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1 Abstract22

In this study, we developed a novel model approach to compute the spatio-23

temporal distribution patterns of rhizodeposits around growing root systems24

in three dimensions. Root systems were generated using the root architecture25

model CPlantBox. The concentration of rhizodeposits at a given location in26

the soil domain was computed analytically. To simulate the spread of rhizode-27

posits in the soil, we considered rhizodeposit release from the roots, rhizodeposit28

diffusion into the soil, rhizodeposit sorption to soil particles, and rhizodeposit29

degradation by microorganisms. To demonstrate the capabilities of our new30

model approach, we performed simulations for the two example rhizodeposits31

mucilage and citrate and the two example root systems Vicia faba and Zea32

mays. The rhizodeposition model was parameterized using values from the33

literature. Our simulations showed that the rhizosphere soil volume with rhi-34

zodeposit concentrations above a defined threshold value (i.e., the rhizodeposit35

hotspot volume), exhibited a maximum at intermediate root growth rates. Root36

branching allowed the rhizospheres of individual roots to overlap, resulting in37

a greater volume of rhizodeposit hotspots. This was particularly important in38

the case of citrate, where overlap of rhizodeposition zones accounted for more39

than half of the total rhizodeposit hotspot volumes. The rhizodeposit hotspot40

volume around the tap root system Vicia faba was shown to be much larger41

than around the fibrous root system Zea mays. Coupling a root architecture42
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model with a rhizodeposition model allowed us to get a better understanding43

of the influence of root architecture as well as rhizodeposit properties on the44

evolution of the spatio-temporal distribution patterns of rhizodeposits around45

growing root systems.46

2 Introduction47

The rhizosphere is defined as the small soil volume around the roots, in which48

plant roots interact with the soil and thereby alter its physical, chemical and49

biological properties (Hinsinger et al., 2009). One important rhizosphere pro-50

cess is rhizodeposition, which is defined as the free or passive release of organic51

compounds by the root, including water-soluble exudates, secretion of insoluble52

materials and also enzymes such as acid phosphatase, and release of dead root53

cells (Cheng and Gershenson, 2007). Rhizodeposition affects the ability of plant54

roots to extract water and nutrients from the soil, which is particularly impor-55

tant when resources are scarce (Hinsinger et al., 2009). Knowledge about the56

spatial distribution of rhizodeposits in the soil domain is thus crucial (Darrah,57

1991).58

There are only limited possibilities to directly measure the spatio-temporal59

distribution patterns of rhizodeposits around a root system. Holz et al. (2018a)60

used infrared spectroscopy to determine the spatial distribution of mucilage in61

the rhizosphere. This method allowed them to visualize the axial and radial gra-62

dients of mucilage concentration around a single root at a given point in time;63

information on the temporally dynamic distribution of mucilage is, however,64

lacking. Under the assumption of a constant ratio between rhizodeposited car-65

bon and root carbon, Pausch et al. (2013) quantified rhizodeposition at the field66

scale. This approach enabled them to estimate the total amount of rhizodeposi-67

tion of an entire root system over a defined period of time, however, it does not68

give any information about the spatial distribution patterns of rhizodeposits.69

Simulation models can contribute to better understand the processes leading70

to rhizodeposition and its spatial and temporal distribution. Such models that71

describe the distribution of rhizodeposits in the soil domain need to take into ac-72

count the following processes: the rhizodeposit release by the roots, the diffusion73

of rhizodeposits into the soil domain, and the decomposition of rhizodeposits by74

microorganisms (Kirk, 1999). For some organic compounds such as citrate, also75

sorption to the soil particles plays an important role (Oburger et al., 2011). A76

common approach to dynamically compute rhizodeposition patterns in the soil77

domain is the use of the diffusion-reaction equation. To our knowledge, however,78

this approach has so far only been applied at the single root scale (Carminati79

et al., 2016a; Holz et al., 2018b; Kirk, 1999) or extrapolated from the single root80

scale to the root system scale, neglecting differences in rhizodeposition patterns81

along the root axis (Schnepf et al., 2012). Fletcher et al. (2020) used a citrate-82

phosphate solubilization model to compute the spatio-temporal distribution of83

citrate concentrations around root systems in three dimensions. Their approach84

is, however, limited to very small root systems (≤ 8 cm rooting depth) due to85
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computational limitations.86

Various studies have shown the importance of the effect of root architecture87

on the amount and distribution of rhizodeposits (Hodge et al., 2009; Lynch,88

1995; Lynch, Ho, et al., 2005; Manschadi et al., 2014). On the one hand,89

root architecture controls the amount of rhizodeposit release by the number of90

root tips (Nielsen et al., 1994). On the other hand, root branching and root91

growth rate determine whether rhizodeposit release zones can overlap, thereby92

creating patches of high rhizodeposit concentration, which may facilitate water93

and nutrient uptake (De Parseval et al., 2017; Holz et al., 2018b).94

Rhizodeposition was shown to affect rhizosphere processes such as water and95

nutrient acquisition only if its concentration exceeds a defined threshold value96

(i.e., the rhizodeposit hotspot concentration) (Ahmed et al., 2016; Fletcher et97

al., 2019; Gerke, 2015). However, it is not yet clear when and where around98

the growing root system such zones of rhizodeposit hotspot concentrations arise,99

how they are distributed, and what proportion of the total concentration volume100

they represent. Not only the location of a rhizodeposit hotspot, but also the dis-101

tance and connectivity to the nearest hotspot and its duration can be a relevant102

factor controlling soil microbial diversity and microbial activities (Carson et al.,103

2010). Certain bacteria respond to threats or nutrient availability even when104

detected from certain distances: volatile organic compounds can provide infor-105

mation over larger distances and diffusible compounds over smaller distances106

(Schulz-Bohm et al., 2017; Westhoff et al., 2017).107

The aim of this study was to couple a root architecture model that simu-108

lates the development of a 3D root system with a rhizodeposition model that109

simulates the transport of rhizodeposits to investigate the spatio-temporal dis-110

tribution patterns of rhizodeposits in the soil and to evaluate the influence of111

root architecture on the generated patterns. For our simulations, we selected112

the two rhizodeposits citrate and mucilage, which have very distinct properties.113

In a first scenario, we simulated rhizodeposition by a single growing root. This114

scenario was used to evaluate the impact of the different rhizodeposit properties115

such as the rhizodeposit release rate, the sorption to soil particles as well as116

rhizodeposit decomposition and diffusion on the axial and radial distribution117

patterns of rhizodeposits around the root. In a second scenario, we investigated118

the impact of the two root architectural traits ’root growth rate’ and ’number119

of root tips’ on the rhizodeposition patterns around a growing single root re-120

spectively a simple herringbone root system. In a third scenario, we simulated121

rhizodeposition around entire growing root systems. For these simulations, we122

selected the tap and fibrous root systems of Vicia faba and Zea mays. This123

scenario was used to evaluate the impact of the different root architectures on124

the spatio-temporal distribution patterns of the rhizodeposits. For the root sys-125

tem of Vicia faba, we investigated for how long and where in the soil domain126

the rhizodeposit concentrations were above a critical threshold value and evalu-127

ated the importance of root branching and overlap of rhizodeposit release zones128

for the emergence of such rhizodeposit hotspots. Furthermore, we studied how129

the amount of soil volumes at various distances around rhizodeposit hotspots130

evolves over time.131
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3 Material and Methods132

3.1 Model development133

To simulate rhizodeposition patterns around growing and exuding root systems,134

we considered roots as point or line sources. The potential impact of the root135

diameter on the concentration of rhizodeposits was thus neglected. Making136

these assumptions, the concentration of rhizodeposits at a given location in137

the soil domain can be computed analytically. All equations and assumptions138

underlying our coupled model approach are explained in the following.139

3.1.1 Root growth model140

All root systems were created with the root architecture model CPlantBox,141

which is described in detail in Schnepf et al. (2018) and Zhou et al. (2020).142

CPlantBox is a generic model, which allows simulating diverse root architectures143

of any monocotyledonous and dicotyledonous plant. It distinguishes between144

different root types, i.e. tap root, basal roots and lateral roots of different145

order. Each root type is defined by a certain set of parameters that determine146

its evolution over time. CPlantBox is programmed in C++, but includes a147

Python binding that allows simplified scripting.148

3.1.2 Rhizodeposition model - theory149

For each growing root, we solve the diffusion-reaction equation (Jacques et al.,150

2018) in an infinite domain,151

θR
∂c

∂t
+∇ · (−Dθ∇c) = −θkc+ f(x, t) for t > 0, x ∈ R3, (1)

c(x, 0) = 0 (2)

where θ is the volumetric water content (cm3 cm−3), R is the retardation co-152

efficient (cm3 cm−3), c is the rhizodeposit concentration in the soil (µg cm−3),153

D = Dlτ is the effective diffusion coefficient (cm2 d−1), Dl is the molecular154

diffusion coefficient in water (cm2 d−1), τ is the impedance factor (−), k is the155

linear first order decomposition rate constant (d−1), f is the source term that156

describes the release of rhizodeposits by the root at position x and time t.157

We consider two cases of rhizodeposition: In the first case, rhizodeposition
occurs at the root tip only and the root is thus considered as a moving point
source; in the second case, rhizodeposition occurs over a given root length l
behind the tip and the root is a moving line source. For these two cases, the
source term f is defined as

f(x, t)point = Qpδ(x− xtip(t)) (3)

f(x, t)line =

∫ min(lr,l)

0

Qlδ(x− x(l′, t))dl′ (4)
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where Qp (µg d−1) and Ql (µg d−1 cm−1) are the rhizodeposit release rates158

of the point and line sources, xtip(t) = (xtip, ytip, ztip) is the position of root tip159

at time t, lr is the arc length of the exuding root segment (cm), x(l′, t) is the160

position at an arc length of l′ behind the position of the root tip at time t, and161

δ(x) (cm−3) is the Dirac function.162

The analytical solutions to these moving point and moving line source prob-
lems have been derived by Carslaw and Jaeger (1959), Bear and Cheng (2010),
Wilson and Miller (1978):

c(x, t) =

∫ ager(t)

0

QpR
1/2

8θ
√
π3D3t′3

(5)

exp(−R (x− xtip(ager(t)− t′))2

4Dt′
− k

R
t′)dt′

c(x, t) =

∫ min(lr,l)

0

∫ ager(t)

0

QlR
1/2

8θ
√
π3D3t′3

(6)

exp(−R (x− x(l′, ager(t)− t′))2

4Dt′
− k

R
t′)dt′dl′,

where ager(t) is the age of an individual root at time t (d).163

We assume that rhizodeposition stops when the root stops growing. The164

rhizodeposits, which are already present in the soil, however, continue to diffuse165

and decompose. Thus, after the root stopped growing, we need to solve:166

θR
∂c

∂t
+∇ · (−Dθ∇c) = −θkc for t > tstop, x ∈ R3, (7)

c(x, tstop) = g(x, tstop), (8)

where g(x, tstop) is the solution concentration (µg cm−3) at time tstop (d). The167

analytical solution of the problem with first-order reaction term given by equa-168

tions (7) and (8) can be derived from the general solution of the homoge-169

neous initial value problem (Evans, 1998) by making use of the transformation170

c′ = c × exp(−k/R × t) (Crank, 1979), where c′ is the general solution of the171

homogeneous problem (Evans, 1998):172

c(x, t) =

∫
R3

R3/2g(y, tstop)

(4Dπ(t− tstop))3/2
exp

(
−R (x− y)2

4D(t− tstop)
− k(t− tstop)

R

)
dy

(9)

The solution concentration around an entire root system was computed by
adding up the concentrations around individual roots, making use of the super-
position principle. Thus, the total solution concentration cT around N roots is
given by:

cT (x, t) =

N∑
i

ci(x, t) (10)
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3.1.3 Rhizodeposition model - application173

The rhizodeposition model was implemented as an additional module in the174

root architecture model CPlantBox. The analytical solutions presented in equa-175

tions (5) and (6) were solved numerically using the Gauss-Legendre quadra-176

ture, which we derived from the open source library for C/C++ provided by177

Pavel Holoborodko (http://www.holoborodko.com/pavel/). This library was178

used within the C++ code of CPlantBox and introduced into its Python bind-179

ing so that we could compute the rhizodeposit distribution around a simulated180

root architecture. The analytical solution for the moving point source (equation181

(5)) was solved using the function ’gauss legendre’, while the analytical solution182

for the moving line source (equation (6)) was solved using the function ’gauss183

legendre 2D cube’ with 10 integration points per 1 cm root length. The vol-184

ume integral in equation (9) was solved by trapezoidal rule over a regular cubic185

grid of 1mm edge length, and the integral was scaled in order to achieve mass186

balance for diffusion.187

To reduce computational time, equations (5) and (6) were not evaluated for188

the entire soil domain, but only within a specified maximum influence radius189

around each root within which the rhizodeposit concentrations were significantly190

different from zero. This maximum influence radius was set to 0.6 cm for cit-191

rate and to 0.4 cm for mucilage, which was a rough estimation of the diffusion192

length. Since we used analytical solutions, the rhizodeposit concentrations had193

to be calculated individually around each root before they were added to get the194

concentration around the whole root system. To reduce computational time, we195

calculated the rhizodeposit concentrations around the individual roots of a root196

system in parallel using the multiprocessing package available in Python. In197

addition, it was necessary to run our model individually for each time step for198

which an output was needed. We ran all simulations on the Linux cluster of IBG-199

3 at the Research Center Juelich, which allowed us to run several model runs200

in parallel. The rhizodeposition model with the code used in this study is pub-201

licly available at https://github.com/Plant-Root-Soil-Interactions-Modelling/202

CPlantBox/tree/pub landl 2021.203

3.2 Scenario setup and model parameterization204

In a first scenario, we simulated rhizodeposition by a single growing root. This205

scenario was used to investigate the radial and axial distribution of rhizode-206

posits around the root. In this scenario, the root was assumed to grow straight207

downwards at a constant growth rate of 1 cmd−1 until a root length of 10 cm208

was reached. The root then stopped growing. Rhizodeposition was computed209

for the two rhizodeposits citrate and mucilage, which have very distinct proper-210

ties. We used mucilage and citrate rhizodeposit release rates of Vicia faba. The211

rhizodeposit release rate is lower for citrate than for mucilage. The diffusion212

coefficient and the decomposition rate, in contrast, are higher for citrate than213

for mucilage. Furthermore, citrate is known to be sorbed to the soil particles214

(Oburger et al., 2011), while mucilage that is in contact with free water is not215
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(Sealey et al., 1995). While citrate is exuded from the root apex over a length of216

approximately 5 cm (Pineros et al., 2002), mucilage was shown to be deposited217

from an area of only a few mm2 right at the tip of the root (Iijima et al., 2003).218

All rhizodeposit properties were derived from literature and are presented in219

Table 1.220

In a second scenario, we evaluated the impact of the two root architectural221

traits ’root growth rate’ and ’branching density’ on the rhizodeposition patterns222

around a growing single root respectively a simple herringbone root system. We223

thereby used four different constant root growth rates (0.1 cmd−1, 0.5 cmd−1,224

1 cmd−1, 1.5 cmd−1) respectively two different branching densities (2 cm−1 and225

1 cm−1). Citrate and mucilage rhizodeposit release rates were parameterized for226

Vicia faba using values from the literature (Table 1).227

In a third scenario we simulated rhizodeposition by entire growing root sys-228

tems that were generated with CPlantBox to investigate the impact of different229

root architectures as well as the characteristics of different plants on the spatio-230

temporal distribution patterns of rhizodeposits. We chose the model plants231

Vicia faba and Zea mays with their contrasting tap and fibrous root systems.232

Root architecture parameters were obtained from µCT images of Vicia faba and233

Zea mays plants that were grown in a lab experiment (Gao et al., 2019). The234

root systems shown on the µCT images were thereby manually reconstructed in235

a three-dimensional virtual reality system (Stingaciu et al., 2013) and saved as236

RSML files (Lobet et al., 2015). These RSML files were then used to derive the237

required input parameters of CPlantBox with the help of a home-grown python238

code. All input parameters are presented in the Appendix. The rhizodeposit239

release rates of citrate and mucilage were adapted to Vicia faba and Zea mays240

using values from the literature and are presented in Table 1. The simulation241

time was set to 21 days, which is a typical time frame of the lab experiments242

that were used to image the plant root systems. Simulation outputs were gen-243

erated in daily time steps. The size of the soil domain was 20× 20× 45 cm3 for244

Vicia faba and 40× 40× 35 cm3 for Zea mays. In all simulation scenarios, the245

resolution of the soil domain was set to 1mm and we used a constant soil water246

content of 0.3 cm3 cm−3.247
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3.2.1 Rhizodeposit hotspot analysis248

Rhizodeposit hotspots are defined as the soil volumes around the root in which249

the concentration of rhizodeposits is above a critical threshold value and there-250

fore significantly influences specific rhizosphere processes. We defined these251

threshold values for citrate and mucilage using values from the literature. Gerke252

(2015) reported that a minimum total carboxylate concentration of 5µmol g−1253

soil leads to enhanced phosphorus mobilization. Assuming that citrate accounts254

for about 25 % of the total carboxylate concentration (Lyu et al., 2016) and using255

the soil buffer power as the ratio between the total rhizodeposit concentration256

and the soil solution rhizodeposit concentration (Nye, 1966), this corresponds257

to a threshold citrate concentration of 58µg cm−3 soil solution at an assumed258

bulk density of 1.2 g cm−3. In a modelling study based on experimental measure-259

ments, Carminati et al. (2016a) investigated the effect of mucilage on rhizosphere260

hydraulic properties and transpiration as a function of mucilage concentration.261

For a sandy soil, they observed a measurable effect of mucilage on soil water262

retention at a minimum mucilage concentration of 0.33mg g−1 dry soil, which263

corresponds to a threshold mucilage concentration of 1300µg cm−3 soil solution264

at an assumed bulk density of 1.2 g cm−3. It was shown that not only fresh265

mucilage, but also mucilage derivatives that are produced during the process of266

decomposition can have an impact on soil hydraulic properties (Carminati and267

Vetterlein, 2013; Or et al., 2007). To date, however, it is not clear how mu-268

cilage derivatives affect soil water dynamics (Benard et al., 2019). In this study,269

degraded mucilage is neglected and only the concentration of fresh mucilage is270

taken into account.271

To compare hotspot volumes of root systems that differ in architecture or272

age, we normalized them with the root length and with the minimum soil vol-273

ume that contains 99 % of the total rhizodeposit mass that is currently present274

in the soil domain. These relative hotspot volumes are further on called length-275

normalized and volume-normalized rhizodeposit hotspot volumes. While the276

length-normalized hotspot volume is a measure of the efficiency of the root ar-277

chitecture, the volume-normalized rhizodeposit hotspot volume can be regarded278

as a measure of the efficiency of rhizodeposition.279

The duration of an individual rhizodeposit hotspot at a specific location280

in the soil domain is not constant, but varies depending on different dynamic281

processes such as the diffusion and decomposition rate, the sorption to soil par-282

ticles, the deposition length behind the root tip and the root architecture, which283

may cause rhizodeposit overlap. We therefore also investigated the lifetime of284

rhizodeposit hotspots within the soil domain.285

To quantify the amount of soil volumes at various distances around hotspots286

and how these quantities evolve over time, we applied the 3D ImageJ Suite287

(Ollion et al., 2013) plugin of Fiji (Schindelin et al., 2012) to calculate the288

Euclidean 3D distance maps from the nearest hotpots at various days of root289

growth and provide the histograms of the distance maps.290
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4 Results291

4.1 Scenario I: Rhizodeposition by a single growing root292

Fig. 1 shows the concentration profiles of citrate and mucilage around a growing293

and exuding single root after a defined time period. After 10 days, the root294

reaches its maximum length of 10 cm and both root growth and rhizodeposition295

stop. Diffusion and decomposition of the rhizodeposits continue until the end296

of the simulation. For both citrate and mucilage, the concentrations are thus297

much higher after 10 days (Fig.1 (I)) than after 15 days (Fig.1 (II)) of simulation298

due to the ongoing decomposition of the rhizodeposits. The progressive diffusion299

furthermore leads to a larger extent of the radial profiles after 15 days compared300

to 10 days and also at position 2 (15 cm behind the root tip) compared to301

position 1 (1.5 cm behind the root tip). In general, concentrations of mucilage302

are higher than concentrations of citrate due to the differences in rhizodeposit303

properties. The peak concentration of mucilage is located at a distance of 1 cm304

behind the root tip, while citrate concentrations are highest 5 cm behind the305

root tip. This difference is caused by the differences in the deposition lengths306

(Table 1, Fig.1 (a)). The radial extension of the concentration from the root307

axis is larger for citrate than for mucilage due to the larger ratio of the effective308

diffusion coefficient and the retardation factor (Fig.1 (b,c)). The rhizodeposit309

hotspot concentrations extend over a length of 5.3 cm and 2.2 cm along the root310

axis for citrate and mucilage, respectively, while the root is still growing (Fig.1311

Ia). The maximum radial extent of the rhizodeposit hotspot concentration is312

1mm and 0.5mm for citrate and mucilage, respectively, while the root is still313

growing (Fig.1 Ib, c).314
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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 shaded
areas denote the part of the profiles where the concentrations are above the
threshold values

4.2 Scenario II: Impact of root architectural traits on the315

rhizodeposition patterns around a single growing root316

4.2.1 Impact of root growth rate317

Considering that rhizodeposits are released from the growing tip in the case of318

mucilage respectively from a small zone behind the growing tip in the case of319

citrate, changes in root elongation rate have a strong impact on the distribution320

of rhizodeposits in the soil. In figures 2 and 3 the concentrations of mucilage321

and citrate around a single straight root that elongates for 10 days at different322

constant growth rates are shown. A larger growth rate obviously leads to a323

larger soil volume containing rhizodeposits at a lower concentration. In black,324

we depicted the volume of rhizodeposit hotspots for both citrate and mucilage.325

Interestingly, the largest rhizodeposit hotspot volume was found for the second326

lowest root growth rate of 0.5 cmd−1 for citrate and for the second highest root327

growth rate of 1 cmd−1 for mucilage. This can be explained by the opposite328

effect of the growth rate on the concentration where exudation takes place,329

which increases with decreasing growth rate, and of the soil volume containing330

rhizodeposits, which increases with increasing growth rate.331
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Figure 2: Concentration of citrate deposits around a single root after 10 days of
growth at a constant growth rate of (a) 0.1 cmd−1, (b) 0.5 cmd−1, (c) 1 cmd−1,
(d) 1.5 cmd−1; the black patches denote the hotspot volume; note that the
colors are in logarithmic scale
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Figure 3: Concentration of mucilage deposits around a single root after 10
days of growth at a constant growth rate of (a) 0.1 cmd−1, (b) 0.5 cmd−1, (c)
1 cmd−1, (d) 1.5 cmd−1; the black patches denote the hotspot volume; note
that the colors are in logarithmic scale

4.2.2 Impact of root branching patterns332

After the rhizodeposits are released at the root tip or in a small zone behind the333

root tip, they gradually diffuse and are decomposed by microorganisms. The334

number of root tips, which is related to the branching density of a root system,335

therefore has a significant impact on the total mass of released rhizodeposits,336

but also on the soil volume with rhizodeposit concentrations above the threshold337

value. Fig. 4 shows the rhizodeposition patterns around two simple herringbone338

root systems with different branching densities for both citrate and mucilage.339

An increase in branching density by a factor of two (from 9 to 16 root tips)340

increased the total mass of rhizodeposits present in the soil domain by 48 %341

for citrate and by 79 % for mucilage after 10 days of growth. This difference is342

caused by the differences in rhizodeposit release, diffusion, decomposition and343

sorption rate between citrate and mucilage. It can be seen that there are no344

rhziodeposit hotspot volumes (depicted in pink) around the upper laterals. This345

is because root growth and therefore also rhizodeposit release of lateral roots has346

already stopped and the ongoing decomposition and diffusion processes have led347
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to rhizodeposit concentrations below the threshold value. It can also be seen348

that the citrate rhizodeposit hotspot volumes are located further behind the349

root apex than the mucilage rhizodeposit hotspot volumes. This difference is350

caused by the differences in the deposition lengths (Table 1 and cf. Fig.1351

(a)). An increase in branching density by a factor of two increased the total352

rhizodeposit hotspot volume by 80 % and 73 %, the length-normalized hotspot353

volume by 13 % and 9 % and the volume-normalized hotspot volume by 51 %354

and 29 % for citrate and mucilage, respectively, after 10 days of growth. For355

our parameterization, root branching thus had a greater impact on the total356

rhizodeposit hotspot volume and also on the rhizodeposition efficiency of citrate357

than of mucilage. If lateral branches were shorter, the opposite would have been358

the case due to the difference in deposition length between citrate and mucilage.359

Figure 4: Deposition patterns of rhizodeposit hotspot concentrations (pink) and
concentrations above the arbitrary threshold of 0.1µg cm−3 (yellow) for citrate
(a,b) and mucilage (c,d) around a simple herringbone root system with different
branching densities (1 cm−1 (a,c) and 2 cm−1 (b,d)) after 10 days of growth at
a constant growth rate of 1 cmd−1

4.3 Scenario III: Rhizodeposit concentration patterns around360

the root systems of Vicia faba and Zea mays361

Fig. 5 shows the rhizodeposit concentration patterns of citrate and mucilage362

around the 21 day old root systems of Vicia faba and Zea mays. The max-363

imum extent of the rhizosphere was defined using an arbitrary threshold of364

0.1µg cm−3. Due to the higher deposition rates (Table 1), the maximum mu-365

cilage concentrations are larger than the maximum citrate concentrations for366

both Vicia faba and Zea mays and the concentrations of one specific rhizode-367

posit (citrate respectively mucilage) are larger for Vicia faba than for Zea mays.368

Furthermore, it can be seen that the extent of the citrate rhizosphere (Fig. 5369
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(a,c)) is larger than the extent of the mucilage rhizosphere (Fig. 5 (b,d)). This370

is caused by the different properties of citrate and mucilage (Table 1).371

Figure 5: Vertical cut through the distribution of the rhizodeposit concentra-
tions around 21 day old root systems (citrate around Vicia faba (a), mucilage
around Vicia faba (b), citrate around Zea mays (c), mucilage around Zea mays
(d)); note that the colors are in logarithmic scale and that the color scales differ
for the different figures

4.3.1 Differences in the rhizodeposition patterns around the tap and372

fibrous root systems of Vicia faba and Zea mays373

Fig. 6 shows the amount of released citrate and mucilage rhizodeposits from374

the root systems of Vicia faba and Zea mays with time. The total mass of rhi-375

zodeposits present in the soil domain gradually increases while the root system376

is growing. It is larger for mucilage than for citrate and mostly also larger for377

Vicia faba than for Zea mays. Only between simulation day 5 and simulation378

day 8, the emergence time of lateral roots of Vicia faba, the total rhizodeposit379

mass is larger for Zea mays than for Vicia faba (Fig. 6 (a)). The total mass380

of rhizodeposits normalized with the total root length shows very distinct pat-381

terns for Vicia faba and Zea mays (Fig. 6 (b)). For Vicia faba, the curve clearly382

reflects the development of the root architecture: At simulation day 6, the first383

lateral roots emerge, which is reflected by a sharp increase in the root length-384

normalized mucilage mass. For citrate, which is released over a length of 5 cm385

behind the root apex, this increase can be seen to a lesser extent and with a386

certain delay. For Zea mays, the length-normalized citrate and mucilage masses387

remain relatively constant over the entire simulation period, which is caused by388

the large number of basal roots and the early emergence of first order laterals389

at simulation day 3, which level out any visible impact of root architecture.390

Similar patterns arise for the total mass of rhizodeposits normalized with the391

number of root tips (Fig. 6 (c)). For Vicia faba, the emergence of first and392

second order lateral roots (simulation day 6 and 7, respectively), is reflected in393

the curves of both citrate and mucilage. For Zea mays, the curves are relatively394

stable over the entire simulation period. Fig. 6 (d) shows the total mass of395
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rhizodeposits normalized with the volume of the convex hull of the root system.396

At the beginning of the simulation period, the values are extremely large due397

to the small volume of the convex hull, but they level out at approximately398

simulation day 7. It can be seen that for both citrate and mucilage, the convex399

hull normalized rhizodeposit mass and thus the rhizodeposit concentrations are400

larger for Vicia faba than for Zea mays.401

On simulation day 21, the root system of Zea mays was 2 times longer, had402

3.5 times more root tips, and had a convex hull volume 3.7 times larger than the403

root system of Vicia faba (Fig. 6 (b,c,d), red curves). However, the total mass404

of released citrate and mucilage was only 11 % and 14 % of that of Vicia faba,405

respectively (Fig. 6 (a)). According to our simulations, the larger root system of406

Zea mays could therefore not make up for the lower rhizodeposit release rate as407

compared to Vicia faba to reach similar amounts of rhizodeposit mass released408

into the soil.409

Figure 6: Total amount of released rhizodeposit mass over time (a), normalized
with the total root length (b), normalized with the number of root tips (c) and
normalized with the volume of the convex hull (d) for citrate and mucilage and
the root systems Vicia faba and Zea mays; note that all axes are in logarithmic
scale

4.3.2 Rhizodeposit hotspot analysis410

Due to the steep gradients in the radial rhizodeposit concentration profiles (Fig.411

1 (I b,c) and (II b,c)), only the rhizodeposit concentrations in the immediate412

vicinity of the root surface as well as close to growing root tips are higher than413

the threshold values. Due to the decomposition and diffusion processes, only414

the rhizodeposit concentrations around younger roots that are still growing or415

where rhizodeposit overlap has occurred are higher than the threshold values.416
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Unfortunately, the volume of rhizodeposit hotspot concentrations around the417

root system of Zea mays was so small that we could not capture it with our418

soil domain resolution of 1mm. The hotspot analysis was therefore only per-419

formed for the root system of Vicia faba. An illustration of the distribution of420

rhizodeposit hotspots of citrate and mucilage around the root system of Vicia421

faba after 21 days of simulation is presented in Fig. 7.422

Figure 7: Distribution of rhizodeposit hotspots (pink patches) of citrate (a) and
mucilage (b) around a 21 day old root system of Vicia faba

4.3.2.1 Development of the rhizodeposit hotspot volume and its de-423

pendence on root branching424

Fig. 8 shows the development of the rhizodeposit hotspot volume and its de-425

pendence on root branching. Due to the increasing root system length and426

the increasing number of root tips, the rhizodeposit hotspot volume increased427

with increasing simulation time for both citrate and mucilage and was generally428

larger for citrate than for mucilage (Fig. 8 (a)). A different picture emerged,429

however, when the rhizodeposit hotspot volume was normalized with the root430

length (Fig. 8 (b)). Until simulation day 5, the root system of Vicia faba con-431

sisted only of a taproot without any laterals. For mucilage, which is deposited432

at the root tip, the root length-normalized hotspot volume therefore decreased433

until the emergence of lateral roots. For citrate, which is exuded over a length434

of 5 cm behind the root apex, the root length-normalized hotspot volume in-435

creased until the deposition length was reached, and thereafter decreased until436

the first lateral roots emerged. At the emergence time of lateral roots, the root437

length-normalized hotspot volume of citrate and mucilage increased until ap-438

proximately simulation day 12 and 15, respectively, and thereafter decreased.439

This decrease in root length normalized hotspot volume is caused on the one440
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hand by roots that are still growing but whose hotspot volume remains con-441

stant with growth and on the other hand by roots that have stopped growing442

and therefore no longer release rhizodeposits. Due to the difference in deposi-443

tion length, the decrease in the root length-normalized hotspot volume occurs444

later for citrate than for mucilage. Fig. 8 (c) shows the development of the445

volume-normalized hotspot volume. Again, due to the lack of lateral roots, the446

volume-normalized hotspot volume decreased for both mucilage and citrate un-447

til simulation day 5. For both citrate and mucilage, it subsequently increased448

up to a peak value at approximately simulation day 10 and 13, respectively, and449

thereafter decreased again. Thus, the maximum rhizodeposition efficiency for450

citrate was reached on simulation day 10 and for mucilage on simulation day451

13. Interestingly, until about simulation day 15, the rhizodeposition efficiency452

was greater for mucilage than for citrate, but about the same at the end of the453

simulation. This is due to the differences in rhizodeposition, diffusion, sorption454

and decomposition rates between citrate and mucilage.455

Fig. 8 also shows the enormous effect of root branching on the development456

of rhizodeposit hotspots. The larger the root system became, the more im-457

portant the lateral roots were for the development of the rhizodeposit hotspot458

volumes. At the last day of the simulation, 1st order lateral roots accounted for459

39% and 47% of the total rhizodeposit hotspot volume for citrate and mucilage,460

respectively. 2nd order lateral roots accounted for 61% and 53% of the total461

rhizodeposit hotspot volume for citrate and mucilage and were therefore even462

more important than 1st order lateral roots and more important for citrate than463

for mucilage hotspots (Fig. 8 (a)). For both citrate and mucilage, the length-464

normalized hotspot volume was relatively similar for lateral roots of 1st and 2nd465

order and significantly smaller for the taproot (Fig. 8 (b)). This is partly due466

to the shorter lateral roots compared to the taproot and partly because most of467

the rhizodeposits around the taproot are already decomposed at the end of the468

simulation. In terms of volume-normalized rhizodeposit hotspot volume, and469

thus rhizodeposition efficiency, the influence of 1st and 2nd order lateral roots470

was again quite similar and much smaller for the taproot. This was true for471

both citrate and mucilage.472
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Figure 8: Impact of different root orders on the total rhizodeposit hotspot
volume (a) on the total rhizodeposit hotspot volume per cm root length (b) and
on the total rhizodeposit hotspot volume relative to the minimum rhizodeposit
concentration volume of 99 % of the total rhizodeposit mass that is currently
present in the soil domain (c)

4.3.2.2 Impact of rhizodeposit overlap on the rhizodeposit hotspot473

volume474

Fig. 9 (a) shows the impact of overlapping rhizodeposition zones on the rhi-475

zodeposit hotspot volume of citrate and mucilage around the root system of476

Vicia faba. Interestingly, the impact of overlapping rhizodeposition zones on477

the total rhizodeposit hotspot volume is much more important for citrate than478

for mucilage. This is caused by the different rhizodeposition behaviour of cit-479

rate and mucilage: While mucilage rhizodeposition takes place exclusively at480

the root tip, citrate is exuded over a length of approximately 5 cm behind the481

root apex (Table 1). Therefore, at root branching zones, where rhizodeposi-482

tion zones overlap, citrate concentrations around the individual roots are high483

enough to jointly produce rhizodeposit hotspots, whereas this is not the case for484

mucilage. Furthermore, rhizodeposit concentration volumes around the root are485

larger for citrate than for mucilage. The possibility of overlapping rhizodeposi-486

tion zones is then also larger for citrate than for mucilage. Due to the increasing487

number of laterals, the relative share of total hotspot volume caused by rhizode-488

posit overlap increases with increasing simulation time. At simulation day 21,489

overlapping rhizodeposition zones accounted for 64% of the total citrate rhizode-490

posit hotspot volume and for 10% of the total mucilage rhizodeposit hotspot491

volume around the root system of Vicia faba. Interestingly, the total rhizode-492

posit hotspot volume without overlap is only slightly higher for citrate than for493

mucilage. In the case of high branching densities, it can be assumed that indi-494

vidual hotspot volumes around roots will overlap, thereby leading to a decrease495

in the total rhizodeposit hotspot volume. For our parameterization, however,496

the hotspot volumes that were created by rhizodeposition overlap were more497

important than the hotspot volumes that were lost by rhizodeposition overlap.498

Fig. 9 (b,c) shows the location of overlapping rhizodeposition zones around the499

root system ofVicia faba on the last day of simulation. It can be seen that most500

of the overlap happens close to the root axis where the branching takes place.501
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Rhizodeposit overlap due to individual roots that cross each other freely in the502

soil domain is less significant.503

Figure 9: Impact of overlapping rhizodeposition zones on the total rhizode-
posit 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

4.3.2.3 Analysis of the duration of rhizodeposit hotspots504

The maximum number of days on which hotspot concentrations were reached505

at a specific location in the soil domain was 16 days for citrate and 9 days for506

mucilage (Fig. 10 (a)). In general, the longer the duration of the hotspots,507

the lower was the volume of rhizodeposit hotspots and thus the frequency of508

rhizodeposit hotspot duration. Interestingly, the most common duration of the509

rhizodeposit hotspot for mucilage was 3 days. This is the average time between510

the release of the mucilage at the root tip and its degradation to a concentration511

below the threshold value. Fig. 10 (b, c) shows the local distribution of the512

durations of the rhizodeposit hotspots. It can be seen that for both citrate and513

mucilage, the longest duration of rhizodeposit hotspots occurs near the tap-514

root, where root branching takes place and therefore overlapping rhizodeposit515

zones occur more frequently. Furthermore, long-lasting rhizodeposit hotspots516

occur more frequently around older parts of the root system. Lateral roots of517

higher order at a greater distance from the taproot do not show long durations518

of rhizodeposit hotspots. This effect is more pronounced for citrate than for519

mucilage.520
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Figure 10: Duration and volume of rhizodeposit hotspots for citrate and mu-
cilage (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)

4.3.2.4 Analysis of distance maps from rhizodeposit hotspots521

Histograms of distance maps (Fig. 11) of Vicia faba show that the volume of522

soil that is close to a hotspot increases more and more over the simulated 20523

day period. At day 5, the small root system and its hotspots are in the top524

center of the pot and the equidistant surfaces with distances of less than 10 cm525

from the hotspots are approximately semi-spheres around the root system: the526

parabolic increase of the histogram for less than 10 cm distances corresponds527

to the increase in area of a semi-sphere of radius r which is 0.5 · (4πr2). At528

a distance of around 10 - 15 cm, which corresponds to the phase where the529

equidistant surface reaches the side boundaries of the pot, the histogram line530

decreases. From 15 - 35 cm it remains rather constant and then drops rapidly531

at a distance of 35 cm, which corresponds to the phase where the equidistant532

surface reaches the lower boundary of the pot. At day 10, more and deeper533

hostspots have emerged and as a consequence the peak in the histogram at534

around 10 cm becomes smoother and the drop of the curve occurs now already535

at 25 cm. At day 15, the heterogeneous distribution of several hotspots within536

the domain results in a rough histogram line for distances of less than 10 cm and537

hotspots in deeper regions cause a drop at already 15 - 20 cm distance where538

the equidistant surface reaches the lower boundary of the pot. Till day 15, the539

curves for citrate and mucilage are very similar. At day 20, for citrate, there540

is a peak of the soil volume at a distance of 5 cm from the hotspots and for541

mucilage at a distance of 3 cm. At day 20, mucilage shows a larger soil volume542
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in the first five centimeters compared to citrate, which is caused by the wider543

respectively less clumped distribution of the mucilage hotspots (cf. Fig. 7).544

Figure 11: Histograms of distance maps of the Euclidean 3D distance from
nearest citrate (a) and mucilage (b) hotspots for Vicia faba at day 5, day 10,
day 15 and day 20; note that the scales differ in the sub-figures (a) and (b)

5 Discussion545

5.1 The rhizodeposition model546

In our rhizodeposition model, the roots are considered as line sources. The547

potential impact of the root diameter on the concentration of rhizodeposits is548

therefore neglected. To fulfill this assumption, the used grid resolution must be549

larger than the root diameter. On the other hand, a fine enough grid resolution550

must be chosen to capture small-scale variations in the spatial distribution of551

rhizodeposits caused by the steep gradients. Considering that primary roots of552

Vicia faba and Zea mays have mean root diameters of approximately 0.95mm553

and 0.85mm (Materechera et al., 1991), we assumed that a grid resolution of554

1mm is suitable to simulate the spatio-temporal distribution of rhizodeposits555

around the growing root systems of Vicia faba and Zea mays.556

For a soil domain with dimensions of 40×40×35 cm, this resolution resulted557

in a total number of 5.6×107 grid points. For each of these grid points, the rhi-558

zodeposit concentration had to be calculated analytically. To keep computation559

times within acceptable limits, we computed the rhizodeposit concentrations560

only within a specified radius around each root and parallelized the computa-561

tion of rhizodeposit concentrations around individual roots.562

To overcome the problem of the line source assumption as well as the high563

computational cost, the analytical solution could be transformed into a numer-564

ical approach. Such a numerical approach could also be integrated into a 3D565

multi-component model of solute transport in soil and roots like the one pro-566

posed by Mai et al. (2019). This model could then be used to study nutrient567

acquisition by the root system under the influence of dynamic rhizodeposition568

patterns and furthermore to evaluate the impact of root hairs respectively dif-569

ferences in root diameter on rhizodeposition patterns.570
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In all simulations, we assumed a constant water content of 0.3 cm3 cm−3 in571

the rhizosphere over the entire simulation period. This assumption is supported572

by the experimental work of Holz et al. (2018b) and Moradi et al. (2011), who573

found that the water content in the rhizosphere remained constant regardless574

of drought stress, which they explained with the high water holding capacity of575

the mucilage present in the rhizosphere.576

In our rhizodeposition model, we did not consider the effect of root hairs.577

Holz et al. (2018b) showed that plants with root hairs released significantly578

more carbon into the soil than plants without root hairs. Carminati et al.579

(2016b) suggested that the interaction between root hairs and mucilage may580

have an important influence on root water uptake. While the role of root hairs581

is to extend the functional root radius (Segal et al., 2008), mucilage may keep582

the rhizosphere and the space between root hairs moist, thereby facilitating583

water flow into root hairs under negative soil water potentials. As a further584

development, it would thus be interesting to extend our rhizodeposition model585

by the function of root hairs.586

To date, it is not clear how the release of rhizodeposits from an individual587

root develops with root aging. In our model, we assumed a constant rhizodepo-588

sition release rate while the root is growing. As soon as the root stops growing,589

also rhizodeposition is assumed to stop. Several experimental studies have re-590

ported that the total mass of rhizodeposits around a root root system is low591

at the seedling stage of a plant, increases until flowering, and then decreases592

at maturity (Aulakh et al., 2001; Gransee and Wittenmayer, 2000; Krasil’nikov593

et al., 1958; Nguyen, 2009). Our model assumptions allow us to simulate such594

rhizodeposition behaviour and we therefore consider them as justified.595

Fresh mucilage, which is in contact with water, is known to diffuse freely596

into the soil (Sealey et al., 1995). When the soil dries, however, mucilage forms597

strong bonds between soil particles and can no longer move by diffusive trans-598

port (Ahmed et al., 2014; Albalasmeh and Ghezzehei, 2014; Sealey et al., 1995).599

In our simulations, we assumed a constant soil water content and did not take600

into account soil drying. Mucilage was therefore also assumed to diffuse freely601

into the soil. In simulations where soil drying is considered, however, the im-602

mobilization of mucilage must be taken into account.603

When microbes decompose mucilage, they are known to simultaneously re-604

lease gel-like substances called bacterial exopolysaccharides (EPS) (Carminati605

and Vetterlein, 2013). It has been shown that these substances have similar606

physical properties to mucilage and are therefore likely to have an effect on the607

hydraulic properties of the soil (Or et al., 2007). In our study, simulated concen-608

trations of mucilage only refer to fresh mucilage, but not to mucilage derivatives.609

Similarly, we only considered concentrations of fresh mucilage above the spec-610

ified threshold value as mucilage hotspots. However, for simulations in which611

both mucilage deposition and soil water transport are taken into account, the612

impact of mucilage derivatives on soil hydraulic properties must be considered.613
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5.2 Rhizodeposition by a single growing root614

The simulated radial extent of citrate and mucilage rhizodeposit hotspot rhi-615

zospheres was 1mm and 0.5mm, respectively. The simulated radial extent of616

citrate and mucilage rhizopheres in which the rhizodeposit concentration was617

below the threshold value, but still detectable, was 4 − 9mm and 2 − 5mm,618

respectively. For mucilage, these values are in the same range as the experi-619

mental findings by Holz et al. (2018a) and the calculated values by Zickenrott620

et al. (2016), who reported rhizosphere extents between 0.6mm and 2mm. For621

citrate, the radial rhizosphere extents are in the same order of magnitude as622

the results for rhizodeposited 14C by Kuzyakov et al. (2003), who measured a623

zone of maximum carbon exudate concentration within a distance of 1− 2mm624

from the root surface and a zone of less significant amounts of carbon exudate625

concentration within a distance of 3− 10mm from the root surface. It must be626

noted that the experimental conditions and model assumptions in the studies627

by Holz et al. (2018a), Zickenrott et al. (2016) and Kuzyakov et al. (2003) were628

not the same as in our modelling setup. They differed with regard to plant629

species, plant age, water content and pot geometry and may therefore only be630

regarded as an indicative of the order of magnitude.631

5.3 Impact of root architectural traits on rhizodeposition632

patterns633

It is well known that root architectural traits have a significant effect on the634

distribution of rhizodeposits around the root system and thus on rhizosphere635

processes (Holz et al., 2018b; Lynch, 1995; Nielsen et al., 1994). A detailed636

analysis about the impact of individual root architectural traits such as root637

growth rate and branching density on rhizodeposit hotspot volumes and on the638

rhizodeposition efficiency, however, is still lacking.639

Holz et al. (2018b) suggested that reduced root elongation leads to a higher640

rhizodeposit concentration per rhizosphere soil volume and thus - in the case of641

mucilage - to an increase in the local water content. In the present study, we642

made a more detailed analysis of the impact of different root growth rates on643

the rhizodeposit concentration per rhizosphere soil volume. Considering that644

a minimum rhizodeposit concentration is required to trigger certain processes,645

such as an increase in soil water content in the case of mucilage or increased646

phosphorus mobilization in the case of citrate, an intermediate root growth rate647

has the greatest effect on rhizosphere processes. If root growth is too fast,648

the soil volume containing rhizodeposits is large, but the rhizodeposit concen-649

tration is below the threshold that triggers a specific rhizosphere process. If650

root growth is too low, the rhizodeposit concentration is very high, but the soil651

volume containing such high rhizodeposit concentrations is very low. For our652

parameterization, the optimal growth rate has been shown to be greater for653

mucilage than for citrate. It can be speculated that roots take advantage of this654

effect: When root elongation decreases due to environmental factors, such as655

soil mechanical impedance, a larger rhizodeposit hotspot volume may result in656
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increased rhizosphere water content in the case of mucilage or increased phos-657

phate availability in the case of citrate, thus compensating for the disadvantages658

of a smaller root system.659

Nielsen et al. (1994) and Lynch (1995) reported that highly branched root660

systems with a large number of root tips have a higher nutrient uptake efficiency661

and thus a greater influence on rhizosphere processes. Similarly, (Fletcher et al.,662

2020) found that the number of root tips of a root system correlated well with663

an increase in citrate-enhanced phosphate uptake. This is consistent with the664

results of our simulations, which also showed larger soil volumes of rhizodeposit665

hotspots when the number of root tips was increased.666

5.4 Rhizodeposition patterns around growing root sys-667

tems668

Zickenrott et al. (2016) estimated that mucilage concentrations of up to 4 ×669

104 µg cm−3 soil can potentially occur in the rhizosphere. In our simulations, the670

maximum observed mucilage concentrations ranged between 6.6× 103 µg cm−3671

soil for Zea mays and 2.7× 105 µg cm−3 soil for Vicia faba and are therefore in672

good agreement with this estimated maximum value. Gerke (2015) and Jones673

(1998) found maximum citrate concentrations in the rhizosphere between 1×103674

and 4×103 µg cm−3 soil. These ranges are a bit higher than our maximum sim-675

ulated citrate concentrations of 72µg cm−3 soil for Zea mays and 938µg cm−3676

soil for Vicia faba. This can be explained by the fact that other plants such as677

Lupinus albus and Cicer arietinum have been shown to release much greater678

amounts of citrate into the soil than Vicia faba and, even more significantly,679

than Zea mays (Lyu et al., 2016).680

It is well known that fibrous root systems such as Zea mays show lower681

rhizodeposit release rates than tap root systems such as Vicia faba (Lyu et al.,682

2016; Zickenrott et al., 2016). On the other hand, fibrous root systems generally683

have a much larger number of root tips, from which rhizodeposits are released.684

Our hypothesis was that the greater number of root tips of Zea mays may685

compensate for the lower rhizodeposit release rates, producing similar amounts686

of mucilage and citrate release into the soil as the tap root system Vicia faba.687

This hypothesis, however, could not be confirmed. Even though the simulated688

root system of Zea mays was 2 times longer and had 3.5 times more root tips689

than the simulated root system of Vicia faba on the last day of simulation, the690

total simulated mass of released rhizodeposits around the root system of Zea691

mays relative to Vicia faba was only 21 % for mucilage and 11 % for citrate.692

These results indicate that Zea mays and Vicia faba employ different strategies693

in the interplay between root morphological and root physiological traits to694

optimize root water and nutrient acquisition.695

The rhizodeposit hotspot analysis showed the importance of root branching696

and the role of overlapping rhizodeposition zones for the development of rhi-697

zodeposit hotspots. 1st and 2nd order lateral roots accounted for approximately698

40 % and 60 % of the total rhizodeposit hotspot volume around a 21 day old root699

system of Vicia faba. This was true for both citrate and mucilage. In contrast,700
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the influence of rhizodeposit overlap on the total rhizodeposit hotspot volume701

was found to be quite different for citrate and mucilage: while rhizodeposit over-702

lap accounted for 64 % of the total rhizodeposit hotspot volume of citrate, it was703

responsible for only 10 % of the total rhizodeposit hotspot volume of mucilage704

after 21 days of simulation. These differences are caused primarily by differences705

in the rhizodeposit release: while mucilage is deposited exclusively at the root706

tip, citrate release takes place over a length of approximately 5 cm behind the707

root tip. Additionally, due to the larger diffusion coefficient of citrate compared708

to mucilage, rhizodeposit concentration volumes around individual roots are709

larger for citrate than for mucilage and the possibility of rhizodeposit overlap is710

thus also greater for citrate than for mucilage. It must be noted that we only711

looked at a single root system in the present study. If multiple neighbouring712

root systems were considered, the impact of overlapping rhizodeposition zones713

on the total rhizodeposit hotspot volume would be even larger.714

Our rhizodeposit hotspot analysis showed that rhizodeposit concentrations715

were above the defined thresholds only in the immediate vicinity of the root716

surface near root tips or near root branching zones. Around the root system of717

Zea mays, which has a lower rhizodeposit release rate per root tip than Vicia718

faba, rhizodeposit hotspot volumes of both citrate and mucilage were generally719

too small to be captured by our simulation model. Similar results were reported720

by Fletcher et al. (2019) and Fletcher et al. (2020) for citrate, who have shown in721

modelling studies that the critical concentration threshold around a root leading722

to enhanced phosphorus mobilization is hardly ever reached.723

There are numerous modeling studies in the literature on root foraging724

strategies that use 3D root architecture models (e.g. Ge et al. (2000), Lynch725

(1995), and Pagès (2011)). However, all of these studies concentrated on the726

analysis of nutrient depletion zone overlap and did not consider the impact of727

overlapping rhizodeposition zones on nutrient supply. De Parseval et al. (2017)728

used a 2D model approach to investigate the interaction between inter-root729

competition and inter-root facilitation in the horizontal plane. Inter-root com-730

petition is caused by the overlap of nutrient depletion zones, while inter-root731

facilitation is based on the overlap of rhizodeposition zones, which leads to rhi-732

zodeposit hotspots and consequently to an increased nutrient availability. Based733

on the distances between roots, this model approach allowed them to predict734

whether competition, facilitation or no interaction is the predominant process735

governing root phosphorus uptake. It would be pertinent to use our model to736

bridge these studies and to extend previous modelling approaches on root for-737

aging strategies by the aspect of inter-root facilitation. This would give us a738

more realistic estimate about the impact of root architecture on root nutrient739

uptake.740

5.5 Conclusion741

In this study, we presented a new model to simulate the spatiotemporal distribu-742

tion patterns of rhizodeposits around growing root systems in three dimensions.743

The novel model approach allowed us to evaluate the effects of root architecture744
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features such as root growth rate and branching density on the development of745

rhizodeposit hotspot zones, which can trigger specific rhizosphere processes such746

as increased nutrient uptake by roots. It further enabled the investigation of747

the influence of differences in rhizodeposit properties and root architectures of748

different plant species on rhizodeposition patterns. We could show that rhizode-749

posit hotspot volumes around roots were at a maximum at intermediate root750

growth rates and that branching allowed the rhizospheres of individual roots to751

overlap, resulting in an increase in the volume of rhizodeposit hotspot zones.752

We could also show that the volume of rhizodeposit hotspots was smaller around753

the fibrous root system Zea mays than around the tap root system Vicia faba.754

Further work includes the integration of our model into a 3D multi-component755

root and solute transport model (Mai et al., 2019). This model can then be756

used to mechanistically explain experimentally observed rhizodeposition pat-757

terns (e.g., using zymography or 11CO2-labeling (Giles et al., 2018; Yin et al.,758

2020)). We also aim to incorporate the influence of root hairs and root diam-759

eters into our model to gain a better understanding of the water and nutrient760

acquisition strategies of different plant species.761
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