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ABSTRACT 

The root system architecture (RSA) displays complex morphological characteristics because of di-

verse root growth behaviors. Recent studies have revealed that swarming behavior among roots is particu-

larly important for RSA to adapt to environmental stimuli. However, few models are proposed to simulate 

RSA based on swarming behavior of roots. To analyze plasticity of RSA affected by swarming behavior, 

we propose viewing it as a swarm of single roots. A swarming behavior model is proposed by considering 

repulsion, alignment, and preference of individual single roots. Then, the swarming behavior model is in-

tegrated into a simple and generic RSA model (called ArchiSimple). Lastly, characteristics of RSA affected 

by swarming behavior model and non-swarming behavior model are compared and analyzed under three 

different virtual soil sets. The characteristics of RSA (such as primary root length, lateral root length, lateral 

roots, and resource uptake) are significantly promoted by swarming behavior. Root system distributions 

can also be greatly affected by swarming behavior. These results show that root foraging and exploration 

in soil can be regarded as collective behavior of individual single root. 

 

Key words: swarming behavior; root growth strategies; soil environment; functional-structural root mod-

eling; root plasticity 

 

INTRODUCTION 

 

The root system architecture (RSA) is a very 

important component of a plant’s strategy to survive, 

representing the adaptation to the available nutrients 

in the soil (McCleery et al. 2017). Root systems 

have developed complex architectures to optimally 

exploit soil nutrients (Barlow & Fisahn 2013). In the 

process of the interaction between a root system and 

soil, the root system can acclimate to the environ-

ment through architectural changes that act at the 

root-type level changes (Rellán-Álvarez et al. 2016). 

Previous studies have shown that a root system 

can perform plastic directional growth in response 

to a directional stimulus. For example, a root system 

is capable of reorienting itself toward the position of 

nutrient-rich areas in response to gradients of water 

and chemicals (Cassab et al. 2013; Hodge 2004). 

This phenomenon is known as tropism. It enables 

a root system to hunt around its surroundings for an 

adequate supply of water and other nutrients (Gilroy 

2008). Root systems can monitor soil environmental 

changes and then grow toward appropriate resource 

areas. This ability is very important, because it allows 

exploiting the root system surroundings. It is also 

very critical for the plasticity of the root architecture. 

In addition to tropism, root systems can also use dif-

ferent growth and branching strategies to affect the 

root architecture. For example, a root system may 

proliferate when it encounters a nutrient-rich zone. 

The absorptive surface of the root system can in-

crease to adapt to nutrient availability (Kiba and 

Krapp 2016). The branching density is improved 

under adequate nutrient availability. The emergence 

of branching is suppressed when the surrounding re-

gion is lacking in nutrients (Zhang & Forde 1998). 
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When a root system grows through heterogeneous 

patches of high and low nutrient levels, a substantial 

amount of branching emerges in the high nutrient 

zone (Giehl et al. 2012). Lateral and primary root 

elongations have very different responses to low or 

high phosphate and nitrate availability in the soil 

(Tian et al. 2014). In addition to the above strategies, 

hierarchical modification of the growth rate be-

tween a lateral root and a parent root (on which the 

lateral root is borne) has also been observed as 

a means to adapt to nutrient availability (Henke et 

al. 2014). For example, a root system has thin and 

short lateral roots in nutrient-poor zones, while it 

tends to develop thicker and longer branches in nu-

trient-rich zones (Araya et al. 2016). The root sys-

tem architecture can be affected by plastic direc-

tional growth in response to a directional stimulus, 

adaptation involving lateral root emergence, and ad-

aptation of the growth rate between the mother root 

and its lateral roots. These play important roles in 

the plasticity of the root system architecture when 

a root system interacts with its surroundings. 

To describe the root system architecture in re-

lation to soil heterogeneity, many root system archi-

tecture models have been developed, because root 

systems are difficult, challenging, and costly to ob-

serve directly. For example, the first RSA model 

called ROOTMAP was developed to simulate root 

system plasticity and proliferation (Diggle 1988). 

Then, other RSA models (such as RootTyp, Sim-

Root, ArchiSimple, SPACSYS, R–SWMS, and 

RootBox) were successively developed to model 

the root system, root architecture plasticity, and its 

interaction with soil. Although the above models are 

similar, they actually have quite different simulation 

approaches and their own emphases (Dunbabin et al. 

2013). Recently, CRootBox and OpenSimRoot 

were developed to model the root architecture and 

its interactions with static and dynamic soil environ-

ments. They are open source and flexible frame-

works for modeling the architecture and its interac-

tions with soil (Postma et al. 2017; Schnepf et al. 

2018). All of these RSA models can reproduce root 

system architectures close to those observed in nat-

ural environment based on root growth and devel-

opment processes. However, these models are all 

based on mathematical methods, usually statistical 

models, to generate RSA. Even though these models 

perfectly reproduce root’s architecture, they do not 

clearly explain decision processes of root growth 

and development. 

Recently, there has been interest in the possi-

bility that a root system can be described in terms of 

swarming. Previous studies have examined the evi-

dence to support root swarming. For example, 

Ciszak et al. (2012) presented a theoretical model in 

terms of swarming and revealed that roots could be 

influenced by their neighbors to induce a tendency 

to align the directions of their growth. Matos et al. 

(2014) used the collective decision of apexes to de-

cide which nutrients to explore. Barlow and Fisahn 

(2013) described a set of swarming criteria that is 

generally acceptable for plants and animals. Then, 

evidence was presented to show that swarming might 

be a property of roots. McCleery et al. (2017) viewed 

a root as a swarm of coupled multicellular structures 

and proposed that root foraging could be regarded 

as the collective behavior of these structures. 

A new focus on swarming behavior in the root 

system has arisen. Nevertheless, no systematic analy-

sis has been performed to identify the influences of 

swarming behavior on RSA. Therefore, the objective 

of our investigation is to propose swarming behavior 

model and then to analyze plasticity of RSA under 

a heterogeneous soil environment. 

 

MATERIALS AND METHODS 

 

Root system architecture model 

ArchiSimple is a simple and generic model in which 

a root system can be represented as a set of small 

segments (Pagès et al. 2012). ArchiSimple has also 

been calibrated and evaluated on a number of spe-

cies, such as banana, pea, peach tree, cutleaf ger-

mander, and maize (Pagès et al. 2014). ArchiSimple 

is easily connected to a soil model to present the 

plasticity of the interaction between a root system 

and the environment. Therefore, ArchiSimple is 

used as a base to model root growth. In ArchiSimple 

model, potential RSA is modified by the application 

of rules (such as root elongation rules and root 

branching rule). 
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In the interaction between root system and 

soil, nutrient uptake may be less or more demanded 

of the single root. When demand and absorption of 

single root are unbalanced, single root growth is 

stressed. Therefore, we define single root growth 

stress (rgs) as follows (Postma et al. 2017): 

 

 (1) 

 

where: u is the local resource absorption in each 

time interval and umin is the minimal resource 

demand. In the simulation, umin is set to zero for 

simplification and uopt is the optimal resource 

demand. Although the optimal resource demand 

of root will change with the growth time, we 

simply set uopt to a constant value in the simulation. 

The actual RSA is then calculated by multiplying 

potential RSA and root growth stress (rgs). 

Soil representation 

The approach to soil representation is inspired by 

the work of Henke et al. (2014). We treat nutrients 

as a set of very small particles. Within a virtual soil 

box of 0.25 m3 (0.5 m × 1 m × 0.5 m), the soil is 

divided into horizontal layers (thickness: 0.05 m). 

In this article, the root initial radius is set to 

0.0018 m and the root initial position is set at (0.25, 

0.15, 0.25). Generally, each horizontal layer has 

a constant number (N = 34300) of nutrient parti-

cles. Three different nutrient particle distributions 

are considered to analyze the effect of the swarm-

ing behavior on root system growth. In a random 

distribution, N particles are randomly distributed 

in each horizontal layer of soil. In the layer distri-

bution, the horizontal layers are divided into four 

parts. Each part has five horizontal layers. In the 

first and third parts, N particles are randomly dis-

tributed in each horizontal layer. In the second and 

fourth parts, N*0.5 particles are randomly distrib-

uted in each horizontal layer. In the gradient distri-

bution, the number of particles (N') distributed in 

each horizontal layer is reduced from top to bottom. 

In the simulation, the reduction function is given as 

follows:  

  (2) 

where layeri is the index of the soil horizontal layer 

and b is the reduction speed. 

Swarming behavior model 

Studies have demonstrated that it is possible to gen-

erate behavioral patterns very similar to those of 

a real swarm by considering the repulsion, align-

ment, and preference (Couzin 2007; Couzin et al. 

2005). In the model, we consider the single root as 

a moving individual. We treat the length of the sin-

gle root as the temporal history of the individual. 

Each single root is assumed to interact with its 

neighboring single roots, causing spatial alignment 

or repulsion (Li et al. 2016). We suppose that each 

single root can interact with a neighboring root 

within two volumes (Fig. 1). 

 

Fig. 1. Schema of neighboring single roots. rti defines the 

position of the ith single root, D defines the growth direc-

tion of the ith single root, black circles represent single 

root tips, and white circles represent nutrient particles 

 

We call the inner spherical volume the repul-

sive volume. The volume involves a single root tip 

situated at the center of a sphere (rti) with a con-

stant radius (ρ). The repulsive volume is the mini-

mum distance maintained between the single root 

tip and another single root tip. A single root tip will 

turn away from its neighbors within the volume. 

 

min

min
min

min

0

1

opt

opt

opt

u u

u u
rgs u u u u

u u

u u

 



  


 

'

1 i

N
N

layer b


 



4............................................................................................................................. ............................ ......         .........S. Li et al. 
____________________________________________________________________________________________________________________ 

 

If neighbors are not detected within the repulsive 

volume, then an aligned volume is constructed, with 

a single root tip situated at the center of a sphere (rti) 

with a constant radius (γ). The aligned volume is the 

social interaction range, within which a single root 

tip will tend to be aligned with other neighboring 

single roots (Fig. 1).  

Inside the repulsive volume, a single root tip set 

(Cr) can be calculated. Interactions between ith single 

root tip and jth single root tips in Cr can be defined as: 

r

j i
j i

C

j C j i

rt -rt
D =-

rt -rt






  (3)

 

where DC is the repulsive direction between the ith single 

root and Cr and rtj defines position of the jth single root. 

If neighbors are not detected within the repul-

sive volume, a single root tip set (Ar) within the 

aligned volume can be calculated. Interactions be-

tween ith single root tip and jth single root tip in Ar 

are defined as alignment directions in equation 4. 

r r

j i j i
j i j

A

j A j Aj i j

rt - rt D
D = +

rt - rt D

 

 

 
  (4)

 

where DA is the alignment direction between the ith 

single root and Ar and Dj is the growth direction of 

the jth single root. 

Finally, the growth orientation (Ds) of the ith 

single root tip affected by repulsion and alignment 

can be obtained as follows: 
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Preference affected by nutrient 

The nutrient distribution can affect the preferred 

growth direction of individual single root, which 

can be spread by social interactions. We suppose 

that each single root perceives nutrient particles 

within sphere-shaped and cone-shaped volumes, as 

shown in Figure 1. The sphere-shaped volume is 

the same zone as the repulsive volume because that 

root tends to monopolize resources in this region. 

A cone-shaped volume is situated at rti with the same 

radius (γ) of aligned volume and has a constant 

opening angle (θ). When a nutrient particle is po-

sitioned in a sphere-shaped volume, this particle is 

removed from the scene, and its content is added 

to the local nutrient pool of a single root. When 

a nutrient particle is positioned in a cone-shaped 

volume and is not in a sphere-shaped volume, this 

particle can affect the preferred growth direction 

(prd) of a single root. It can be calculated that 

a single root tip turns toward the highest gradient 

(mean position) of those particles. 

The preferred growth direction (prd) shows 

that a single root can turn toward a greater concen-

tration of available sources. It affects the growth ori-

entation (Ds) of a single root by social interactions 

as follows: 

S

S

D + *prd
D =

D + *prd




   (6)
 

in which ω is the weighting term between the pre-

ferred growth direction and the effect of repulsion 

and alignment. 

In the simulation, ω is set to one. Individual 

single roots tends to balance its directions between 

preference and other directions from social interac-

tions in swarms. At each time interval, the growth 

direction of a single root affected by the swarming 

behavior can be calculated using three components 

(Pagès 2011): its initial direction (D), the effect 

of the swarming behavior (D'), and the vertical 

downward component modulated by gravitropism. 

To comparatively analyze the effects of the swarm-

ing behavior on root plasticity, we also present root 

characteristics with random growth (called non-

swarming behavior) in Pagès et al. (2012). 

In the research, the number of days for root 

growth is set to 20. The set of parameters used for 

each simulation is presented in Table 1. For each 

soil scenario (random distribution, layer distribution, 

and gradient distribution) and each mechanism 

(swarming behavior mechanism and non-swarming 

behavior mechanism), five replicate simulations of 

root system growth were run. Because we study the 

same root system for two mechanisms, the results 

are compared at the 5% probability level based on 

a repeated measure ANOVA test. 
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Table 1. Parameters used in the study 
 
Model parameter Value Unit Description 

Root growth period 20 day Steps of simulation  

Root initial radius 0.0018 m Root radius at the initiation of the root 

Root initial position (0.25, 0.15, 0.25) - Root tip position at the initiation of the root 

E 12 per day Slope of growth rate versus diameter (Pagès 2011) 

dmin 0.0002 m Minimum diameter (Pagès 2011) 

dmax 0.0018 m Maximum diameter (Pagès 2011) 

ipd 0.0012 m Interprimordium distance (Pagès 2011) 

plre 0.7 - Potential probability of lateral root emergence (Araya et al. 2016) 

σ 2 - Variation in diameter of branch root (Pagès 2011) 

ρ 0.01 m Radius of repulsive volume (Henke et al. 2014) 

γ 0.05 m Radius of attractive volume (Henke, et al. 2014) 

θ 65 ° Opening angle of the cone within which the nutrient particle is absorbed (Henke et al. 2014) 

Gravitropic intensity 0.15 - Intensity of gravitropism (Henke et al. 2014) 

Intensity of D' 0.75 - Intensity with which the root turns by the swarming behavior (Henke et al. 2014) 

 

RESULTS 

 

Primary root length 

The elongation of the primary root strongly depends 

on the resource particle distribution (Fig. 2). The 

longest primary root length is obtained in a random 

distribution. The lengths of the primary root are 

0.5709 ± 0.0184 m and 0.5840 ± 0.0062 m for the 

swarming behavior and non-swarming behavior, re-

spectively (Fig. 2a). In the layer distribution, the dif-

ference in the primary root length first increases and 

then decreases when the primary root has crossed 

into soil layers with fewer resource particles be-

tween the swarming behavior and non-swarming 

behavior (Fig. 2b). In the gradient distribution, the 

difference in the primary root length continuously 

increases between the two behaviors (Fig. 2c). 

Comparing the primary root length in the random, 

layer, and gradient distributions, significant differ-

ences are observed between the swarming behavior 

and non-swarming behavior in the layer and gradi-

ent distributions. 

 

Fig. 2. Effect of swarming behavior on primary root lengths; primary root lengths in (a) random (p = 0.174), (b) layer 

(p = 0.003), and (c) gradient (p = 0.00) distributions 
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Lateral root length 

The elongation of the lateral root also strongly de-

pends on the distribution of the resource particles. 

The greater the number of resource particles distrib-

uted in the soil is, the longer is the lateral root length 

produced. The total lateral root lengths are shorter 

in the layer and gradient distributions than those in 

the random distribution (Fig. 3). In the random dis-

tribution, the lateral root length of the root system 

with the swarming behavior is 1.11 times more than 

that of the system with the non-swarming behavior 

(Fig. 3a). The lateral root length of the root system 

with the swarming behavior is 2.11 times greater 

than that of the system with the non-swarming be-

havior (Fig. 3b). In the gradient distribution, the dif-

ference in the lateral root length of the root system 

between the swarming behavior and non-swarming 

behavior can also be up to 1.13 times (Fig. 3c). Lat-

eral root elongation can be strongly promoted by the 

swarming behavior. A significant difference is ob-

served between the swarming behavior and non-

swarming behavior only in the layer distribution. 

 

Fig. 3. Effect of the swarming behavior on the lateral root length; lateral root lengths in the (a) random (p = 0.591), 

(b) layer (p = 0.00), and (c) gradient (p = 0.491) distributions  

 

Lateral root distribution 

We present the lateral root distribution in which 

the percentage of the lateral root number is ex-

pressed at various soil depths (Fig. 4). In the ran-

dom distribution, 89.66% of the lateral root num-

ber on the primary root is positioned at a depth of 

0.0–0.5 m with the swarming behavior, whereas 

66.23% is positioned in the same zone with the 

non-swarming behavior (Fig. 4a). In the layer dis-

tribution, with the swarming behavior, 50.52% of 

the lateral root number on the primary root is po-

sitioned at 0.0–0.25 m, 47.94% of the lateral root 

number on the primary root is positioned at 0.25–

0.5 m, and 1.54% of the lateral root number on the 

primary root is positioned at 0.5–0.75 m. These 

results show that lateral root growth on the pri-

mary root with the swarming behavior has diffi-

culty in crossing the soil layers with fewer re-

source particles from 0.25 to 0.5 m and exploring 

other soil layers with more resource particles 

from 0.5 to 0.75 m. When the non-swarming be-

havior is applied, those values are 33.53%, 40%, 

and 26.47%, respectively. These results show that 

lateral root growth on the primary root with non-

swarming behavior crosses the soil layers with 

fewer resource particles from 0.25 to 0.5 m and 

produces more lateral roots in the soil layers with 

more resource particles from 0.5 to 0.75 m (Fig. 4b). 
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In the gradient distribution, a higher percentage of 

the lateral root number on the primary root 

(32.38%) is found with the swarming behavior in 

the top 0.25 m and a lower percentage (26.05%) is 

found with the non-swarming behavior. From 0.25 

to 0.5 m, those values are 67.62% and 58.14%, re-

spectively, for the swarming behavior and non-

swarming behavior (Fig. 4c). These results show 

that lateral root growth on the primary root with the 

swarming behavior is not enough motivation to de-

velop deep soil when individual single roots have 

explored the topsoil with rich nutrients. 

Although the lateral root distribution and root 

system distribution were computed only at the final 

time point (20 days), these data were associated with 

20 horizontal layers (thickness: 0.05 m). The location 

of each data point of the lateral root distribution and 

root system distribution could not be changed. These 

data should be treated as vectors. In this article, the 

vector cosine angle is used to measure the difference 

between data of the lateral root distribution. 

The vector cosine angles of the lateral root dis-

tribution for the swarming behavior and non-

swarming behavior were 0.835, 0.780, and 0.797 in 

the random, layer, and gradient distributions, re-

spectively. We can conclude that the minimum dif-

ference in the lateral root distribution was obtained 

in the random distribution and that the maximum 

difference in the lateral root distribution was ob-

tained in the layer distribution. 
 

Fig. 4. Effect of swarming behavior on profiles of the lateral root number on the primary root; profiles of the lateral 

root number on the primary root in the (a) random, (b) layer, and (c) gradient distributions 

 

Root system distribution 

Root profiles where the number of organs at var-

ious soil depths is also expressed as a percentage 

of the total number of root system organs pro-

duced (Fig. 5). With the swarming behavior, the 

maximum depth that the root system can reach is 

0.65 m, and 81.6% of the root system organs are 

positioned at 0.25–0.5 m. With the non-swarming 

behavior, the distance can be up to 0.7 m, and 

81.21% of root system organs are positioned at 

0.25–0.5 m in the random distribution (Fig. 5a). In 

the layer distribution, the phenomenon of topsoil 

exploration is obvious. The maximum depth that 

the root system with the swarming behavior can 

reach is 0.55 m, and 72.97% of the root system or-

gans are positioned at 0.0–0.25 m. The maximum 

depth that the root system with the non-swarming 

behavior can reach is 0.75 m, and 23.3% of the root 

system organs are positioned in the same zone (Fig. 5b). 
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In the gradient distribution, the same trend of the 

root profile is also observed. In the top 0.25 m, 

43.73% of the root system organs can be found for 

the swarming behavior, whereas 10.63% of the root 

system organs can be found for the non-swarming 

behavior (Fig. 5c). We can see that root growth with 

the non-swarming behavior leads to deeper soil 

penetration, whereas root growth with the swarm-

ing behavior leads to a shallower soil occupation. 

The vector cosine angles of the root system 

distribution for the swarming behavior and non-

swarming behavior are 0.907, 0.662, and 0.740 in 

the random, layer, and gradient distributions, re-

spectively. The minimum difference in the total 

lateral root distribution is obtained in the random 

distribution. The maximum difference in the total 

lateral root distribution is obtained in the layer dis-

tribution. 

 

Fig. 5. Effect of swarming behavior on the root system profile; root system profiles in the (a)  random, (b) layer, 

and (c) gradient distributions 

 

Particle uptake 

We present the total particle uptake of the whole 

root system during the root growth period in Figure 6. 

In the random distribution, there is a difference in 

total particle uptake of the whole root system be-

tween the swarming behavior (4.58% uptake) and 

non-swarming behavior (3.65% uptake; Fig. 6a). In 

the layer distribution, there is a significant differ-

ence between the swarming behavior (3.32% up-

take) and non-swarming behavior (1.17% uptake; 

Fig. 6b). In the gradient distribution, those val-

ues are 2.67% and 2.04% for the swarming be-

havior and non-swarming behavior, respectively 

(Fig. 6c). Significant differences are observed be-

tween the swarming behavior and non-swarming 

behavior in the layer and gradient distributions. 

These results show that compared with the non-

swarming behavior, the total resource uptake and 

root foraging ability can be promoted by the 

swarming behavior. 
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Fig. 6. Effect of swarming behavior on the resource particle uptake; resource particle uptake in the (a) random 

(p = 0.069), (b) layer (p = 0.00), and (c) gradient (p = 0.00) distributions 

 

Root growth direction 

The effect of the swarming behavior on the root 

growth directions in the random, layer, and gradient 

distributions during the root growth period is presented 

in Figure 7. The results show that the root growth 

direction can be greatly influenced by the swarming 

behavior in all three distributions. In the layer dis-

tribution, there are more lateral roots in the upper soil, 

and they grow toward the soil surface (Fig. 7b). In 

the gradient distribution, this phenomenon is more 

obvious (Fig. 7c). When a single root senses rich nu-

trients, the information can be transmitted to some 

roots by the swarming behavior. As we can see, the 

growth directions of the root system, including the 

primary root (thick line) and lateral roots (thin lines), 

change greatly to carry out exploration of the soil. 

 

Fig. 7. Effect of swarming behavior on root growth directions; root (radius > 0.001 m) growth direction in the 

(a) random, (b) layer, and (c) gradient distributions 
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DISCUSSION 

 

Roots display complex morphological charac-

teristics because of the diverse growth behaviors of 

individual structural components that comprise the 

root system architecture (Araya et al. 2016). To ex-

plain the architectural plasticity of the root system, 

we propose viewing it as a swarm of individual sin-

gle roots. In this study, we propose a dynamic model 

to assess the effect of the swarming behavior on root 

based on hierarchical relationships between the pri-

mary and lateral roots by way of simulation.  

Compared with the root characteristics under 

the non-swarming behavior, the primary root length 

can be promoted by the swarming behavior in the 

layer and gradient distributions (Fig. 2b, c), and the 

lateral root length can be significantly promoted by 

the swarming behavior in the three distributions 

(Fig. 3). Because the root primordium is initiated by 

a constant interprimordium distance, the total num-

ber of root primordia will be proportional to the total 

length of the root system. As only a limited propor-

tion of the root primordia can emerge (Lucas et al. 

2008), the lateral root emergence can be considered 

an event that occurs with a potential probability of 

lateral root emergence affected by root growth 

stress (rgs). In the simulation, the number of lateral 

root on the primary root with the swarming behavior 

increases in nutrient-rich zone (Figs. 4 and 5). The 

enhancement of the primary root length, and lateral 

root length, lateral root number on the primary root 

with the swarming behavior is due to an increase in 

the foraging ability of the individual single roots 

(Gleeson et al. 2010), and the total resource particle 

uptake is promoted (Fig. 6). This can cause an in-

crease in the length of the root segment and a real 

probability of lateral root appearance. However, in 

Figures 2a and 4a, we can see that the final primary 

root length and lateral root number on the primary 

root of the root system with the swarming behavior 

are less than those of the root system with the non-

swarming behavior. These results show that the root 

foraging ability in each iteration rather than the po-

tential growth rate and potential probability of lat-

eral root emergence appears to be the essential fac-

tor that differentiates the root-branching and root-

growing phenotypes (Araya et al. 2016), and root 

growth with the swarming behavior can improve the 

root foraging ability, allowing adaptation to hetero-

geneous soil environments. It has been reported that 

under heterogeneous soil conditions, emergence of 

the local lateral root increases in high-nitrate 

patches, whereas it is suppressed in the surrounding 

low-nitrate regions (Zhang & Forde 1998) and in re-

source-rich soils or soil in which fertilization is ap-

plied to the top layer of the soil, shallower growth 

angles of the axial roots and higher root length den-

sity in the upper soil layers have been observed 

(Manske et al. 2000; Zhu et al. 2005). Our simula-

tion was apparently similar to these phenotypes. In 

the layer distribution, with the swarming behavior 

50.52% of the lateral root number on the primary 

root (Fig. 4b) and 72.97% of the root system organs 

(Fig. 5b) are positioned at a depth of 0.0–0.25 m. In 

the gradient distribution, with the swarming behav-

ior 32.38% of the lateral root number on the primary 

root (Fig. 4c) and 43.73% of the root system organs 

(Fig. 5c) are positioned at a depth of 0.0–0.25 m. 

These values are all higher than that of the root sys-

tem with the non-swarming behavior in the same 

soil zone. These results show that root growth with 

the swarming behavior can improve the ability to 

occupy resource-rich soil that has been explored by 

individual single roots. However, root growth with 

the swarming behavior also has disadvantages. In 

the layer distribution, with the swarming behavior 

1.54% of the lateral root number on the primary root 

(Fig. 4b) and 0.6% of the root system organs (Fig. 

5b) are positioned at 0.5–0.75 m. These values are 

all smaller than those of the root system with the 

non-swarming behavior in the same soil zone. There 

are two resource-rich soil patches at 0.0–0.25 and 

0.5–0.75 m in the layer distribution. In the gradient 

distribution, the same phenomenon is found. These 

results show that root growth with the swarming be-

havior may inhibit exploration of resource-rich soil 

that individual single roots do not sense. In the ran-

dom distribution, the vector cosine angles of the lat-

eral root distribution and root system distribution 

are 0.835 and 0.907, respectively. These results 

show that root growth can be slightly affected by 

the swarming behavior in the random distribution. 

In the gradient distribution, the vector cosine 

angles of the lateral root distribution and root system 
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distribution are 0.797 and 0.740, respectively. In the 

layer distribution, these values are 0.780 and 0.662, 

respectively. We can see that the vector cosine an-

gles of the lateral root distribution and root system 

distribution decrease. These results show that root 

growth can be greatly affected by the swarming be-

havior in the layer and gradient distributions. 

In the swarming behavior model, the parame-

ter radii of the repulsive volume (ρ) and aligned vol-

ume (γ) have an important impact on root growth. 

Therefore, we tested the effects of different param-

eters (ρ and γ) on the characteristics of root 

growth (Appendices A & B). On the basis of the 

repeated-measure ANOVA test, the results show 

that there is no significant difference in root growth 

characteristics among the ρ values (ρ = 0.01, 0.008, 

0.012) and γ values (γ = 0.05, 0.04, 0.06). These re-

sults show that small changes in the key parameters 

(ρ and γ) do not affect root growth and that the pro-

posed swarming behavior model has robustness. 

 

CONCLUSIONS 

 

In the current work, we present a dynamic root 

growth model affected by the swarming behavior 

based on ArchiSimple. Root foraging and explora-

tion in soil can then be regarded as the collective 

behavior of individual single roots, and the ability 

to forage and explore the root system in nutrient-

rich soil can be promoted by the swarming behavior. 

Therefore, coordination among individual single 

roots is particularly important in the root system and 

root architecture, enabling adaptation to environ-

mental stimuli, and may also be important in the ob-

served complex root architecture. The simulation 

results show that the swarming behavior may play 

an important role in the growth of roots. Thus, the 

swarming mechanism should be considered as a hy-

pothesis for modeling dynamic root growth and de-

velopment. In the future, theoretical analyses and 

experimental data should be accumulated to evalu-

ate adaptive plant behavior. 
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