time step the relocation of particles in soil including root dynamics and mucilage. The root
growth step (yellow) is followed by mucilage alterations (purple) and POM distribution (green). The detailed mechanisms are explained in Section 2
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amounting to 2% of the solid area. A collection of particle shapes
and size distributions were obtained from dynamic image analysis
of wet-sieved soil fractions of an arable Cambiosol with a range of
clay contents (60). The proposed classification of soil particles by
their Feret diameter enables investigating soil textures of 18% and
33% clay content as described in (24). Low-clay soils contain more
sand-sized particles, while in high-clay soils the fraction of small
particles is higher. The importance of clay particles for aggregation
is modeled by assigning 100% of the surface of fine silt and clay-
sized particles (< 6.3 um) as reactive edges. For sand-sized particles
(> 63 um) 10% of the surface is set as reactive, while for coarse silt-
sized (> 20 um, < 63 um) 25% and for medium silt-sized (> 6.3 pm,
< 20 pum) a share of 50% is chosen. Further properties of the
particles such as elastic properties are disregarded since this is
beyond the current scope of the study. Finally, POM particles of size
6-10 um in diameter were added at random free pore spots to the
system. Solid building units and POM particles can then relocate
due to their mutual attraction to obtain an initial aggregated state
(see Figure 1A for the soil with high clay content). This was realized
by a Cellular Automaton method (CAM) following (17, 24), which
is briefly recaptured after the explanation of the novel model
components in Section 2.1.5. There we describe the rules for
relocating particles within the computational domain.

2.1.2 Root growth and shrinkage

Starting from this initial aggregated state, a fine primary root
starts to grow perpendicular into the 2D domain reshaping the soil
structure in the rhizosphere. Due to this setting the root’s cross-
section with the radius R is visible in our simulations, see e.g. Section
3.2. At initial time #, = 0 d, the root has radius Ry = 1 um and is
represented by a single pixel in the center of the computational
domain. In general, plants first invest in root elongation, and later in
root thickening, but the dynamics of cambial, secondary root growth
is still poorly understood and a function of complex interactions of
biotic and abiotic factors (61) which are beyond the scope of this
research. Thamm et al. (62) present a model accounting for an
exponential growth process for Arabidopsis. While the
implementation of alternative rates is straightforward, we model
root growth by a first-order rate that matches a growth period of 100
days leading to an exponential root growth:

root
-t

Ry - ¢ for t€1[0,100]d
R(t) = ot 1
Ry - €5 00070 for > 100d

with rate coefficient k™ = 0.0473 4. This results in a fully
grown fine root with a maximum radius of R,,, = 113 pm.

After 100 days the root radius again shrinks exponentially
according to a first-order kinetics. As functional root models
focus on the development of the architecture, model data on root
degradation are scarce and focus on shorter time scales or are
subject to parameter fitting, see, e.g. (63, 64). We assume the rate
coefficient to be k{* = -0.0122 4, i.e. the root shrinks for 388 days
until it has again reached its initial radius R, (see Table 1 for an
overview of the parameters).
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This root growth/shrinkage is computationally realized as
follows: We assume that the root center is static, i.e. the initial
root pixel is considered as the central reference point. During the
growth period, a certain amount of pixels neighboring the current
root surface is successively assigned as new root cells according to
the growth rate (1). Those candidates, where the root could expand,
are then hierarchically evaluated. The order is defined by the
Euclidean distance of the candidates to the reference central
point. Starting with the pixel closest to the root center, the
potential root growth is investigated. Growing into the pore space
i.e. changing the pixel from pore to root type can be done without
any conflict and the next candidate is investigated. The same applies
to the growth into the mucilage phase, which, however, implies an
additional transfer of mucilage to adjacent pore/mucilage cells, as
described in Section 2.1.3. However, if the assigned new root pixel
belongs to either solid or POM, the growth cannot be realized
directly, since first a directed relocation of the related particle is
necessary, see Section 2.1.5. Likewise, the shrinkage of the root is
realized and the latest pixel which altered from pore to root type,
will be the first one to alter from root to pore type.

Note that, during root growth and shrinkage, the amount of
solid particles is not changed. However, particles dynamically
relocate within the rhizosphere.

2.1.3 Mucilage dynamics

Due to the simultaneous exudation of mucilage from the root
surface and its distribution into the soil, the dynamical re-
structuring of the soil structure including surface alterations of
soil particles is facilitated. For a conceptual illustration of the
modeling of the mucilage phase, we refer to the Supplementary
Material (59). We treat the gel-like mucilage/water mixture as a
separate phase, which we term mucilage for the ease of presentation.

In (36) the deposition rate of mucilage was determined following
(31) per day and root tip as 33.38 —t&

root tip-day
contributes to the deposition process, is in the range of millimeters (67),

. Since the apical area, which

we assume the root tip to have a size of 1 mm in the longitudinal

direction. This results in a constant mucilage deposition rate of 333.8
ng

cm-day
section is, the more mucilage is exuded per surface area. Landl et al.

. More precisely, the younger and therefore smaller the root cross-

(36) assume a constant rhizodeposition rate as long as the root grows,
which is a time span of 100 days in our simulations. For comparison we
include scenarios with exudation for ¢ = 1 d and t = 10 d to study the
influence of mucilage deposition and degradation on
aggregate stability.

Next, we describe how the deposited mucilage is distributed into
the rhizosphere. We remark that within the distinct mucilage phase
variable mucilage concentrations may be represented. However,
modelling this distribution by solving a transport equation is not
necessary due to its fast decomposition and the high viscosity and
gel-like nature of the phase. Its potential changes are not taken into
account explicitly. Instead, the distribution is realized by obeying
mass balance as outlined below. Moreover, we do not consider
shrinking or swelling of mucilage due to drying or re-wetting of the
soil at this point. Holz et al. (66) derived a maximum mucilage
concentration of 0.005 mg dry mucilage per g dry soil in the
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TABLE 1 Parametrization of the model.

10.3389/fs0il.2023.1155889

Parameter Value Assumption or reference
root growth rate coeff. k™ 0.0473 % corresponding to 100 d growth
root shrinkage rate coeff. ki 00122 L corresponding to 388 d shrinkage
decomposition rate POM 0.0096 1 (24)
max. mucilage degradation coeff. kpax 93 1 derived from (65)
T d
mucilage deposition rate 3338 18 (31, 36)
“em d
conc. of mucilage in rhizosphere <0005 M8 musilage (66)
g soil
bulk density 13 -8 (24)
T em?
max. mucilage conc. ¢pax 65 ug (0.005 - 1.3) mg
i ' em?

rhizosphere. With a bulk density of 1.3 5, we consequently
assume a maximum mucilage concentration of ¢y = 6.5act 5.
Due to root growth and (potentially induced) particle movement,
mucilage might have to be displaced according to mass
conservation. Then, the amount of displaced mucilage is
transferred into the closest pixel of type mucilage or pore and
potentially further redistributed thereafter. If due to either of the
previously described processes or the mucilage deposition from
the root surface, the mucilage concentration in a pixel exceeds the
maximum concentration ¢,,,, mucilage will be distributed further
to the closest neighboring pore or mucilage cell, in which the
threshold is not yet reached. Thereby, the closest pixel is
determined by searching the shortest path through the mucilage
phase. Simultaneously, mucilage is decomposed with a first-order
rate r™ = % = k™ ¢, if it has at least one edge adjacent to the pore
space which we assume to be water saturated. More precisely, the
more occluded mucilage is, the slower it is degraded. This takes into
account that the contact to oxygen, which is dissolved in water in
the pore space and diffuses only very slowly within mucilage, is
necessary for the decomposing microbial community. The
maximum rate coefficient kpy; is therefore reduced by a relative
occlusion factor a as follows

kmuc

= a- kipax @)

with a € {0,0.25,0.5,0.75,1} depending on the number of
edges shared with the pore space, i.e. the relative decomposition
decreases by 25% for each neighboring pixel, which is not of pore
type. If a mucilage pixel is, for instance, fully surrounded (by four
direct neighbors of type root, POM or solid) the local
decomposition rate is zero. With complete accessibility to the
pore space, the mucilage decomposes at maximum rate iy .

Literature on degradation rates of mucilage in soils is scarce,
also due to the aforementioned difficulties of visualization and
quantification of mucilage in natural porous media. Van Velen et
al. (4) analyzed the decomposition of Chia seed mucilage in
artificial, packed media with correlative imaging techniques and
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reported degradation rates of 0.48 and 0.312 . Landl et al. (36) used
k;’;‘(‘l;c =0.22 é in their simulations of decomposition, based on
maize root mucilage experiments of (65). Therein a first-order
decomposition rate was experimentally estimated within a real soil.
In summary, a quite high decomposition rate is observed leading to
a fast mucilage decay with half-life time of around three days. For
our simulation scenarios, we consequently choose the maximum
rate coefficient kjpay such that the maximum possible amount of
mucilage which is accessible from the pore space is decomposed in
each time step. Therefore, the concentration of a mucilage cell
decomposing with at least an occlusion factor of a = 0.25 should
decrease from the maximum threshold ¢,,,, to a value below 10% of
Cmax Within one day. Below this minimum threshold the type of the
cell will turn into pore space, while the corresponding mucilage

concentration is set to zero. With these assumptions the value kji¢

_OD1 g3
025 d :
The exudation of mucilage supplies additional carbon in the

L is deduced.

system, which is rapidly degraded by microbes and enhances
the production of gluing agents distributed onto the solid phase.
So the respective edges between solid and mucilage phase are turned
into reactive edges and therefore increase the share of reactive edges
which further facilitates the creation of stable structural units. After
the mucilage is degraded, the reactive edges turn into so-called
memory edges. These still have the potential to glue particles
together, but they underlie an aging process. At the earliest after
50 days and with a probability of 0.2 % the memory edges are
randomly removed following (24). Although the model does not
treat gluing joints (reactive or memory edges) originating from
mucilage degradation different from those originating from POM
degradation (see Section 2.1.4) we highlight the mucilage derived
edges in red to track them specifically in the presented figures.

2.1.4 POM addition and turnover

Finally, POM particles with a Feret diameter of 6 -10 um are
added to the system at random pore spots in every 10th timestep
(day). POM can relocate by the CAM as outlined below in Section

frontiersin.org


https://doi.org/10.3389/fsoil.2023.1155889
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Rotzer et al.

2.1.5 and is simultaneously decomposed after it has been attached to
the solid phase with a first-order rate with rate coefficient 0.0096 L
cf (57), ie. 100 times slower than mucilage. Similarly to the
decomposition of mucilage, the POM decomposition rate depends
on the surface that POM particles share with the pore space, i.e. the
more occluded a POM particle is, the slower it is degraded, cf. the
reduction factor a in (2). During degradation a gluing agent is
produced which could spread along the solid surface as described in
(24) and thereby alter the surface properties, i.e. turn edges into
reactive edges. However, also the gluing agent is decaying until the
respective edges turn into memory edges. The POM-induced
memory edges underlie the same aging process as the memory
edges induced by mucilage (see Section 2.1.3), which finally leads to
the loss of attractive surface properties. Details on the POM
turnover and an illustration of the conceptual modeling can be
found in (24) and relevant parts are likewise added to the
Supplementary Material of this paper (59).

2.1.5 Cellular automaton method

The basic principle of a CAM is the application of rules for the
transformation or relocation of cells in every time step. In our study
this includes growth and shrinkage of the root, the addition and
turnover of POM and the exudation, distribution, and
decomposition of mucilage as well as altering surface properties
eventually leading to dynamically changing soil structures, recall
Figure 1. We adapted the CAM from (24) to evaluate this dynamic
restructuring. In every time step, aggregates of solid building units
and POM particles, separate solid building units, and POM particles
relocate to achieve the most attractive and stable configuration in
the changing pore space. The range of potential movement is
increased with decreasing size as small particles are more mobile
than large particles/aggregates. It is defined as follows:

‘ min (5, [ \/‘i’?] ), for 0 um? < area < 80,000 um?
S1Z€tencil =

0, for area > 80,000 um?

where [.] denotes the ceiling function (smallest integer larger
or equal than the argument). Following the Stokes-Einstein relation
for diffusion of spherical particles in a liquid and the reasoning of
(17), the stencil represents the range of Brownian motion, and
hence, the mean displacement being equivalent to the expected
mean path length is proportional to the effective radius (1/,/area
with area being the area of the particle) of the building unit or
aggregate. This resulted in stencil sizes between 10, i.e. 5 pixels, for
entities smaller than 100 um? to 2 um, i.e.1 pixel, for entities with an
area between 1,600 um” and 80,000 um®. For larger aggregates, the
stencil is set to 0. The attractiveness of a position is determined
based on the amount of surface contacts with reactive and memory
edges, with the following hierarchy: solid-solid contacts via reactive
surface edges or memory edges were considered the least attractive,
contacts of POM to reactive solid edges were considered more
attractive, and contacts of POM to solid via memory edges the most
attractive. This hierarchy represented a strong gluing capacity of
microbially produced agents. However, the most attractive
configuration varies over time due to the various decay
mechanisms for POM, mucilage and surface properties, possibly
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leading to a break-up of previously stable structures. As in (24), we
additionally include the random break-up of structures due to
external forces for instance resulting from earthworms which are
not modeled explicitly. The probability for break-up ranges from
5% to 25% in every time step and depends on the types of surface
contacts and stability of the contact.

As outlined in Section 2.1.2, the growth of the root additionally
enforces the spatial rearrangement of the surrounding soil/POM
particles and aggregates. If such a relocation is not possible, the
growing root may even induce the break-up of aggregates located at
the positions, to which the root might grow and the relocation of the
separated constituents in direction of growth. More precisely, the

model outlined in Zech et al. (24) was extended as follows:

F

Motivated by the relation between force and pressure p = ——

the assumption of a constant force and (68), who estimates the
stress at distance z exerted by a point load to be equal to o, ~ %, we
reduce the attractiveness of pixel i by a factor (1 -f(Y")) € [0,1]
with f increasing quadratically from 0 to 1 with distance from the

root surface for a growing root:

Ape = (1= f(Y)A'. (4)

In summary, it is likely that a solid building unit, POM particle
or aggregate finds a more attractive position in further distance of
the root surface due to the local stress field and a deterministic
break-up of structures close to the growing root is induced while
simultaneously the build-up of aggregates is impeded at the root
surface. This facilitates the relocation of POM or solid particles
close to the root surface and the deallocation of occupied space.
Moreover, the relocation of particles due to root growth is facilitated
as follows: Additionally to the intrinsic movement as determined by
the particles’ sizes, particles close to the root surface may
additionally undergo a directed movement such that even large,
intrinsically immobile particles can be relocated. This finally allows
the root to grow into the altered pore space.

2.2 Quantification of local
porosity changes

Our numerical toolbox as introduced above allows
quantitatively evaluating the temporally and spatially resolved
results. To this end, we use the method described in (69), adapted
from (40), to calculate the temporal dynamics of the local porosity.
Seven concentric, circular rings are defined according to their
Euclidean distance to the root surface. We consider distances of
20, 40, 60, 80, 100, 120 and 140 um (equivalent to 10, 20, 30, 40, 50,
60 and 70 pixels). This subdivision results in rings with a width of
20 um (0-20 um, 20-40 pm... 120-140 um). The local porosity for
each ring, i.e. the fraction of pore pixels to all pixels in the discrete
approximation of the ring is calculated for each time step. The
results are illustrated in Section 3.3. Note that the root itself is also
growing and shrinking, depending on the time step.

Furthermore, we track the displacement of every building unit
during the growth of the root from t = 0 d to ¢t = 100 d. It is
calculated as the Euclidean distance of the vector d between the
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locations of the center point of a particle at these two different time
steps. Following (3) who presented a similar concept for a 3D
experimental setting, we calculate the displacement intensity D by
dividing this distance by the maximum radius the root is reaching
within this time span Ry

d|

max

D= %100 . (5)

Thus a particle that moves about the same distance as the root
surface extends, has a normalized displacement intensity of 100 %.
The results are illustrated in Section 3.3.

2.3 Simulation scenarios

To evaluate the capability of our model and to investigate the
influence of the drivers texture and mucilage on structure
formation, we consider the following scenarios. They are
extensions of the aforementioned study (24) and use the settings
and new features described above. This means that in all settings, we
consider the growth and degradation of a fine primary root in the
pore system and trace the structure formation and OM turnover for
1000 days.

Driver 1 (Texture) We consider two distinct soils with different
particle size distributions/shapes and textures, namely with 18%
and 33% clay content. We investigate the mutual interplay of root
and soil during the life cycle of the root (growing and shrinking)
with respect to root shape and soil restructuring. We rate the impact
of the distinct growth conditions in the rhizosphere. In doing so, we
compare the displacement of particles within the soil structure due
to root growth and the shaping of the root according to the presence
of a larger/smaller amount of large/small soil particles. We quantify
and compare the (persistent) heterogeneity in the dynamically
evolving porosity field around the root and conclude on the
potential restructuring after the root decayed again and a biopore
has formed.

Driver 2 (Mucilage) We compare - for both textures - a setting
with root growth and decay including the exudation of mucilage for
either 1 d, 10 d or during the whole growth period of 100 d to a
setting where the root is present, but no mucilage is produced. This
allows us to quantify the impact of the additional fresh carbon
source on aggregate formation, and to follow the decay and
disintegration of the structures as well. We rate the impact of
mucilage as gluing agent on aggregation in the rhizosphere for both
textures and compare the stability of the resulting structures.

3 Results

In this section, we describe and discuss the outcome of the
simulation scenarios as outlined in Section 2.3. The temporal
dynamics of the root growth is depicted in Figure 3. The
distribution of mucilage into the soil structure and the
simultaneous solid restructuring is illustrated for both textures
(18% and 33% clay) in Figure 4, while its decay is shown in
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Figure 5. A comparison of the situation with and without
mucilage exudation is shown in Figure 6 for both textures. The
variations in the local porosity are depicted in Figure 7 and the
displacement intensity is shown in Figure 8 for all scenarios.

3.1 Mechanical interplay of root
and structure

In Figure 3 the impact of the growing root onto the structure
and vice versa is illustrated. As outlined in Section 2.1.5 the
expanding root can cause the relocation of particles or aggregates
if there is adjacent pore space available. As is apparent in particular
in Figure 3A, the small fine root only has few contacts to
surrounding particles at day 47. The aggregates in direct contact
to the root surface are highlighted in in the frames in Figures 3A, B.
In terms of the CAM rules, the color gradient represents a
visualization of the decreasing attractiveness of the current
position caused by a growing root (see Section 2.1.5) eventually
leading to a relocation of the respective particles.

In the early growing stage, the presence of the root may affect
solid building units or aggregates, see Figure 3A, which must be
relocated. As the root growth evolves further, pore space is reduced,
and the soil is more compact for both textures, see Figure 3B and the
growth of the root has more widespread influence even on the
particles that are far away. Thus, the effort required to grow the root
by moving (several) particles is higher in the compact state. In this
state, especially coarse particles are not able to find new spots during
the relocation process, while finer particles could still fit into small
pore spaces. This forces the root to grow around the large particles,
as it is highlighted by the circles in Figure 3C, and leads to a
distortion of the circular shape. This has been also reported
experimentally, see e.g. the CT cross-sections Figure S3 in (3).
Comparing the textures, we observe that this effect is more
pronounced for lower clay content exhibiting coarser particles
(top). When the root decays a soil-free gap is formed around the
root which finally results in a biopore in the long term behavior see
Figure 6. This long term behavior will be analyzed in detail together
with the effect of mucilage in Section 3.2 and quantified in terms of
the local porosity in Section 3.3.

3.2 Impact of mucilage

We now investigate the effect of mucilage on structure
formation in more detail. Figure 4 shows the simultaneous
evolution of the soil structure, the root and the mucilage along
with POM turnover during the first 150 days for the case of
continuous exudation during root growth. Starting from the
initial aggregated state for the two textures (Figure 4A, see also
Section 2.1.1) including the POM particles (green), we observe a
strong exudation from the young, fine root tip (see the extension of
the mucilage (pink) after 80 days in column (B), Figure 4). After 100
days, the extension of the root is at its maximum, and thus the
exudation per root surface is lower (Figure 4C). In all scenarios the
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FIGURE 3

Mutual interaction of growing root and soil structure for the low clay soil (top line) and high clay soil (bottom line) at time step 47 in (A) and 99 in

(B, C). The colored particles in the frames are part of the aggregate directly attached to the root surface cell which is about to grow. The color
gradient symbolizes the influence of the growth process on the attractiveness of positions for particles to relocate. The highlighted areas in (C) show
examples where soil particles force the growing root to circumvent the soil structure (top) or can be relocated (bottom), respectively.

initial porosity of 0.35 has dropped to 0.22. The degradation of
mucilage occurs in all scenarios with the same maximum rate,
however the actual rate might differ due to the occlusion of the
phase. Comparing the two textures, Figure 4B demonstrates that at
lower clay content (top), mucilage is distributed further into the soil
and is less rapidly decomposed although the pores are wider in this
case. We report 14428 um” mucilage for ¢ = 80 d for the 18% clay
and 10024 pum? in the 33% clay. This holds also true for time step
100 (Figure 4C), where we still note 7532 um? mucilage for the 18%
clay and 5304 pum? in the 33% clay. The last column demonstrates
the almost complete degradation of mucilage after 150 days, see
Figure 4D. The red edges in Figures 4B-D show where mucilage is
or was in contact with POM or soil particles. As described in
Sections 2.1.3 and 2.1.5 these edges constitute gluing joints and
remain as memory edges even after degradation of the
mucilage itself.

This process of exudation and the simultaneous creation of
memory edges as well as mucilage decomposition and degradation
of the memory edges is depicted in Figure 5 in more detail. Shortly
after the maximum extension of the root at 100 days (Figure 5A),
the fast degradation of mucilage is visible (Figure 5B at day 105).
We highlight a zone to focus on the decomposition of mucilage
depending on the exposure to the pore space, see the zoom in
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Figures 5A-C. It is observed that the mucilage phase is decomposed
latest close to the surface, that the phase can also be disrupted, and
that occluded mucilage is the most persistent (see the small
inclusions in Figures 5B, C). The long term evolution from 150 to
1000 days (Figures 5C, D) finally illustrates the degradation of the
gluing (memory) edges. This enables the break-up of structures and
their reorganization in the long run. For the lower clay soil
(Figure 5) the amount of reactive edges decreases from a
maximum of 6792 (¢t = 100 d) to the minimum of 1169 at the
end of the simulation (# = 1000 d), in the case of higher clay content
from 7957 to 1288.

Finally, we compare the impact on aggregation for the situation
after 100 and 1000 days for both textures, considering the extreme
cases, i.e. the maximal exudation of mucilage for 100 days and
without root exudates in Figure 6. In particular the long term
situation indicates, whether a persistent stabilization of structures
has taken place. Comparing columns (C) and (D) in Figure 6 it is
evident that the presence of mucilage and its distribution into the
soil leads to a facilitated aggregation and more persistent structures.
After t = 1000 days 22 aggregates with an average size of 7577 um*
have formed taking into account the distribution of mucilage into
the soil with lower clay content. In contrast to this, without
mucilage more aggregates (39) with smaller average size (4269
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FIGURE 4

Temporal evolution of root, mucilage and soil structures in 18% clay soil (top row) and 33% clay soil (bottom). Comparison of t = 0 d (initial state) (A),
t = 80 d (during root growth) (B), t = 100 d (maximum root growth) (C) and t = 150 d (partly degraded root) (D).

um?) are present. The texture with higher clay content shows the
same trend, leading to 53 aggregates with an average size of 3165
um?” (with mucilage) opposed to 61 aggregates with an average size
of 2746 um* (no mucilage).

After the root shrinks, a biopore forms. If structures break up,
single building units or larger aggregates may relocate and again
occupy the biopore, this is in particular visible in Figure 6C for the
situation without exudates. Due to the higher amount of fine clay
particles and their higher mobility the biopore is filled more rapidly
for the soil with 33% clay. Including mucilage in the simulation the
biopore is filled much less by soil particles at t = 1000 d (Figure 6D).
However, an accumulation of POM is observed within the gap that
the root has created. As new POM is added to the system
continuously (at every 10th step) in the pore space, the

probability is high that it is located in the biopore. Thus more
POM accumulates there.

3.3 Porosity and displacement intensity

We use the local porosity as defined in Section 2.2 as a measure
to quantify the structural dynamics in the surroundings of the
growing and shrinking root and the remaining biopore. The
variation of the local porosity with space and time is depicted in
Figure 7 for the two textures and the cases with deposition for 1, 10
and 100 days, and without mucilage production. Note that by
definition, the local porosities refer to different absolute positions

in the domain as long as the root surface moves. For time steps t = 0

mucilage solid

‘ Cell types: [] pore

Il root

POM Edge type: —mmmm mucilage

A State after 100 days

B State after 105 days

-

18% clay

FIGURE 5

C State after 150 days D State after 1000 days

Locally heterogeneous mucilage decomposition and evolution of mucilage derived memory edges at 100 (A), 105 (B), 150 (C) and 1000 days (D) for
soil with 18% clay. Focus on the decomposition of mucilage depending on the occlusion factor and the reorganization of particles after the

degradation of memory edges.
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FIGURE 6

Soil structures for 18% clay (top row) and 33% clay (bottom row) after 100 days in (A, B), and 1000 days in (C, D). Comparison of root growth
without exudates (A, C) to root growth with continuous mucilage deposition during root growth (B, D)

d, + =500 d, and ¢ = 1000 d there is no root in the domain, thus the
corresponding local porosities all relate to the center of the domain.
The overall porosity for all scenarios is 35% in the initial state,
whereas at t = 100 d (maximum size of the root) it decreases for all
scenarios by more than one third to 21.8%.

Three distinct phases can be determined, namely the growth of
the root up to 100 days, directly followed by the shrinkage of the root
which has vanished after 388 days, and the relocation of particles
until the end of the simulation. As long as the root grows, not only the
total porosity but also the local porosity close to the root surface
decreases due to the compaction of the surrounding soil. The effect
also has an impact onto regions quite distant from the root due to the
continued relocation. This can be seen comparing the yellow lines (t =
0 d) to the light orange lines (# = 100 d) in all subfigures in Figure 7.
For the fully grown root (¢ = 100 d) the porosity in the first annulus
(20 um width) is higher than in the subsequent ones for all scenarios.
This observation has also been reported in experimental studies as a
surface/wall effect at the root/soil interface (44, 46). This effect is
equally present in earlier growth stages of the root (data not shown).
The compaction is higher in the high clay soil, compare the larger
drops from the yellow to light orange lines in the right column of
Figure 7 to the left column.

After the growing phase of 100 days and as also observed in
many experimental studies (40, 42), the shrinking root has reduced
root-soil contact and a gap emerges (f = 150 d, orange lines in
Figure 7, recall also Figure 4D). The local porosity increases strongly
in the first 40 um close to the root surface in all scenarios. The
porosity in the compacted soil zone at a distance between 60 and
140 pm from the root remains unaffected at this early stage.

In the final phase the development of the biopore due to the
degradation of the root is apparent in the graphs at time ¢ = 500 d
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and ¢ = 1000 d (red and brown lines in Figure 7), recall also the final
states in Figures 6C, D. The local porosity is close to 1 up to a radius
of 100 pum, which was approximately the maximum root radius
(recall Figure 6) in all scenarios. But also at larger distances, the
local porosities have raised as structures again break up and now
have options to move to the adjacent biopore. The persistence of the
aggregated structures can be evaluated comparing the final states at
t = 1000 d to the ones at t = 500 d. If the local porosity graphs
between t = 500 d and ¢ = 1000 d do not differ significantly, the
stability of the structures is high. Comparing the extreme situations
without (Figures 7A, B) and with 100-day-deposition of mucilage
(Figures 7G, H), we observe that the aggregate structures obtained
due to root growth remain more stable in the situation with
mucilage. This difference is highlighted by the gray areas between
the porosity curves of time step 500 and 1000 in Figure 7 at
distances between 60 pum and 140 pm in all subfigures. The
bigger the area is, the more particles have rearranged into the
biopore, although still the previous presence of the root is visible.
This is most pronounced for the high clay soil (Figure 7B) since
smaller particles are more mobile. In contrast there are only minor
changes in porosity in the situation, in which mucilage is present as
is evident from the very thin gray areas in Figures 7C-H. Notably
this stabilization effect is already visible for 1-day-exudation
(Figures 7C, D) and becomes more pronounced the longer
mucilage is exuded. To further quantify this we sum up the
changes in local porosities in the rings from 60-140 um for
the different scenarios. The precise numbers are given in the
Supplementary Material (59), Table S2. In the low clay soil, the
local porosities (summed up for these areas) drop by 0.111,
corresponding to a summed up change of -10.6% without
mucilage. In the presence of mucilage, the drop is at most only
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FIGURE 7

Local porosity in rings of different distances from (growing/shrinking) root surface for different time steps. Data values at 20 pm, e.g., refer to the ring
from 0-20 um etc. Comparison of textures 18% clay (left) and33% clay (right), and simulations without root exudation (A, B) and with mucilage
exudation for one (C, D), ten (E, F), and 100 days (G, H). Region of interest changes for every time step due to the varying root size (except for initial

state, 500 and 1000 days).

1.7%. For the high clay soil the effect is even larger: Without
exudation, the porosity drops sum up to an absolute value of
0.387 or 48.0%, while for one and ten days of exudation, they
drop only about 14.2 and 13.5%, respectively. If we assume
exudation as long as the root grows, the local porosities drop only
by 3.4%. Note that in the largest annulus of 140 wm local porosities
mostly grow, as the particles from that ring mostly move to the
biopore (see Table S2).

The highest exudation scenarios show also a notable effect of
mucilage on the distant regions, as is apparent when comparing the
local porosities at a distance of 140 um. Without mucilage ((A) and
(B)) the porosity can again reach its values of the initial states,
compare the data points for t =0 d, t = 500 d and ¢ = 1000 d. For the
high exudation (Figures 7G, H) the porosity values remain
unchanged after the root was fully grown, i.e. at 0.22 (18% clay)
and 0.21 (33% clay), compared to the initial state of 0.34 and 0.31,
respectively. The comparison of Figures 7A-H also reveals
differences for the distance of 100 pm corresponding to the edge
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of the biopore. In the scenario where mucilage was exuded, the local
porosities remain significantly higher for both textures and exhibits
steeper gradients. Without mucilage the local porosities are smaller
and the less steep gradients indicate that the biopore already
decreased and has a less sharp interface (recall also Figures 6C, D).

The drop in the local porosities in the very center (Figure 7, 20
um) for all scenarios in the case of the degraded root (500 and 1000
days) is due to the aggregation of fresh POM (Figures 6C, D) in
the biopore.

Finally, we use the displacement intensity as defined in Section
3.2 as a measure to quantify the structural dynamics until the
maximum growth stage of the root. More precisely, the
displacement of all particles during root growth is evaluated in
Figure 8 for the two textures, comparing time t = 0 d to ¢t = 100 d.
The displacement is normed by the root expansion, yielding the
displacement intensity. Naturally, the particles closest to the root
are displaced most, even up to more than 100% as the root expands
and occupies their space. The displacement is resulting from a
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FIGURE 8

Displacement intensity D according to (3) of each particle with respect to the distance from the root surface, comparing time step t = 0 d to t = 100
d (maximum growth) for the high clay soil texture (yellow) and the low clay soil texture (red). The displacement (Euclidean distance between the
locations of the center point of a particle in two different time steps) is normed by the maximum root radius extent within this time span. The results
are plotted versus the distance from the root, averaging over 30 um steps to a maximum of 350 um (last step 330 um), which represented the

furthest possible distance in the computational domain to the root.

combination of the root expansion, but also the induced break-up of
aggregates and subsequent movement of particles to other attractive
spots in the pore space. Further away from the root, at distances of
250-350 um the displacement intensity drops to 50-70%. For the
high clay soil the displacement is higher than for the low clay soil up
to 100 um from the root, whereas the inverse situation can be
reported for the larger distances from 200 um on.

4 Discussion

We presented a process-based pore scale model to study the
interwoven processes of aggregate formation, carbon turnover, root
growth and exudation. This novel approach including explicit
spatially and temporally dynamic rearrangement of particles,
altering root and pore geometries goes beyond the scope of
existing soil carbon pool models (8, 19) and also of functional
root architecture models (6, 53), while possible extensions to
detailed elasticity models are desirable as outlined below. It makes
a contribution to the much needed predictive modeling of the
spatio-temporal dynamics of the soil system for a better
understanding of rhizosphere processes (6, 7) and contributes to
a holistic way to consider the relevant constituents as well as their
surrounding pore space (9).

The approach established by Zech et al. (24) for POM
degradation affecting aggregation, and including the concept of
reactive and so-called memory edges on the building units of soils
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has been successfully extended for mucilage and roots. These edges
represent gluing spots on the mineral surfaces of soil particles,
which may also persist after the degradation of OM. As for organic
matter, the explicit pore scale model allows to distinguish fast
degradation in the pore space from slower to no degradation in
occluded situations. Root growth and degradation have been
included in the algorithms explicitly and the simulations show
that the induced compaction and subsequent increase in porosity in
the rhizosphere result from these processes. Compaction is
observed up to 140 um from the root surface. Note that the
simulation domain has been limited to 500 um x 500 wm and
conclusions for larger distances cannot be drawn from these
calculations (70). assumes ranges of soil compaction up to 4 times
the root radius. The displacement of particles by the root also led to
moderate elevated porosities in the closest annulus at the root/soil
interface, a surface/wall effect also observed in experiments (44, 46).
Keyes et al. (3) measured displacement intensities for 3D
experiments with previously grown root tips monitored under
different moisture conditions for a time span of 42 minutes.
Although the data cannot be compared directly due to the
different time frames and spatial scales they also show largest
displacements closest to the root and a decrease over distance
from the root. However the measured intensities are much
smaller [in the range of 40-5%, see Figure 7C in (3)] than the
intensities shown in Figure 8 (range of 175 to 50%). This can be
explained by the much smaller time span of the experiment, the fact
that the root tip has already been grown when the measurement

frontiersin.org


https://doi.org/10.3389/fsoil.2023.1155889
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Rotzer et al.

started, and also the presence of biopores which were used by the
root for expansion. The higher displacement intensities of the high
clay soil close to the root can be explained by the higher mobility of
the small particles. The displacement along with potential break-up
of structures also triggers rearrangement by aggregation.
Koebernick et al. (46) also report a decreased fraction of larger
pores next to the epidermis, which could be explained by
this rearrangement.

The drivers mucilage and texture have been varied in eight
simulation scenarios. They span the time of the growth of a fine root
for 100 days, and the following degradation and formation of a
biopore. The aggregate formation and turnover is observed for 1000
days including the addition of fresh POM in the system. According
to the texture, root growth in the vicinity of large soil particles was
hampered since they have strong spatial restrictions while
rearranging. This was more pronounced in the low clay soil,
whereas in the high clay soil, the rearrangement of the smaller
particles was facilitated. Due to this mutual interaction, the shape of
the root might be distorted, as the cambrial cells can only grow in
the remaining pore space. The CAM mimicks this natural, cell-
based growth process. Such distortions have also been seen in CT
cross-sections as shown, e.g., in (3), Figure S3.

The simulation results support that the deposition of mucilage is
an important driver for structure formation in the rhizosphere.
Although mucilage is degraded within a few days after exudation, it
leads to a persistent stabilization of the aggregated structures for both
textures. This stabilization is significantly different from the
structures encountered when only POM could trigger the evolution
of gluing spots, the reactive surface sites on the mineral particles, and
is already observable for short-term exudation of one or ten days. The
mucilage scenarios also revealed that the same amount of exuded
mucilage is degraded faster in the high clay soil. In the way the model
has been realized this can only be explained by more contact faces of
the mucilage to water filled pores. So the narrow pores in the high
clay soils nevertheless in sum have more contact faces of mucilage to
the water filled pore space than the wider (but fewer) pores in the low
clay soil have, which leads to a higher decomposition rate.

Comparing the textures, the 18% clay soil remains more stable
after root degradation (independent of mucilage), because the larger
particles are blocked in the compacted soil and thus rearranged to a
smaller extent. In the 33% clay soil the larger amount of smaller
particles is more mobile and has more options to move in the
biopore or fill the gap around the retracting root.

In general our simulation indicates that persistent porosity
changes in the rhizosphere are obtained which may be used for
future roots which exploit preferably existing macropores (48, 71).

Although the model already allows to study the process
interactions under the given assumptions, future work should link
the model to laboratory or field studies of aggregation in the
rhizosphere. On the other hand the particle shape libraries and
reactive surface properties can be extended to a larger variety of
soils, and the parametrization of the biophysical processes varied
systematically to study their influence on aggregation. Note that it
would also be worth investigating the degrading root itself as a
carbon source. An important limitation of the current study is the
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assumption of a completely water-filled pore space and inelastic soil
particles. However capillary forces, shrinking or swelling of roots,
mucilage or clay minerals during drought or imbibition, and the
interplay of mucilage with air and water also interacts with
aggregation (11). In future work such dynamic saturation changes
in the pore space should be incorporated in the model to investigate
their influence on aggregation. Likewise, elastic properties as
considered in detail e.g. in (51) and their impact on larger scales
should be taken into account such as demonstrated e.g. in the model
in (52).
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