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Abstract

We run stochastic simulations of the spatial version of the rock-paper-scissors game, considering that individuals use sensory
abilities to scan the environment to detect the presence of enemies. If the local dangerousness level is above a tolerable threshold,
individuals aggregate instead of moving randomly on the lattice. We study the impact of the locally adaptive aggregation on the
organisms’ spatial organisation by measuring the characteristic length scale of the spatial domains occupied by organisms of a
single species. Our results reveal that aggregation is beneficial if triggered when the local density of opponents does not exceed
30%; otherwise, the behavioural strategy may harm individuals by increasing the average death risk. We show that if organisms
can perceive further distances, they can accurately scan and interpret the signals from the neighbourhood, maximising the effects
of the locally adaptive aggregation on the death risk. Finally, we show that the locally adaptive aggregation behaviour promotes
biodiversity independently of the organism’s mobility. The coexistence probability rises if organisms join conspecifics, even in
the presence of a small number of enemies. We verify that our conclusions hold for more complex systems by simulating the
generalised rock-paper-scissors models with five and seven species. Our discoveries may be helpful to ecologists in understanding

() systems where organisms’ self-defence behaviour adapts to local environmental cues.
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Behavioural biology has revealed the mechanisms that or-
ganisms use to improve their fitness, being fundamental for the
stability of the rich biodiversity in nature[[114]. There is plenty
Q of evidence that self-preservation strategies are properly exe-
«— cuted because of the organism’s evolutionary ability to scan the
(O environment cues, perceiving the presence of a nearby enemy
()
Q)

=>

9

Fi and the energy expended in the action[5H9]. In this scenario,
living in groups facilitates the defence action since individual
protection against enemies is maximised by collective effort in
N surveillance and resistance, demanding less individual energy
= expenditure on defense against enemies [10H19].
.  Cyclic models of biodiversity have been studied using the
>< rock-paper-scissors game rules, which successfully describe the
B nonhierarchical competition interactions found in many biolog-
ical systems [20H29]. However, experiments with bacteria Es-
cherichia coli revealed that the cyclic dominance among three
bacteria strains is insufficient to stabilise the system. It has been
discovered that coexistence is ensured only if individuals inter-
act locally [30]]. This shows the central role of space in the sta-
bility of biological systems, as it has been also observed in com-
munities of lizards and systems of competing coral reefs [31+-
33]]. Furthermore, cyclic dominance has been shown to play a
fundamental role in the spatial interactions in social systems,
public good with punishment, and human bargaining [34} 35].
There is plenty of evidence that organisms’ mobility plays a
central role in promoting or jeopardising biodiversity in struc-
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tured populations [36-H46]]. Evidence shows that organisms’
foraging behaviour may affect biodiversity in the spatial rock-
paper-scissors game [22, 28]]. Organisms’ moving to escape
their enemies and find natural resources to the species perpet-
uation may unbalance the cyclic game or decelerate the pop-
ulation dynamics, thus jeopardising or promoting biodiversity
[28,129] 147H49].

Recently, it has been shown that aggregation behaviour is an
efficient antipredator strategy in tritrophic predator-prey cyclic
models [49]]. Numerical simulations of the Lotka-Volterra ver-
sion of the rock-paper-scissors game revealed that individu-
als’ predation risk decreases if organisms execute a gregarious
movement, instead of exploring the territory to found prey and
reproduce. In contrast with the standard model where organ-
isms move in a random direction, the grouping strategy pro-
duces spiral-type patterns with organisms of the same species
living in spatial domains whose characteristic length depends
on the the distance the individuals can scan their neighbour-
hood, and their cognitive ability to perform the directional self-
preservation movement tactic [49].

Although the revealing details of the complexity of the spa-
tial interactions, the model in Ref. [49] considers exclusively a
non-adaptive aggregation tactic, i.e., individuals cannot smartly
adapt their movement to trigger the grouping strategy only
when pressured by an imminent enemy’ attack, as happens, for
example, in spider mites communities [9]. In this case, the
unnecessary expenditure is avoided since organisms can con-
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Figure 1: The rock-paper-scissors model rules. The black arrows illustrate the
dominance in the spatial game: individuals of species i eliminate organisms of
species i+ 1, withi = 1,2,3 and i +3 = i. Organisms of the same species aggre-
gate when attacked and move randomly when not in danger. Dark blue, pink,
and green represent individuals of species 1, 2, and 3 moving gregariously;
light blue, pink, and green indicate organisms of species 1, 2, and 3 moving
randomly.

tinue freely advancing on the lattice to conquer territory, allow-
ing the population growth [39]. In this work, we sophisticate
the stochastic model to simulate a locally adaptive aggregation
where organisms move gregariously only under death risk [49].
We also consider that the decision to aggregate is the individual
competence, meaning that each organism acts autonomously
according to its own local reality. Therefore, each individual
can decide if moving gregariously or randomly, with the con-
gregation being triggered only if the local density of enemies
is higher than a tolerable threshold. In addition, we implement
the behavioural survival strategy using the May-Leonard imple-
mentation of the spatial rock-paper-scissors game. This allows
the generalisation of our results to systems where competition
for natural resources is the goal of the cyclic game [S0].

We aim to answer the following questions: i) how does the
locally adaptive aggregation modify the spiral patterns, char-
acteristic of the standard May-Leonard implementation of the
rock-paper-scissors model?; ii) how does the aggregation trig-
ger influence the organisms’ spatial organisation altering the
size of the typical single-species domains?; iii) how does adap-
tive grouping benefit individuals by reducing the average death
risk?; iv) how does the locally adaptive congregation behaviour
impact species coexistence probability?

The outline of this paper is as follows. In Sec. [2} we in-
troduce our stochastic model and present the methods used to
implement the locally adaptive grouping in our simulation algo-
rithm. In Sec. [3] the changes in the spatial patterns are studied
for various values of aggregation trigger; the autocorrelation
function and characteristic length scales are addressed in Sec.
Ml The reduction in the organisms’ average death risk is com-
puted in Sec. [5 for a range of aggregation triggers and mobil-
ity probabilities. Finally, the coexistence probability in terms
of the individual’s mobility is investigated in Sec. [6] while our
comments and conclusions appear in Sec.

2. The Model

We study a cyclic model of three species that outcompete
each other according to the rock-paper-scissors game rules, il-
lustrated in Fig.[I] This means that individuals of species i elim-
inate organisms of species i + 1, with i = 1,2, 3, with the cyclic

identification i = i + 3 8, where (8 is an integer. Our model con-
siders that organisms of the same species aggregate to minimize
the probability of being killed in the spatial game. The gre-
garious movement is locally adaptive, triggered whenever the
density of enemies in the organisms’ neighbourhood is higher
than a tolerable threshold. This means that each individual of
species i can scan the environment to perceive the presence of
organisms of species i + 1, thus, accurately deciding if the best
strategy is to search for refuge joining their conspecifics. or
continue moving randomly to explore the territory. The dark
colours in Fgll] stand for individuals executing the gregarious
movement, whereas the light colours represent organisms mov-
ing randomly.

2.1. Numerical simulations

To perform the numerical simulations, we use square lattices
with periodic boundary conditions; the number of grid sites is
N. We use the May-Leonard implementation, where the total
number of individuals is not conserved. Therefore, as each grid
point is occupied by at most one individual (or it is empty),
the maximum number of organisms in the system is the total
number of grid points N.

Initially, the organisms are randomly distributed in the lat-
tice: each individual is allocated at a random grid site. The ini-
tial conditions are prepared so that the number of individuals is
the same for every species is the same. We define the number of
individuals of each species at the initial state as one-third of the
total number of organisms: ;(f = 0) =~ N/3, withi = 1,2,3;
the rest of grid sites are left empty in the initial conditions.

Once the random initial conditions are ready, the algorithm
stochastically implements the interactions following the von
Neumann neighbourhood, where each organism can interact
with one of its four immediate neighbours. The spatial inter-
actions are:

e Selection: i j — i ®, with j = i + 1, where ® means
an empty space: an individual of species i eliminates a
neighbour of species i + 1 following the rules illustrated in
Fig[l]- the grid site occupied by the eliminated individual
is left empty.

e Reproduction: i ® — ii: an empty space is filled by a new
organism of any species.

e Mobility: i © — © i, where ©® means either an individual
of any species or an empty site. An organism moves by
switching positions with another individual of any species
or an empty space.

The interactions are implemented following a fixed set of
probabilities which is the same for every species: s (selec-
tion probability), r (reproduction probability), and m (mobility
probability). During the interaction implementation, the code
follows the steps:

1. an active individual of any species is drawn among all or-
ganisms in the lattice;

2. one interaction is randomly chosen following the set of
probabilities rates (s, 7, and m);
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Figure 2: Snapshots captured from simulations of the rock-paper-scissors game with individuals’ locally adaptive a;
2007 grid points for a timespan of 2000 generations, with R = 3, 7 = s = 0.25 and m = 0.5. Figures
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regation. The realisations ran in lattice with

and [2d|show the organisms’ spatial organisation at

the end of Simulation A (¢ = 1.0), B (¢ = 0.1), (¢ = 0.025), and D (¢ = 0.0), respectively. The colours follow the scheme in Fig. m with blue, pink, and green
depicting individuals of species 1, 2, and 3, respectively. Dark and light colours distinguish organisms performing the congregation strategy and moving randomly.

Yellow dots depict empty sites.

3. one of the four immediate neighbours is drawn to suffer
the action (selection, reproduction, and random mobility)
- the only exception is the adaptive gregarious movement,
where the organism move towards the direction with more
conspecifics.

Every time an interaction is implemented, one timestep is
counted. After AV timesteps, one generation is completed - our
time unit is one generation.

To understand the population dynamics during the simula-
tions, we calculate the density of organisms of species i, p;(?),
with i = 1,2, 3. This is defined as the fraction of the lattice oc-
cupied by individuals of the species i at time ¢, p;(f) = [;(1)/N.
Also, the temporal dependence of the density of empty spaces
is computed as pg = 1 — p; —p2 — p3.

2.2. Implementing the locally adaptive aggregation strategy

To implement the locally adaptive grouping tactic, we define
the perception radius, R, to represent the maximum distance an
organism of species i can scan the environment to be aware of
the presence of enemies. Thus, the local density of organisms of
each species is computed within a circular area of radius R, cen-
tred in the organism of species i [29,49]]. In addition, we intro-
duce the aggregation trigger, ¢, to represent the minimum local
density of individuals of species i — 1 (enemies) that stimulates
the organism of species i to move gregariously. This means that
if the local density of organisms of species i — 1 is lower than
@, the individual moves randomly.

The numerical implementation of the gregarious movement
is performed by dividing the observing disc into four circular
sectors, each section in the directions of the one nearest neigh-
bour of the von Neumann neighbourhood [22] 25| 26} 28],
[51]]. Next, it is computed how many individuals of species i
exist within each circular sector, with organisms on the circu-
lar sector borders assumed to be part of both circular sectors.
Finally, the organism switches positions with the immediate
neighbour in the direction with more conspecifics; a draw in
the event of a tie.

3. Spatial Patterns

Our first goal is to understand the effects of the locally adap-
tive congregation strategy in spatial patterns. Therefore, we ran
a single simulation for four values of the aggregation trigger:

e Simulation A: ¢ = 1.0 - the absence of organisms’ group-
ing behaviour, i.e., individuals do not aggregate even under
death risk;

e Simulation B: ¢ = 0.1 - organisms’ agglomeration occurs
if, at least, 10% neighbours are enemies;

e Simulation C: ¢ = 0.025 - an individual move gregariously
if at least, 2.5% neighbours are enemies;

e Simulation D: ¢ = 0.0 - the gregarious movement is not
locally adaptive, with individuals always grouping inde-
pendently of the presence of enemies surrounding them.

The realisations were performed in lattices with 2007 grid sites,
running for a timespan of 2000 generations. We set the param-
eterstos =r=0.25, m=0.5,and R = 3.

Figures [2a] 2b] 2|} and [2d] show the individuals’ spatial or-
ganisation at the end of Simulations A, B. C, and D, respec-
tively. To depict each organism, we use the same colours of
the scheme in Fig. m blue, pink, and green dots show the in-
dividuals of species 1, 2, and 3, respectively. The organisms
performing the aggregation strategy are highlighted using dark
colours, while the individuals moving randomly appear in light
shades. We also quantified the dynamics of the species densities
for Simulation A, B, C, and D, which are depicted in Figs. @
[Bbl Bc] and [3d] respectively. As in Fig[I] blue, pink, and green
lines shows the temporal dependence of densities of individuals
of species 1, 2, and 3, respectively;

Let us first focus on Simulation A, where individuals do not
aggregate to protect themselves against enemies (Fig. [2a). Be-
cause of the random initial conditions, selection interactions are
frequent at the beginning of the simulation. After that, spatial
patterns are formed with organisms of the same species occu-
pying departed patches. Since organisms are unaware of the
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Figure 3: Dynamics of species densities during the simulations in Fi g. The blue, pink, and green lines in Fi gs. and depict the temporal dependence
of the density of individuals of species 1, 2, and 3, in Simulations A, B, C, and D, respectively.
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Figure 4: Temporal dependence of the density of empty spaces in simulations
of Fig. |Zl The grey, orange, yellow, and brown lines show the dynamics of
empty sites in Simulations A, B, C, and D, respectively.

neighbourhood, they move randomly, independently of the risk
of being caught. This results in faster dynamics of species den-
sities, with organisms being destroyed and newborns appearing
at a high rate. Consequently, the species densities’ frequency
and amplitude are high, as shown in Fig.[33]

In addition to the usual pattern formation process driven by
the cyclic game rules, the gregarious movement performed by
individuals under death risk promotes the formation of self-
protection clusters on the border that is attacked by enemies,
as shown in Figs. 2b] and For example, the organisms of
species 2 aggregating (dark pink dots) are concentrated on the
border with spatial domains of species 1 (blue areas). The self-
preservation movement tactic produces a deformation of the
spiral patterns, with individuals concentrating in patches with
smaller sizes since they abdicate to explore extensive areas of
the territory to form clumps. Because of this, the population dy-
namics are decelerated, with reduced frequency and amplitude,

as depicted in Figs[3bland

Finally, the snapshot in Fig. [3d] reveals what occurs in the
case of the non-adaptive aggregation strategy (¢ = 0.0) - indi-
viduals move gregariously even if no enemy surrounds them.
In this scenario, the population dynamics are altered since the
individuals neglect the conquest of new territories to focus ex-
clusively on the survival movement strategy. This induces a
contraction of the spatial domains occupied by organisms of
a single species, since individuals do not advance in the terri-
tory even if they are not under death risk. Finally, Fig. @ shows
the temporal dependence of the density of empty spaces, pg, in
Simulations A (grey line), B (orange line), C (green line), and
D (brown line). The results show that the density of empty
spaces decreases after an initial period of pattern formation.
Furthermore, the locally congregation reduces the organisms’
death risk. Because of this, the lower the aggregation trigger,
the more the density of empty spaces is reduced.

4. Autocorrelation Function

Let us now quantify the scale of spatial domains in the pres-
ence of locally adaptive aggregation. For this, we compute the
spatial autocorrelation function. The autocorrelation function
is computed from the inverse Fourier transform of the spectral
density as
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Figure 5: Autocorrelation functions in terms of the radial coordinate. The grey,
orange, and brown lines depict the results for the standard model (¢ = 1.0),
aggregation triggered when at least 10% of neighbours are enemies ¢ = 0.1, and
the non-adaptive aggregation (¢ = 0.0), respectively. The error bars indicate
the standard deviation; the dashed black line shows the threshold assumed to
calculate the characteristic length scale. The interaction probabilities are r =
s = 0.25 and m = 0.5; the perception radius is R = 3.

and ®(X) is Fourier transform

Q&) = F {¢(F) — (). 3

The function ¢(7) represents the spatial distribution of individ-
uals of species 1, with ¢(7) = 0 and ¢(#) = 1 indicating the
absence and the presence of an individual of species 1 in at the
position 7 in the lattice, respectively). The spatial autocorrela-
tion function is given by

. C()
) = Z min[2N — (x+y+ 1), (x+y+ 1]’

[P |=x+y
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Moreover, we compute the spatial domains’ scale for C(l) =
0.15, where [ is the characteristic length.

We calculated the spatial autocorrelation function in terms
of the radial coordinate r for three cases: absence of group-
ing behaviour (¢ = 1.0), aggregation triggered when the neigh-
bourhood is, at least, 10% hostile (¢ = 0.1), and non-adaptive
aggregation (¢ = 0.0). The outcomes were obtained by run-
ning sets of 100 simulations with different random initial con-
ditions in lattices with 500 grid sites for a time span of 5000
generations. To calculate the autocorrelation function, we used
the spatial configuration at the end of the simulation (¢ = 5000
generations). Because organisms of every species can perform
the locally adaptive congregation, the autocorrelation function
is the same irrespective of the species; thus, we used the data
from species 1. In all simulations, we considered the interac-
tions probabilities s = r = 0.25 and m = 0.5; the perception
radius was set to R = 3.

The brown, orange, and grey lines in Figure [5] show C as a
function of the radial coordinate r for ¢ = 0.0, ¢ = 0.1, and ¢ =
0.0, respectively; the error bars indicate the standard deviation.
The horizontal dashed black line indicates the threshold used to
calculate the length scale: C(I) = 0.15. The results confirm
that once organisms move gregariously, the average size of the
spatial domains inhabited by a single species decreases.

Figure [6] shows the relative variation of the characteristic
length scale I, defined as I = (I — Iy)/ly, where [, is the value in
the absence of the adaptive aggregation (¢ = 1.0). We repeated
the set of 100 simulations - starting from different initial condi-
tions - for 0 < ¢ < 0.4, with intervals of d¢ = 0.05. The error
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Figure 6: The relative change in the characteristic length scale of the typical
single-species spatial domain as a function of the threshold used to trigger the
gregarious movement compared with the standard model. The simulations ran
in lattices with 5007 grid sites, running until 5000 generations for r = s = 0.25
and m = 0.5; the perception radius is R = 3. The outcomes were averaged from
sets of 100 simulations starting from different initial conditions; the error bars
show the standard deviation. We assumed the probabilities r = s = 0.25 and
m = 0.5.

bars show the standard deviation; the parameters are the same
used in the simulations in Fig.[5] The outcomes show that the
average group size decreases compared to the standard model,
with the reduction becoming significant for ¢ = 0.0. This hap-
pens because all individuals group themselves, independently
of what is happening in their surroundings, as we observed in

Fig.[2d|

5. The role of the locally adaptive aggregation in the organ-
isms’ death risk

We now investigate the effects of locally adaptive grouping
to reduce the organisms’ death risk. For this purpose, we in-
troduce the death risk, which is calculated as follows: 1) it is
counted as the total number of individuals of species i at the
beginning of each generation; ii) the number of organisms of
species i killed by individuals of species i — 1 during the gen-
eration is computed,; iii) the death risk, ¢ is defined as the ratio
between the number of eliminated organisms and the amount
at the beginning of each generation. Due to the symmetry of
the rock-paper-scissors game rules, the average death risk is the
same for individuals of every species; thus, we choose the re-
sults for species 1 to represent the individuals’ death risk.

5.1. The influence of the aggregation trigger

First, we study the influence of the aggregation trigger ¢ in
the relative decrease of the individuals’ death risk by running
sets of 100 simulations starting from different initial conditions
for 0 < ¢ < 1.0 in intervals of ¢ = 0.1. This experiment was
conducted for two values of perception radius: R =3 andR = 5;
the interaction probabilities are s = r = 0.25 and m = 0.5. To
guarantee the quality of the results, we remove the data from
the initial pattern formation stage, thus calculating the average
organisms’ death risk in the second half of each realisation.

The purple and red lines in Figure [/| show the organisms’
death risk in terms of the aggregation trigger for R = 3 and
R =5, respectively; the standard deviation is shown by error
bars. The outcomes reveal that for ¢ > 0.6, the locally adap-
tive strategy is ineffective in reducing the organisms’ death risk



0.1

0.09
0.08
\\U.U? F
0.06 -
0.05

0.04 L 4

0.03

6 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 7: Organisms’ death risk in terms of the aggregation trigger. The simu-
lations were performed in lattices with 5007 grid sites, running for a timespan
of 5000 generations. The red and purple lines show the outcomes for organisms
with perception radius R = 3 and R = 5, respectively. The results were aver-
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standard deviation is depicted by error bars. The interaction probabilities are
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Figure 8: Relative change in the individuals’ death risk in terms of the mobility
probability in simulations running in lattices with 500> grid sites, running for a
timespan of 5000 generations. We averaged the outcomes sets of 100 simula-
tions starting from different initial conditions; the standard deviation is shown
by error bars. The perception radius is R = 3; the interaction probabilities are
tos=r=(1-m)/2).

compared with the standard model (¢ = 1.0). This happens be-
cause most of organism of species i whose neighbourhood con-
tains 60% or more of organisms of species i — 1 is far from the
spatial domain dominated by their conspecifics; thus, grouping
may not be possible to be executed before the individual being
eliminated by enemies.

Our findings show that the locally adaptive aggregation jeop-
ardises the organisms’ safety for intermediate values of ¢. As
shown in Fig. [/} for R = 3, the organisms’ death risk in-
creases for 0.4 < ¢ < 0.6, while for R = 5, { increases for
0.4 < ¢ < 0.3. Therefore, the adaptive is beneficial only if
the threshold assumed to move gregariously is in the interval
0<p<04forR=3and0 < ¢ < 0.3 for R = 5, with the
relative reduction of { increasing as the ¢ is lowered.

The results in Fig.[7| show how the complexity of the spatial
interactions is influenced by the organism’s ability to make an
accurate decision, triggering the adaptive tactic correctly. Our
findings show that if organisms can perceive further distances,
they can more easily: i) identify the presence of invading en-
emies beyond the border of their territory; ii) distinguish the
direction with more conspecifics in case of need to move gre-
gariously. Because of this, the relative variation in the organ-
isms’ death risk is more accentuated for R = 5 than for R = 3

in Fig.

5.2. The interference of organisms’ mobility

The locally adaptive grouping is profitable for the organ-
isms because of the death risk reduction, as shown in Fig.
for m = 0.5. Now, we repeated the simulations to explore
how the benefits of the locally adaptive aggregation depend
on the organism’s mobility. For this purpose, we ran sets of
100 realisations starting from different initial conditions for
0.05 < m < 0.95, in intervals of 6m = 0.05. The selection and
reproduction probabilities are set to s = r = (1 — m)/2; the per-
ception radius is R = 3, and the aggregation trigger is ¢ = 0.05.
We implemented the simulations in lattices with 500 grid sites,
running until 5000 generations.

Figure [§] shows the relative change of the organisms’ death
risk: & = (£ — &o)/ &, where ( is the death risk in the absence
of grouping behaviour (¢ = 1.0). For 0.05 < m < 0.085, the
relative reduction in the organisms’ death risk is more signifi-
cant for individuals that explore greater fractions of the lattice
per time unit [39]. This happens because high-mobile individ-
uals are more vulnerable to being eliminated by enemies in the
cyclic game, thus, benefitting more from the self-preservation
movement strategy. However, if m > 0.085, the relative vari-
ation in { decreases because the selection probability becomes
very low, becoming the effect less significant.

6. Coexistence Probability

Now, we focus on the impact of locally adaptive flocking on
biodiversity in cyclic games. In this study, we ran sets of 1000
simulations in lattices with 100% grid points for 0.05 < m <
0.95 in intervals of 6m = 0.05; selection and reproduction
probabilities were set to s = r = (1 —m)/2. For each set
of simulations, each realisation began from different random
initial conditions, running until 10000 generations. If at least
one species is extinguished before the simulation ends, biodi-
versity is lost. Thus, the coexistence probability is the frac-
tion of the simulations where all species are present at the end.
We extended the investigation to quantify the impact of locally
adaptive aggregation in more complex systems by simulating
the generalised rock-paper-scissors models with five and seven
species. Figures [9a] [@b]and [Oc] depict the coexistence probabil-
ity for ¢ = 0.0 (brown line), ¢ = 0.05 (green line), ¢ = 0.1
(orange line), ¢ = 0.2 (blue line), and ¢ = 1.0 (grey line) for
the models with N = 3, N = 5, and N = 7 species, respectively.

Overall, species biodiversity is more threatened for systems
with highly mobile individuals, independent of the number of
species in the cyclic game. The outcomes also show the benefits
of the locally adaptive aggregation for biodiversity: the lower
the aggregation trigger, the higher is the coexistence proba-
bility. This conclusion holds independently of the number of
species in the cyclic game Furthermore, the outcomes show
that the more complex the system is, the more favourable it
is for biodiversity loss. By comparing the same color lines in
Fig.[9a] [Ob] and Oc] one observes that the coexistence probabil-
ity is lower for the system with N = 9 species, independently
of the organisms’ mobility. Finally, we observe that all simula-
tions resulted in coexistence when individuals agglomerate with
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Figure 9: Coexistence probability as a function of the mobility probability
for the generalised rock-paper-scissors game with organisms’ locally adaptive
aggregation. Figures [9a] [0b] and Oc]show the outcomes for the cyclic model
with three, five, and seven species, respectively. The results were obtained by
running 1000 simulations in lattices with 100 grid points running until 10000
generations for R = 3 and s = r = (1 — m)/2. The brown, green, orange, blue,
and grey lines depict the results for ¢ = 0.0, ¢ = 0.05, ¢ = 0.1, ¢ = 0.2, and
¢ = 1.0, respectively.

their conspecifics irrespective of the local densities of enemies.
According to the brown lines in Figs. Da] [0b]and

7. Comments and Conclusions

Aggregation behaviour is found in many systems where or-
ganisms adapt their movement, grouping with their conspecifics
when in death risk. We investigate cyclic models described by
the rock-paper-scissors game rules, where individuals can scan
their environment and adapt their movement to environmental
cues. In our stochastic simulation, each organism freely ex-
plores the territory without precaution if there is no nearby en-
emy but prevents damage from enemy attack moving gregarious
to join the biggest group of conspecific in the neighbourhood.
To execute the locally adaptive grouping, each individual scans
their vicinity, thus triggering the gregarious movement if the lo-

cal density of enemies reaches a prefixed threshold. Running a
series of simulations, we investigate the role of adaptive aggre-
gation in transforming the organisms’ spatial organisation. The
results show that the characteristic length scale of the spatial
domains occupied by organisms of a single species is not ac-
centuated if the threshold is not inferior to 10%. Otherwise, the
typical group size decreases significantly, being minimal in the
case of organisms flock even when not under death risk pres-
sure.

We discover that the gregarious movement does not interfere
with organisms’ safety if the grouping is only triggered when
more than 70% neighbourhood is occupied by enemies. Coun-
terintuitively, if the self-preservation movement tactic is cali-
brated to be triggered if between 30% and 60% neighbours are
enemies, the individuals’ death risk increases instead of bene-
fiting the organisms. Our outcomes show that the behavioural
strategy is profitable only if each organism aggregates with con-
specifics when detecting the fraction of opponents in the vicin-
ity using a threshold inferior to 30%. In addition, we find that
if organisms can perceive further distances, they can accurately
scan and interpret the signals from the neighbourhood, increas-
ing the effects of the adaptive aggregation on the death risk.
Moreover, we study the impact of mobility on the benefits of
adaptive congregation considering low, intermediate and high-
mobile individuals. Our simulations provided evidence that lo-
cally adapting their movement to aggregate when under death
risk is more advantageous as the more mobile the organisms,
provided that the individuals’ mobility is not superior to 85%;
otherwise, the relative death risk reduction diminishes as the
mobility grows.

Finally, we study the influence of locally adaptive aggre-
gation on biodiversity maintenance. Our findings show that
the coexistence probability increases independently of the or-
ganism’s mobility, being maximal in the case of non-adaptive
grouping, where the gregarious movement is executed even
when there is no local death risk for the individual. This re-
sult holds for more complex systems where an arbitrary odd
number of species participate in the cyclic game. Extending
our algorithm to implement the generalised rock-paper-scissors
model with five and seven species, we confirm that the gregari-
ous movement promotes biodiversity, being more beneficial for
low adaptive aggregation triggers. Our discoveries may be help-
ful to ecologists in understanding systems where organisms’
self-defence behaviour adapts to local environmental cues. Our
results may also clarify the role of the local phenomena in com-
plex systems in other areas of nonlinear science.
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