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ABSTRACT

In this study, we developed a novel model approach to compute the spatio-temporal distribution patterns of
rhizodeposits around growing root systems in three dimensions. This model approach allows us to study the evolu-
tion of rhizodeposition patterns around complex three-dimensional root systems. Root systems were generated using
the root architecture model CPlantBox. The concentration of rhizodeposits at a given location in the soil domain
was computed analytically. To simulate the spread of rhizodeposits in the soil, we considered rhizodeposit release
from the roots, rhizodeposit diffusion into the soil, rhizodeposit sorption to soil particles and rhizodeposit degrada-
tion by microorganisms. To demonstrate the capabilities of our new model approach, we performed simulations for
the two example rhizodeposits mucilage and citrate and the example root system Vicia faba. The rhizodeposition
model was parameterized using values from the literature. Our simulations showed that the rhizosphere soil volume
with rhizodeposit concentrations above a defined threshold value (i.e. the rhizodeposit hotspot volume) exhibited a
maximum at intermediate root growth rates. Root branching allowed the rhizospheres of individual roots to overlap,
resulting in a greater volume of rhizodeposit hotspots. This was particularly important in the case of citrate, where
overlap of rhizodeposition zones accounted for more than half of the total rhizodeposit hotspot volumes. Coupling
a root architecture model with a rhizodeposition model allowed us to get a better understanding of the influence of
root architecture as well as rhizodeposit properties on the evolution of the spatio-temporal distribution patterns of
rhizodeposits around growing root systems.

KEYWORDS: citrate; mucilage; rhizodeposition model; root architecture model.

1. INTRODUCTION
The rhizosphere is defined as the small soil volume around the
roots, in which plant roots interact with the soil and thereby
alter its physical, chemical and biological properties (Hinsinger
et al. 2009). One important rhizosphere process is rhizodepo-
sition, which is defined as the free or passive release of organic
compounds by the root, including water-soluble exudates and

mucilages, secretion of insoluble materials and also enzymes such
as acid phosphatase and release of dead root cells (Cheng and
Gershenson 2007). Rhizodeposition affects the ability of plant
roots to extract water and nutrients from the soil, which is particu-
larly important when resources are scarce (Hinsinger et al. 2009).
Knowledge about the spatial distribution of rhizodeposits in the
soil domain is thus crucial (Darrah 1991).
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There are only limited possibilities to directly measure the spatio-
temporal distribution patterns of rhizodeposits around a root system.
Holz et al. (2018a) used infrared spectroscopy to determine the spatial
distribution of mucilage in the rhizosphere. This method allowed them
to visualize the axial and radial gradients of mucilage concentration
around a single root at a given point in time; information on the tem-
porally dynamic distribution of mucilage is, however, lacking. Under
the assumption of a constant ratio between rhizodeposited carbon and
root carbon, Pausch et al. (2013) quantified rhizodeposition at the
field scale. This approach enabled them to estimate the total amount of
rhizodeposition of an entire root system over a defined period of time;
however, it does not give any information about the spatial distribu-
tion patterns of rhizodeposits. Simulation models can thereby help to
overcome these shortcomings.

Simulation models can contribute to better understand the processes
leading to rhizodeposition and its spatial and temporal distribution. Such
models that describe the distribution of rhizodeposits in the soil domain
need to take into account the following processes: the rhizodeposit release
by the roots, the diffusion of rhizodeposits into the soil domain, the sorp-
tion of rhizodeposits to soil particles and the decomposition of rhizodepos-
its by microorganisms (Kirk 1999). A common approach to dynamically
compute rhizodeposition patterns in the soil domain is the use of the dif-
fusion-reaction equation. To our knowledge, however, this approach has
so far only been applied at the single root scale (Kirk 1999; Carminati et al.
2016; Holz et al. 2018b) or extrapolated from the single root scale to the
root system scale, neglecting differences in rhizodeposition patterns along
the root axis (Schnepfet al. 2012). Fletcher et al. (2020) used a citrate-phos-
phate solubilization model to compute the spatio-temporal distribution
of citrate concentrations around root systems in three dimensions. Their
approach is, however, limited to very small and simple root systems due to
computational limitations.

Various studies have shown the importance of the effect of root
architecture on the amount and distribution of rhizodeposits (Lynch
1995; Lynch et al. 2005; Hodge et al. 2009; Manschadi et al. 2014).
Considering that rhizodeposits are released in a small area behind the
root tip, root architecture controls the amount of rhizodeposit release
by the number of root tips (Nielsen ef al. 1994). Additionally, root
branching and root growth rate determine whether rhizodeposit release
zones can overlap, thereby creating patches of high rhizodeposit con-
centration, which may facilitate water and nutrient uptake (De Parseval
et al. 2017; Holz et al. 2018b).

Rhizodeposition was shown to affect rhizosphere processes such
as water and nutrient acquisition only if its concentration exceeds a
defined threshold value (i.e. the rhizodeposit hotspot concentration)
(Gerke 2015; Ahmed et al. 2016; Fletcher et al. 2019). However, it is
not yet clear when and where around the growing root system such
zones of rhizodeposit hotspot concentrations arise, how they are dis-
tributed and what proportion of the total concentration volume they
represent. Not only the location of a rhizodeposit hotspot, but also the
distance and connectivity to the nearest hotspot and its duration can
be a relevant factor controlling soil microbial diversity and microbial
activities (Carson et al. 2010). Certain bacteria respond to threats or
nutrient availability even when detected from certain distances: vola-

tile organic compounds can provide information over larger distances

and diffusible compounds over smaller distances (Schulz-Bohm e al.
2017; Westhoff et al. 2017).

The aim of this study was to couple a root architecture model that
simulates the development of a 3D root system with a rhizodepo-
sition model that simulates the transport of rhizodeposits from the
root into the soil to investigate the spatio-temporal distribution
patterns of rhizodeposits in the soil and to evaluate the influence
of root architecture on the generated patterns. For our simulations,
we selected the two rhizodeposits citrate and mucilage, which have
very distinct properties with regard to the deposition, diffusion,
sorption and decomposition rate. In a first scenario, we simulated
rhizodeposition by a single growing root. This scenario was used to
evaluate the impact of the different rhizodeposit properties such as
the rhizodeposit release rate, the sorption to soil particles as well as
rhizodeposit decomposition and diffusion on the axial and radial dis-
tribution patterns of rhizodeposits around the root. In a second sce-
nario, we investigated the impact of the two root architectural traits
‘root growth rate’ and ‘number of root tips’ on the rhizodeposition
patterns around a growing single root and a simple herringbone root
system. In a third scenario, we simulated rhizodeposition around the
growing root system of Vicia faba. This scenario was used to evaluate
the impact of a complex root architecture on the spatio-temporal dis-
tribution patterns of the rhizodeposits. Additionally, we investigated
for how long and where in the soil domain the rhizodeposit concen-
trations were above a critical threshold value that triggers specific
rhizosphere processes, such as an increase in soil water content in the
case of mucilage or increased phosphorus mobilization in the case of
citrate, and evaluated the importance of root branching and overlap
of rhizodeposit release zones for the emergence of such rhizodeposit
hotspots. The critical threshold values were thereby selected from lit-
erature. In addition, we examined how the distribution of distances
from each point in the soil domain to the nearest rhizodeposit hot-

spot evolves over time.

2. MATERIALS AND METHODS
2.1 Model development

The simulated root systems consist of root nodes connected by straight
root segments, i.e. the explicit 3D root volume is not represented.
Roots are therefore considered as point or line sources from which
rhizodeposits are released. The possible influence of root diameter on
the concentration of rhizodeposits in the soil is thus neglected. In this
way, the concentration of rhizodeposits at a given location in the soil
domain can be calculated analytically. All equations and assumptions
underlying our coupled model approach are explained below.

2.1.1 Root growth model. All root systems were created with the root
architecture model CPlantBox, which is described in detail in Schnepf
et al. (2018) and Zhou et al. (2020). CPlantBox is a generic model,
which allows simulating diverse root architectures of any monocoty-
ledonous and dicotyledonous plant. It distinguishes between different
root types, i.e. tap root, basal roots and lateral roots of different order.
Each root type is defined by a certain set of parameters that deter-
mine its evolution over time. CPlantBox is programmed in C++, but
includes a Python binding that allows simplified scripting.
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2.1.2 Rhizodeposition model—theory. For each growing root, we
solve the diffusion-reaction equation (Jacques et al. 2018) in an
infinite domain,

9R% +V - (=DOVc) = —Okc+ f(x, t) fort>0,x € R3,(1)

C(X, 0) =0 (2)

where 0is the volumetric water content (cm?*cm™), R = % is the retar-
dation factor (cm? cm™), b is the buffer power (-), cis the rhizodeposit
concentration in the soil (ug cm™), D = DiT is the effective diffusion
coefficient (cm? day™'), Dy is the molecular diffusion coefficient in
water (cm? day™), 7 is the impedance factor (=), k is the linear first-
order decomposition rate constant (day™), f is the source term that
describes the release of rhizodeposits by the root at position x and
time t.

We consider two cases of rhizodeposition: in the first case,
rhizodeposition occurs at the root tip only and the root is thus con-
sidered as a moving point source; in the second case, rhizodeposi-
tion occurs over a given root length [ behind the tip and the root
is a moving line source. For these two cases, the source termfis

defined as

£0%8) 0 = QO(x — x5 (1)) .

min(l,,l)

fouth = [ Q= x(t, ) “

0

where Q, (pgday™) and Q (ug day™' cm™) are the rhizodeposit release
rates of the point and line sources, Xy (t) = (Xeip, Viip, Zeip) is the posi-
tion of root tip at time £, [ is the arc length of the exuding root segment
(cm), x(V, t) is the position at an arc length of I’ behind the position of
the root tip at time ¢ and d(x) (cm?) is the Dirac function.

The analytical solutions to these moving point and moving line
source problems have been derived by Carslaw and Jaeger (1959),
Bear and Cheng (2009) and Wilson and Miller (1978):

aget)
R
@)= | Ghow
X—X¢ip (age, —t 2 5
exp (fR% _ %t’) dat’ (8)
min (/1) age,(t) QR
)= | Grow
- o 6
am(_Rggg%%g;pi_gﬂ)muu (6)

where age; (t) is the age of an individual root at time ¢ (day).

We assume that rhizodeposition stops when the root stops growing. The
rhizodeposits, which are already present in the soil, however, continue to dif-
fuse and decompose. Thus, after the root stopped growing, we need to solve:

QR% + V- (=DOVc) = —bkc  fort > tyep, x € R3, @)
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C(X/ tstop) = g(X; tstop ); (8)

where g(X, tiop) is the solution concentration (ug cm™) at time fiop
(day). The analytical solution of the problem with first-order reaction
term given by equations (7) and (8) can be derived from the general
solution of the homogeneous initial value problem (Evans 1997) by
making use of the transformation ¢’ = ¢ X exp(—k/R x t) (Crank
1979), where ¢’ is the general solution of the homogeneous problem
(Evans 1998):

RYg(y, tuop) x—y)?  k(t— tuop)
c(xt) = / 8L, bstop 37205 7R4D( " _’;) - R Lo dy
(4D (t — tyop)) (t = tyop)

©)

The solution concentration around an entire root system was com-

puted by adding up the concentrations around individual roots,
making use of the superposition principle. Thus, the total solution

concentration ¢, around N roots is given by:

cr(xt) = Z c(xt)

i

(10)

2.1.3 Rhizodeposition model—assumptions. It is well known that
rhizodeposits are released only in a small area near the root tip (Pifieros
et al. 2002; Tijima et al. 2003). In our model, we considered two cases
of rhizodeposition: in the first case, rhizodeposition occurs only at the
root tip; in the second case, rhizodeposition occurs over a short length
behind the root tip.

To date, it is not clear how the release of rhizodeposits from an indi-
vidual root develops with root ageing. In our model, we assumed a con-
stant rhizodeposition release rate while the root is growing. As soon as
the root stops growing, also rhizodeposition is assumed to stop. Several
experimental studies have reported that the total mass of rhizodeposits
around a root system is low at the seedling stage of a plant, increases
until flowering, and then decreases at maturity (Krasilnikov et al.
1958; Gransee and Wittenmayer 2000; Aulakh et al. 2001; Nguyen
2009). Our model assumptions allow us to simulate such rhizodeposi-
tion behaviour and we therefore consider them as justified.

In our rhizodeposition model, roots are considered as line sources.
The possible influence of the root diameter on the concentration of
rhizodeposits is therefore neglected. To satisfy this assumption, the
grid resolution used must be larger than the root diameter. On the
other hand, a sufficiently fine grid resolution must be chosen to cap-
ture the small-scale variations in the spatial distribution of rhizodepos-
its caused by the steep gradients. Considering that primary roots of
V. faba have a mean root diameter of about 0.95 mm, we assumed that a
grid resolution of 1 mm is suitable to simulate the spatio-temporal dis-
tribution of rhizodeposites around the growing root system of V. faba.

Since our model cannot compute root water uptake or soil water
flux, and we therefore do not know the current water conditions in the
rhizosphere, we assume that soil water content is constant throughout
the simulation period. This assumption is supported by the experimen-
tal work of Holz et al. (2018b) and Moradi et al. (2011), who found
that the water content in the rhizosphere remained constant regardless
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of drought stress, which they explained with the high water holding
capacity of the mucilage present in the rhizosphere.

2.1.4 Rhizodeposition model—application. The rhizodeposition
model was implemented as an additional module in the root archi-
tecture model CPlantBox. The analytical solutions presented in equa-
tions (S) and (6) were solved numerically using the Gauss-Legendre
quadrature, which we derived from the open source library for C/
C++ provided by Pavel Holoborodko (http://www.holoborodko.
com/pavel/ ). This library was used within the C++ code of CPlantBox
and introduced into its Python binding so that we could compute the
rhizodeposit distribution around a simulated root architecture. The
analytical solution for the moving point source (equation (5)) was
solved using the function ‘gauss legendre) while the analytical solution
for the moving line source (equation (6)) was solved using the func-
tion ‘gauss legendre 2D cube’ with 10 integration points per 1 cm root
length. The volume integral in equation (9) was solved by trapezoidal
rule over a regular cubic grid of 1 mm edge length, and the integral was
scaled in order to achieve mass balance for diffusion.

To reduce computational time, equations (5) and (6) were not
evaluated for the entire soil domain, but only within a specified maxi-
mum influence radius around each root within which the rhizode-
posit concentrations were significantly different from zero. This
maximum influence radius was set to 0.6 cm for citrate and to 0.4 cm
for mucilage, which was a rough estimation of the diffusion length.
The rhizodeposit concentrations around an entire root system were
computed by adding up the concentrations around individual roots.
To reduce computational time, we calculated the rhizodeposit con-
centrations around the individual roots of the root system in parallel
using the multiprocessing package available in Python. In addition,
it was necessary to run our model individually for each time step for
which an output was needed. We ran all simulations on the Linux
cluster of IBG-3 at the Research Center Juelich, which allowed us to
run several model runs in parallel. The rhizodeposition model with
the code used in this study is publicly available at https://github.
com/Plant-Root-Soil-Interactions-Modelling/CPlantBox/tree/
pub_landl 2021.

Table 1. Parameters used in the rhizodeposition model.

2.2 Scenario set-up and model parameterization
In a first scenario, we simulated rhizodeposition by a single growing
root. This scenario was used to investigate the radial and axial distribu-
tion of rhizodeposits around the root. In this scenario, the root was
assumed to grow straight downwards at a constant growth rate of 1 cm
day™" until a root length of 10 cm was reached. The root then stopped
growing. Rhizodeposition was computed for the two rhizodeposits
citrate and mucilage, which have very distinct properties. We used
mucilage and citrate rhizodeposit release rates of V. faba. The rhizode-
posit release rate is less for citrate than for mucilage (Rangel et al. 2010;
Zickenrott et al. 2016). The diffusion coefficient and the decomposi-
tion rate, in contrast, are higher for citrate than for mucilage (Kirk 1999;
Watt et al. 2006; Nguyen et al. 2008). Furthermore, citrate is known
to be sorbed to the soil particles (Oburger et al. 2011). Mucilage, on
the other hand, consisting mainly of polysaccharides (Carminati and
Vetterlein 2013), we consider a non-adsorbing substance (Ghezzehei
and Albalasmeh 2015). While citrate is exuded from the root apex
over a length of approximately 5 cm (Pifieros et al. 2002), mucilage
was shown to be deposited from an area of only a few mm?” right at
the tip of the root (Iijima et al. 2003). All rhizodeposit properties were
derived from literature and are presented in Table 1.

In a second scenario, we evaluated the impact of the two root
architectural traits root growth rate’ and ‘branching density’ on the
rhizodeposition patterns around a growing single root, respectively, a
simple herringbone root system. We used four different constant root
growth rates (0.1, 0.5, 1, 1.5 cm day™) and two different branching
densities (2 and 1 cm™). Citrate and mucilage rhizodeposit release
rates were parameterized for V. faba using values from the literature
(Table 1).

In a third scenario, we simulated rhizodeposition by the grow-
ing root system V. faba that was generated with CPlantBox to
investigate the impact of a complex root architecture on the spatio-
temporal distribution patterns of rhizodeposits. Root architecture
parameters were obtained from pCT images of V. faba plants that
were grown in a lab experiment (Gao et al. 2019). The root systems
shown on the uCT images were manually reconstructed in a three-

dimensional virtual reality system (Stingaciu et al. 2013) and saved

Parameter Symbol Value Unit Source
Mucilage Citrate
Diffusion coefficient in water D, 0.00346 0.57 cm? day™ Watt et al. (2006)
Diffusion impedance factor T 0.3 0.3 - Olesen et al. (2001)
Retardation coefficient R 1 16.7 cm® cm™ Oburger et al. (2011),
R =% bis the buffer
power (-)
Rhizodeposit release rate Q 33.38 18.4 pg day ' root tip™'/ ug  Zickenrott et al. (2016),
day™' cm root™ Rangel et al. (2010)
Decomposition rate k 0.22 1.42 day™ Nguyen et al. (2008), Kirk
(1999)
Deposition length behind the root tip I - S cm Tijima et al. (2003), Pifieros

et al. (2002)
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as RSML files (Lobet et al. 2015). These RSML files were then
used to derive the required input parameters of CPlantBox with
the help of a home-grown python code. All input parameters are
presented in the Supporting Information, Table S1. The rhizode-
posit release rates of citrate and mucilage were adapted to V. faba
using values from the literature and are presented in Table 1. The
simulation time was set to 21 days, which is a typical time frame of
the lab experiments that were used to image the plant root systems.
Simulation outputs were generated in daily time steps. The size of
the soil domain was 20 x 20 x 45 cm?. In all simulation scenarios,
the resolution of the soil domain was set to 1 mm and we used a
constant soil water content of 0.3 cm® cm™.

To better understand the impact of different plant species on the
concentration of rhizodeposits in the soil, we additionally performed
simulations for the fibrous root system of Zea mays and compared the
rhizodeposit mass in the soil domain as well as different root system
measures with those of V. faba in an auxiliary study [see Supporting
Information—Auxiliary Study S1].

2.2.1 Rhizodeposit hotspot analysis. Rhizodeposit hotspots are
defined as the soil volumes around the root in which the concentra-
tion of rhizodeposits is above a critical threshold value and therefore
significantly influences specific rhizosphere processes. We defined
these threshold values for citrate and mucilage using values from the
literature. Gerke (2015) acquisition reported that a minimum total
carboxylate concentration of 5 pmol g™* soil leads to enhanced phos-
phorus mobilization. Assuming that citrate accounts for about 25 %
of the total carboxylate concentration (Lyu et al. 2016) and using the
soil buffer power as the ratio between the total rhizodeposit concen-
tration and the soil solution rhizodeposit concentration (Nye 1966),
this corresponds to a threshold citrate concentration of 58 pg cm™ soil
solution at an assumed bulk density of 1.2 g cm™. In a modelling study
based on experimental measurements, Carminati et al. (2016) investi-
gated the effect of mucilage on rhizosphere hydraulic properties and
transpiration as a function of mucilage concentration. For a sandy soil,
they observed a measurable effect of mucilage on soil water retention
at a minimum mucilage concentration of 0.33 mg g™ dry soil, which
corresponds to a threshold mucilage concentration of 1300 pg cm™
soil solution at an assumed bulk density of 1.2 g cm™. It was shown
that not only fresh mucilage, but also mucilage derivatives that are pro-
duced during the process of decomposition can have an impact on soil
hydraulic properties (Or et al. 2007; Carminati and Vetterlein 2013).
To date, however, it is not clear how mucilage derivatives affect soil
water dynamics (Benard et al. 2019). In this study, degraded mucilage
is neglected and only the concentration of fresh mucilage is taken into
account.

To compare hotspot volumes of root systems that differ in archi-
tecture or age, we normalized them with the root length and with the
minimum soil volume that contains 99 % of the total rhizodeposit mass
that is currently present in the soil domain. These relative hotspot vol-
umes are further on called length-normalized and volume-normalized
rhizodeposit hotspot volumes. While the length-normalized hotspot
volume is a measure of the efficiency of the root architecture, the
volume-normalized rhizodeposit hotspot volume can be regarded as a
measure of the efficiency of rhizodeposition.

Rhizodeposition patterns around growing root systems —« 5

The duration of an individual rhizodeposit hotspot at a specific
location in the soil domain is not constant, but varies depending on
different dynamic processes such as the diffusion and decomposition
rate, the sorption to soil particles, the deposition length behind the
root tip and the root architecture, which may cause rhizodeposit over-
lap. We therefore also investigated the lifetime of rhizodeposit hotspots
within the soil domain.

To examine how the distribution of distances from each point in
the soil domain to the nearest rhizodeposit hotspot evolves over time,
we applied the 3D Image] Suite (Ollion et al. 2013) plugin of Fiji
(Schindelin et al. 2012) to calculate the Euclidean 3D distance maps
from the nearest hotpots at various days of root growth and provide
the histograms of the distance maps.

3. RESULTS
3.1 Scenario I: rhizodeposition by a single
growing root
Figure 1 shows the concentration profiles of citrate and muci-
lage around a growing and exuding single root after a defined
time period. After 10 days, the root reached its maximum length
of 10 cm and both root growth and rhizodeposition stopped.
Diffusion and decomposition of the rhizodeposits continued until
the end of the simulation. For both citrate and mucilage, the con-
centrations were thus much higher after 10 days (Fig. 1I) than
after 15 days (Fig. 11I) of simulation due to the ongoing decompo-
sition of the rhizodeposits. The progressive diffusion furthermore
led to a larger extent of the radial profiles after 15 days compared
to 10 days and also at position 2 (15 cm behind the root tip) com-
pared to position 1 (1.5 cm behind the root tip). In general, con-
centrations of mucilage were higher than concentrations of citrate
due to the differences in rhizodeposit properties. The peak con-
centration of mucilage was located at a distance of 1 cm behind
the root tip, while citrate concentrations were highest S cm behind
the root tip. The radial extension of the concentration from the
root axis was larger for citrate than for mucilage due to the larger
ratio of the effective diffusion coefficient and the retardation fac-
tor (Fig. 1B and C). The rhizodeposit hotspot concentrations
extended over alength of 5.3 cm and 2.2 cm along the root axis for
citrate and mucilage, respectively, while the root was still growing
(Fig. 1IA). The maximum radial extent of the rhizodeposit hot-
spot concentration was 1 mm and 0.5 mm for citrate and muci-
lage, respectively (Fig. 1I1B and C). The maximum radial extent of
citrate and mucilage rhizopheres in which the rhizodeposit con-
centration was below the threshold value, but still detectable, was
4-9 mm and 2-S mm for citrate and mucilage, respectively (Fig.

1B and C).

3.2 Scenario II: impact of root architectural traits
on the rhizodeposition patterns around a single
growing root
3.2.1 Impact of root growth rate. Considering that rhizodeposits are
released from the growing tip in the case of mucilage and from a small
zone behind the growing tip in the case of citrate, changes in root elon-
gation rate had a strong impact on the distribution of rhizodeposits
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Figure 1. Concentration profiles of mucilage and citrate after (I) 10 and (II) 15 days: along the root axis (A) and radially from the
root axis at a distance of 1.5 cm (position 1) (B) and 15 cm (position 2) (C) from the root tip; the dotted lines specify the location
on the axial profile (A) where the radial profiles (B) and (C) were taken; the shaded areas denote the part of the profiles where the
concentrations are above the threshold values.
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Figure 2. Concentration of citrate (I) and mucilage (II) deposits around a single root after 10 days of growth at a constant growth
rate of (A) 0.1 cm day ™!, (B) 0.5 cm day™?, (C) 1 cm day™?, (D) 1.5 cm day ™. The black patches denote the hotspot volume; note
that the colours are in logarithmic scale.

in the soil. In Figs 2 and 3 the concentrations of mucilage and citrate ~ we depicted the volume of rhizodeposit hotspots for both citrate and
around a single straight root that elongates for 10 days at different con-  mucilage. The largest rhizodeposit hotspot volume was found for the
stant growth rates are shown. A faster growth rate led to a larger soil ~ second lowest root growth rate of 0.5 cm day™ for citrate and for the
volume containing rhizodeposits at a lower concentration. In black,  second highest root growth rate of 1 cm day™ for mucilage.
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Figure 3. Deposition patterns of rhizodeposit hotspot concentrations (pink) and concentrations above the arbitrary threshold
0f 0.1 pg cm™ (yellow) for citrate (A, B) and mucilage (C, D) around a simple herringbone root system with different branching
densities (1 cm™ (A, C) and 2 cm™ (B, D)) after 10 days of growth at a constant growth rate of 1 cm day™.
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Figure 4. Vertical cut through the distribution of the citrate
(A) and mucilage (B) concentrations around the 21-day-
old root system of V. faba. Note that the colours are in
logarithmic scale and that the colour scales differ for the
different figures.

3.2.2 Impact of root branching patterns. Figure 4 shows the distribu-
tion of rhizodeposits around two simple herringbone root systems with
different branching densities for both citrate and mucilage. An increase
in branching density by a factor of two (from 8 to 16 root tips) increased
the total mass of rhizodeposits present in the soil domain by 48 % for
citrate and by 79 % for mucilage after 10 days of growth. There were no
rhziodeposit hotspot volumes (depicted in pink) around the upper lat-
erals and the citrate rhizodeposit hotspot volumes were located further
behind the root apex than the mucilage rhizodeposit hotspot volumes.
An increase in branching density by a factor of two increased the total
rhizodeposit hotspot volume by 80 % and 73 %, the length-normalized
hotspot volume by 13 % and 9 % and the volume-normalized hotspot
volume by 51 % and 29 % for citrate and mucilage, respectively, after
10 days of growth. For our parameterization, root branching thus had a

greater impact on the total rhizodeposit hotspot volume and also on the
rhizodeposition efficiency of citrate than of mucilage.

3.3 Scenario III: rhizodeposit concentration pat-
terns around the root system of V. faba

Figure S shows the rhizodeposit concentration patterns of citrate and
mucilage around the 21-day-old root system of V. faba. The maximum
extent of the rhizosphere was defined using an arbitrary threshold of 0.1 pg
cm™. The maximum mucilage concentrations were larger than the maxi-
mum citrate concentrations and the extent of the citrate rhizosphere (Fig.
SA) was larger than the extent of the mucilage rhizosphere (Fig. SB).

3.3.1 Impact of rhizodeposit overlap on the rhizodeposit hotspot
volume. Figure 6A shows the impact of overlapping rhizodeposition
zones on the rhizodeposit hotspot volume of citrate and mucilage
around the root system of V. faba. The impact of overlapping rhizodepo-
sition zones on the total rhizodeposit hotspot volume was much more
important for citrate than for mucilage. Furthermore, rhizodeposit
hotspot volumes around individual roots were larger for citrate than
for mucilage. The relative share of total hotspot volume caused by
rhizodeposit overlap increased with increasing simulation time. At
simulation day 21, overlapping rhizodeposition zones accounted for
64 % of the total citrate rhizodeposit hotspot volume and for 10 % of
the total mucilage rhizodeposit hotspot volume. Interestingly, the total
rhizodeposit hotspot volume without overlap was only slightly higher
for citrate than for mucilage. Figure 6B and C shows the location of
overlapping rhizodeposition zones around the root system on the last
day of simulation. It can be seen that most of the overlap happened
close to the root axis where the branching took place. Rhizodeposit
overlap due to individual roots that cross each other freely in the soil
domain appeared to be less significant.

3.3.2 Analysis of the duration of rhizodeposit hotspots. The maxi-
mum number of days on which hotspot concentrations were reached
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Figure S. Impact of overlapping rhizodeposition zones on the total rhizodeposit hotspot volume (A), maximal projection along
the y-axis of the location of rhizodeposit hotspots caused by overlapping rhizodeposition zones and caused by rhizodeposition
from individual roots for citrate (B) and mucilage (C) on simulation day 21.
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Figure 6. Duration and volume of rhizodeposit hotspots for citrate and mucilage (A); maximal projection along the y-axis of the
duration of rhizodeposit hotspots at the different locations in the soil domain for citrate (B) and mucilage (C).

at a specific location in the soil domain was 16 days for citrate and ~ common duration of the rhizodeposit hotspot for mucilage was 3 days.
9 days for mucilage (Fig. 7A). In general, the longer the duration of the  This is the average time between the release of the mucilage at the root
hotspots, the lower was the volume of rhizodeposit hotspots and thus  tip and its degradation to a concentration below the threshold value.
the frequency of rhizodeposit hotspot duration. Interestingly, the most ~ Figure 7B and C shows the local distribution of the durations of the
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rhizodeposit hotspots. For both citrate and mucilage, the longest dura-
tion of rhizodeposit hotspots occurred near the taproot, where root
branching took place and therefore overlapping rhizodeposit zones
occurred more frequently. Furthermore, long-lasting rhizodeposit hot-
spots occurred more frequently around older parts of the root system.
Lateral roots of higher order at a greater distance from the taproot did
not show long durations of rhizodeposit hotspots. This effect was more
pronounced for citrate than for mucilage.

3.3.3 Analysis of distance maps from rhizodeposit hotspots.
Histograms of distance maps (Fig. 8) of V. faba show that the volume
of soil that was close to a hotspot increased more and more over the
simulated 20-day period. At day S, the small root system and its hot-
spots were in the top centre of the pot. The equidistant surfaces with
distances of less than 10 cm from the hotspots were approximately
semi-spheres around the hotspots, which were at day S all near the
same point: the parabolic increase of the histogram for less than 10 cm
distances corresponds to the increase in area of a semi-sphere of radius
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rwhichis 0.5 X (477%). At a distance of around 10-15 cm, which cor-
responds to the phase where the equidistant surface reached the side
boundaries of the pot, the histogram line decreases. From 15-35 cm it
remains rather constant and then drops rapidly at a distance of 35 cm,
which corresponds to the phase where the equidistant surface reached
the lower boundary of the pot. At day 10, more and deeper hostspots
emerged and as a consequence the peak in the histogram at around
10 cm becomes smoother and the drop of the curve occurs now at
25 cm. At day 15, the heterogeneous distribution of several hotspots
within the domain resulted in a rough histogram line for distances of
less than 10 cm and hotspots in deeper regions caused a drop at already
15-20 cm distance where the equidistant surface reached the lower
boundary of the pot. Till day 15, the curves for citrate and mucilage
were very similar. At day 20, for citrate, there was a peak of the soil
volume at a distance of S cm from the hotspots and for mucilage at a
distance of 3 cm. At day 20, mucilage showed a larger soil volume in
the first S cm compared to citrate, which is caused by the wider, respec-

tively, less clumped distribution of the mucilage hotspots.
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Figure 7. Histograms of distance maps of the Euclidean 3D distance from nearest citrate (A) and mucilage (B) hotspots for V. faba
atday $, 10, 15 and 20; note that the scales differ in the sub-figures (A) and (B).
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Figure 8. Histograms of distance maps of the Euclidean 3D distance from nearest citrate (A) and mucilage (B) hotspots for V. faba
atday S, 10, 15 and 20; note that the scales differ in the sub-figures (A) and (B).
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4. DISCUSSION

4.1 Rhizodeposition by a single growing root
The differences in the deposition lengths between citrate and muci-
lage led to differences in the location of the simulated peak concen-
trations of the two rhizodeposits along the root axis (Table 1; Fig.
1A). The maximum simulated radial extent of the mucilage hotspot
zone of 0.5 mm and the zone where the mucilage concentration was
below threshold but still detectable of 2—-5 mm, were in the same
range as the experimental findings of Holz et al. (2018a) and the cal-
culated values of Zickenrott et al. (2016), which reported rhizosphere
extents between 0.6 and 2 mm. For citrate, the maximum simulated
radial hotspot extent of 1 mm and the detectable concentration extent
of 4-9 mm were of the same order of magnitude as the results for
rhizodeposited *C from Kuzyakov et al. (2003) who measured a zone
of maximum carbon exudate concentration at a distance of 1-2 mm
from the root surface and a zone of less significant amounts of carbon
exudate concentration at a distance of 3-10 mm from the root surface.
It must be noted that the experimental conditions and model assump-
tions in the studies by Holz et al. (2018a), Zickenrott et al. (2016) and
Kuzyakov et al. (2003) were not the same as in our modelling set-up.
They differed with regard to plant species, plant age, water content and
pot geometry and may therefore only be regarded as an indicative of
the order of magnitude.

4.2 Impact of root architectural traits on rhizodepo-
sition patterns

It is well known that root architectural traits have a significant effect
on the distribution of rhizodeposits around the root system and thus
on rhizosphere processes (Nielsen et al. 1994; Lynch 199S; Holz
et al. 2018b). A detailed analysis about the impact of individual root
architectural traits such as root growth rate and branching density on
rhizodeposit hotspot volumes and on the rhizodeposition efficiency,
however, is still lacking.

Holz et al. (2018b) suggested that reduced root elongation leads
to a higher rhizodeposit concentration per rhizosphere soil volume
and thus—in the case of mucilage—to an increase in the local water
content. In the present study, we made a more detailed analysis of
the impact of different root growth rates on the rhizodeposit con-
centration per rhizosphere soil volume. Considering that a minimum
rhizodeposit concentration is required to trigger certain processes,
such as an increase in soil water content in the case of mucilage or
increased phosphorus mobilization in the case of citrate, an intermedi-
ate root growth rate has the greatest effect on rhizosphere processes.
If root growth is too fast, the soil volume containing rhizodeposits is
large, but the rhizodeposit concentration is below the threshold that
triggers a specific rhizosphere process. If root growth is too low, the
rhizodeposit concentration is very high, but the soil volume containing
such high rhizodeposit concentrations is very low. For our parameteri-
zation, the optimal growth rate has been shown to be greater for muci-
lage than for citrate. It can be speculated that roots take advantage of
this effect: When root elongation decreases due to environmental fac-
tors, such as soil mechanical impedance, a larger rhizodeposit hotspot
volume may result in increased rhizosphere water content in the case of
mucilage or increased phosphate availability in the case of citrate, thus

compensating for the disadvantages of a smaller root system (Holz
etal. 2018b).

Our simulations showed that an increase in branching density
leads to different increases in the total mass of citrate and mucilage in
the soil domain. This is due to different release, diffusion, decomposi-
tion and sorption rates of citrate and mucilage. Furthermore, we were
able to show that rhizodeposit hotspot volumes around roots that had
stopped growing soon disappeared due to the ongoing diffusion and
decomposition processes and the resulting decreasing concentrations.
In our parameterization, root branching had a greater effect on the
total rhizodeposition hotspot volume and also on the rhizodeposition
efficiency of citrate than of mucilage. However, if the lateral roots had
been shorter, the opposite would have been true because of the differ-
ence in deposition length of citrate and mucilage. Nielsen et al. (1994)
and Lynch (1995) reported that highly branched root systems with a
large number of root tips have a higher nutrient uptake efficiency and
thus a greater influence on rhizosphere processes. Similarly, Fletcher
et al. (2020) found that the number of root tips of a root system corre-
lated well with an increase in citrate-enhanced phosphate uptake. This
is consistent with the results of our simulations, which also showed
larger soil volumes of rhizodeposit hotspots when the number of root
tips was increased.

4.3 Rhizodeposition patterns around a growing
root system

Due to the higher deposition rates (Table 1), the maximum simulated
mucilage concentrations were larger than the maximum simulated
citrate concentrations, which is in line with findings from literature.
Zickenrott et al. (2016) estimated that mucilage concentrations of
up to 4 x 10* pg cm™ soil can potentially occur in the rhizosphere.
In our simulations, the maximum observed mucilage concentration
amounted to 2.7 x 10° pg cm™ soil and is therefore a bit higher than
this estimated maximum value. Gerke (2015) and Jones (1998) found
maximum citrate concentrations in the rhizosphere between 1 x 10°
and 4 x 10° pg cm™ soil. These ranges are a bit higher than our maxi-
mum simulated citrate concentration of 938 pg cm™ soil. This can be
explained by the fact that other plants such as Lupinus albus and Cicer
arietinum have been shown to release much greater amounts of citrate
into the soil than V. faba.

The rhizodeposit hotspot analysis showed the importance of over-
lapping rhizodeposition zones for the development of rhizodeposit
hotspots. The overlap of rhizodeposits was shown to account for 64 %
of the total volume of rhizodeposits of citrate, but only for 10 % of the
total volume of rhizodeposits of mucilage after 21 simulation days.
This difference is caused primarily by differences in the rhizodeposit
release: while mucilage is deposited exclusively at the root tip, citrate
release takes place over a length of approximately S cm behind the
root tip. Additionally, due to the larger diffusion coefhicient of citrate
compared to mucilage, rhizodeposit concentration volumes around
individual roots are larger for citrate than for mucilage and the pos-
sibility of rhizodeposit overlap is thus also greater for citrate than for
mucilage. In the case of high branching densities, it can be assumed
that individual hotspot volumes around roots will overlap, thereby
leading to a decrease in the total rhizodeposit hotspot volume. For our
parameterization, however, the hotspot volumes that were created by
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rhizodeposition overlap were more important than the hotspot vol-
umes that were lost by rhizodeposition overlap. Due to the increasing
number of laterals, the relative share of total hotspot volume caused by
rhizodeposit overlap was shown to increase with increasing simulation
time for our parameterization. It must be noted that we only looked
at a single root system in the present study. If multiple neighbouring
root systems were considered, the impact of overlapping rhizodepo-
sition zones on the total rhizodeposit hotspot volume would be even
larger. Our simulations have shown that long-lasting rhizodeposit
hotspots occur mainly in that part of the root system where branch-
ing occurs and where overlapping rhizodeposition zones are therefore
more frequent. In our example root system V. faba, the zone of long-
lasting rhizodeposit hotspots is thus found near the taproot, where
lateral roots emerge. It can therefore be expected that rhizosphere
processes such as an increase in soil water content in the case of muci-
lage or increased phosphorus mobilization in the case of citrate are
stronger within the part of a root system where branching takes place.
The analysis of distance maps of rhizodeposit hotspots showed that
the characteristics of a specific rhizodeposit have a significant effect
on the distribution of distances from any point in the soil domain to
the nearest rhizodeposit hotspot: Mucilage hotspots were found to be
more widely distributed in the soil domain than citrate hotspots, and
therefore had a larger soil volume with a short distance to the near-
est hotspot. Considering that certain bacteria in soil can respond to
organic compounds detected from a certain distance, these results are
significant for microbially controlled processes in the rhizosphere.

There are numerous modelling studies in the literature on root for-
aging strategies that use 3D root architecture models (e.g. Lynch 1995;
Ge et al. 2000; Pagés 2011). However, all of these studies concentrated
on the analysis of nutrient depletion zone overlap and did not consider
the impact of overlapping rhizodeposition zones on nutrient supply.
De Parseval et al. (2017) used a 2D model approach to investigate the
interaction between inter-root competition and inter-root facilitation
in the horizontal plane. Inter-root competition is caused by the overlap
of nutrient depletion zones, while inter-root facilitation is based on the
overlap of rhizodeposition zones, which leads to rhizodeposit hotspots
and consequently to an increased nutrient availability. Based on the
distances between roots, this model approach allowed them to predict
whether competition, facilitation or no interaction is the predominant
process governing root phosphorus uptake. It would be pertinent to
use our model to bridge these studies and to extend previous model-
ling approaches on root foraging strategies by the aspect of inter-root
facilitation. This would give us a more realistic estimate about the
impact of root architecture on root nutrient uptake.

4.4 The rhizodeposition model
Freshly released mucilage in contact with water is known to diffuse
freely into the soil (Sealey et al. 1995). However, when the soil dries,
mucilage forms strong bonds between soil particles (Sealey et al. 1995;
Ahmed et al. 2014; Albalasmeh and Ghezzehei 2014). Convective
transport of mucilage by flowing water is therefore negligible (Kroener
et al. 2018). When microbes decompose mucilage, they are known to
simultaneously release gel-like substances called bacterial exopolysac-
charides (EPS) (Carminati and Vetterlein 2013). It has been shown
that these substances have similar physical properties to mucilage
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and are therefore likely to have an effect on the hydraulic properties
of the soil (Or et al. 2007). In our study, simulated concentrations of
mucilage only refer to fresh mucilage, but not to mucilage derivatives.
Similarly, we only considered concentrations of fresh mucilage above
the specified threshold value as mucilage hotspots. However, for simu-
lations in which both mucilage deposition and soil water transport are
taken into account, the impact of mucilage derivatives on soil hydraulic
properties must be considered.

Our assumption of roots as line sources neglects root diameters
and therefore inevitably leads to inaccuracies in the size of the over-
lap zones of different root types. In addition, the analytical solution
is computationally expensive because the rhizodeposition concentra-
tions must be calculated separately for each grid point. To overcome
these limitations, the analytical solution could be converted into a
numerical approach and integrated into a 3D multicomponent model
for solute transport in soil and roots (cf. Mai et al. 2019).

Such a 3D multicomponent model could then be used to study nutri-
ent uptake by the root system under the influence of dynamic rhizodepo-
sition patterns. The impact of individual parameters such as root diameter
or root hairs could be evaluated additionally. It is well known that root
exudation stimulates microbial activity and thereby influences diverse
soil transformation processes such as the decomposition of soil organic
matter and soil aggregation (Dijkstra et al. 2013; Baumert ef al. 2018).
Therefore, our model could also be used to study the effects of differ-
ent root architectures and rhizodeposition patterns on the formation of
microbial hotspots and on the rate of different soil transformation pro-
cesses. It would also be interesting to use our model to study the distribu-
tion patterns of rhizodeposit derivatives such as EPS around root systems.
Additionally, the model could be used to mechanistically explain experi-
mentally observed rhizodeposition patterns (e.g. using zymography or
"'CO,-labelling; Giles et al. 2018; Yin et al. 2020).

4.5 Conclusion
In this study, we presented a new model to simulate the spatio-tempo-
ral distribution patterns of rhizodeposits around growing root systems
in three dimensions. The novel model approach allowed us to evaluate
the effects of root architecture features such as root growth rate and
branching density on the development of rhizodeposit hotspot zones,
which can trigger specific rhizosphere processes such as increased
nutrient uptake by roots. It further enables the investigation of the
influence of differences in rhizodeposit properties and root architec-
tures of different plant species on rhizodeposition patterns. We showed
that rhizodeposit hotspot volumes around roots were at a maximum at
intermediate root growth rates and that branching allowed the rhizo-
spheres of individual roots to overlap, resulting in an increase in the
volume of rhizodeposit hotspot zones. In the future we plan to inte-
grate our model into a 3D multicomponent root and solute transport
model (Mai et al. 2019). We also aim to incorporate the influence of
root diameter and root hairs into our model to gain a better under-
standing of the water and nutrient acquisition strategies of different

plant species.

SUPPORTING INFORMATION
The following additional information is available in the online version
of this article—
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Table S1. CPlantBox root growth parameters for Vicia faba and Zea
mays.

Auxiliary Study S1. Comparison of citrate and mucilage rhizodeposi-
tion by the tap root system of Vicia faba and the fibrous root system of
Zea mays.
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