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Abstract

Much literature exists for rock-paper-scissors (RPS) game. It is well known in a
single habitat that spatial models are more stable than well-mixed population. However,
the mechanism of spatial stabilization has been unclear. In the present article, we study
multilayer model of RPS game in a patchy environment; respective patches are set as
lattices. The predation probability of one of three species is assumed to be reduced as a
parameter. Simulations on two-layer system reveal the opposite result to those on a single-
habitat system. Namely, the well-mixed population becomes stable. In contrast, extinction
occurs by random migration in spatially-explicit model, when the reduced predation
probability is below a certain critical value. The extinction in spatial model is found to be
caused by the collapse of a kind of swarm intelligence (SI). In RPS system, large swarms
of each species are automatically protected from its predator. Such a self-organized
protection is one of the simplest examples of SI. We also discuss some serious problems

for random migration.



1. Introduction

Rock-paper-scissors (RPS) game has increased interest in various fields (Bazeia et al.,
2021; Abu-Akel et al., 2020; Li et al., 2020; Dyson et al., 2020; Epstein and Hadany, 2019; Ryan
etal., 2020; Douglas and Das, 2019; . Kabir and Tanimoto, 2020). The game has long been studied
in relation to biodiversity (Itoh, 1973; Tainaka, 1988; Reichenbach et al., 2007; Szabo6 and Fath,
2007; Avelino et al., 2012a; 2012b: Liao et al., 2019; Nagatani, 2019; Park et al., 2020). Concrete
example of RPS relations are males of lizard (Sinervo and Lively, 1996), strains of micro-
organism (Kerr et al., 2002), marine organisms (Buss, 1980) and plant systems (Lankau and
Strauss, 2007). A food chain in small ecosystem, called "microcosms" (Beyers and Odum, 1993),
also represents a kind of RPS game; e.g. the system composed of producer, consumer and
decomposers. The producer utilizes decomposers, but it is eaten by the consumer; when the
consumer dies, they become nutrition for decomposers. We consider RPS game as follows
(Frachebourg et al., 1996; Reichenbach and Mobilia, 2007; Claussen and Traulsen, 2008;

Szolnoki et al. 2014; Szolnoki and Perc, 2016):

R+S - R+R (rate a), (1a)
S+P - S+S (rate b), (1b)
P+R - P+P (rate ¢), (1c)

where R, P and S respectively mean the agent of rock, paper and scissors. The parameters a, b,
and c¢ denote the victory (predation) rates of R, S and P, respectively. Reaction (1a) represents R

beats S. Similarly, P beats R, but it is beaten by S.

In one-population system, two typical methods have been proposed: well-mixed and
spatially-explicit models. Itoh (1973) has presented a well-mixed population of RPS game;
individuals (agents) of three species (R, S, P) randomly interact. Species changed according to

reaction (1). On the other hand, in the spatially explicit model, agents locate on a lattice; the



interaction occurs between adjacent cells (Tainaka, 1988; Bramson and Griffeath. 1989).
Although all species cannot survive in well-mixed population, they stably survive in spatially-
explicit model with local interaction. Such a difference in dynamics has been experimentally
verified by the use of E. coli (Kerr et al. 2002). However, the mechanism why spatial pattern
formation stabilizes the biodiversity has long been unclear. The aim of the present article is to

show the spatial mechanism of biodiversity.

We apply agent-based model (Sato et al., 1994; Szolnoki and Szabd, 2004; Szabo
et al., 2007; Tubay and Yoshimura, 2013; Hodsagi and Szabo, 2015; Wang et al., 2015;
Szolnoki and Perc, 2017; Szolnoki et al., 2020) to a multi-patch system. Habitats of
biospecies usually locate in spatially separated patches (Levin, 1974; Hanski et al., 1996).
The dynamics in such patchy environment have been studied by metapopulation and
network models (Allesina and Levine, 2011; Kiveli et al., 2014; Szczesny et al., 2014;
Barabasi, M. Posfai, 2016). Some authors have applied RPS game to metapopulation
model (Czéran, R. F Hoekstra, 2003; Nagatani et al., 2018a; Voit and Meyer-Ortmanns,
2019; Nagatani and Ichinose, 2020). A distinct point of the present paper is to set a lattice
as a patch. There are several merits to use lattices. i) Spatially-explicit model.
Inside respective patches, the simulation with local interaction can be carried
out. ii) Finite capacity of patch. The migration of an individual (agent) is only
allowed to move into an empty cell in the destination patch. iii)) Non-random
migration. An animal moves with avoiding danger, and may have some

strategy for migration.

2. Preliminary: Results in One-Patch System

Results of Well-Mixed Population



First, we describe the results for well-mixed population. Itoh mathematically proved the
instability (extinction) in well-mixed population (Itoh, 1973). When the total population size (C)
of three species (R, S, P) is infinite (C — o0), the dynamics are well described by mean-field

theory (MFT):

_dp;t(t) = apgr(t)ps(t) — cpp(t)pr(t) (2a)

dpp(t) _
dt

cpp(t)pr(t) — bps(t)pp(t) (2b)

dps(t) _
dt

bps(©)pp(t) — apr(t)ps(t) (2¢)

where p,(t) is the population size (density) of species @ (@ =R,P,S). The population sizes of
three species oscillate periodically as shown in Fig. 1(a). A pair of species behave like prey and
predator for classical Lotka-Volterra equation (Hofbauer and Sigmund, 1998). Since the
dynamics has no asymptotic stability, three species cannot survive under slight disturbances.

When C takes a finite value, two species eventually go extinct [see Fig. 1(b)]. Only one species

survives at the final equilibrium.

Results of Spatially Explicit Model

Next, we describe the results for spatial (lattice) model with local interaction.
The stability on a lattice becomes opposite to that for well-mixed population (Tainaka,
1988; 1989; Bramson and Griffeath, 1989; Kerr et al., 2002). In spatial model (local
interaction), three species stably coexist. Note the extinction occurs in small (e.g., C =
10 x 10) systems. In Fig. 2(a), the population dynamics is displayed for C=200%200.
When C is infinitely large (C — o), the dynamics asymptotically stable. For a finite
value of C (C >> 1), undamped oscillations are observed at the final attractor (Itoh

and Tainaka, 1994). Each species forms different sizes of swarms (clusters), but spatial



structure chaotically oscillates; the square of vibration amplitude is inversely
proportional to C [see Fig. 2(b)]. The reason why all species survive in spatially-
explicit model has been discussed. Tainaka and Itoh have explained the stabilization in
lattice model by counting both creation and annihilation speeds of vortex (spiral)
(Tainaka, 1989; Itoh and Tainaka, 1994). Nagatani et al. (2017) have proved the
coexistence of species by applying "effective medium approximation" (Choy, 2016).
However, it is still unclear what kind of spatial structure stabilizes the lattice system. As
we will describe later, the biodiversity is sustained by a kind of "swarm intelligence"
(Beni and Wang, 1989; Kaveh and Talatahari, 2010; Waibel et al., 2011; Santos et al.

2020). Each species can avoid extinction by a spatial pattern formation.

3. Method

Simulation method is a combination of migration and RPS game. First,
migration method is described. We prepare n lattices (layers); the layer i contains
C, cells (i = 1---n). Each cell is either empty (O) or agent of species o ( «
=R,P,S). The agent migrates from layer i toj byrate m; (i# j).InFig. 3, the
migration of agent « from patch 1 to 2 is displayed, where (a) conventional migration
and (b) the present migration. In Fig. 3 (a), the size (capacity) of patch has been ignored,
and the well-mixed population has been assumed inside respective patches. In contrast,
in the present paper, we regard lattices (layers) as patches. An agent of species & can
migrate, only when there are empty cells in the destination layer. After the migration,
both occupied and empty cells are exchanged. Namely, the cell « in layer 1 changes
to the empty cell, while the empty cell in layer 2 changes to cell « . Note that the
capacity (C,) of layer i takes a constant value.

Next, we describe the method of RPS game which is played inside respective layers. In

the present paper, we fix b = ¢ = 1, and change the value of predation rate (a) of species R (0 <



a < 1). Simulation is carried out by either local or global interaction. In the former the reactions
(1a)-(1c) occur between adjacent cells, whereas in the latter they occur between any pair of cells.
The results of global interaction agree with those for well-mixed population. Throughout

simulations, the total density (pr) of agents in all patches is unchanged.

In the case of well-mixed population, the dynamics can be described by mean-
field theory (MFT). Let p,;(t) be the density of species @ in patch i at time ¢.
Namely, the density means (cell number of species @ in patch i)/Cr, where C; is the
total cell number in the whole system: C; = Y; C;. We also define N; and p;(t) be
the ratio of capacity and the total density of agents in layer i, respectively: N; = C;/Cr
and p;(t) = X4 pPaq:(t). For convenience, we assume the migration rates are unchanged
for any pairof i and j (mj; = m). When the population size in each patch is sufficiently

large (C; - o), the dynamics are well described by MFT.

dpr(t
pZ't( 2= [apR,i(t)pS,i(t) — cppi(t)p R'i(t)]/ N;

+m|pg ;(OE;(t)/N; — pri(OE;(t)/N;] (3a)

dpp,i
pz,tm = [cpp,i(O)pri(6) — bps;(O)pp:(D)]/N;

+m|pp j(OE()/N; — ppi(OE;()/Nj] (3b)
51O _ [bpg()pp,(8) — apr, (Dps, (D] /N;

+m|ps ; (O E;(t)/N; — ps,; () E;(£)/N] (3¢)
where E;(t) is the density of empty cells in layer i: E;(t) = N; — p;(t). In equation
(3), the first and second terms on the right-hand sides denote the RPS reaction and
migration, respectively. It is emphasized that the migration terms differ from those in
conventional metapopulation model: the migration terms in equation (3) are represented
by nonlinear functions of densities ("nonlinear migration") (Yokoi et al., 2019; 2020).

From equation (3), we can obtain nonzero values of equilibrium densities (0 ;,0p ;,05,;)-



Putting all time derivatives to be zero, we can get
pri=pib/(a+b+c), pp;=pia/(a+b+c), ps;=pic/la+b+c) (4
When b = ¢ = 1, we have

Pri = Ps; = pi/(2+a), pp; =ap;/(2+a). ®)

4. Results

4-1. Results for Well-Mixed Population

We report the population dynamics for global interaction (well-mixed
population). Hereafter we assume the system contains two patches (n = 2). It is found
that the stabilities in one- and two-patch systems are just opposite. Although all species
cannot survive in a single population, they stably survive in two-patch system. As shown
in Fig. 4 (a), the dynamics becomes asymptotically stable; no extinction occurs for C; >
> 1 and C; # C,. When the migration rate (m) increases, the system rapidly reaches
equilibrium. Note the case of C; = C, is exceptional: the extinctions of two species
occur for a finite value of C;.

In the case of traditional (linear) migration, the dynamics in two-layer system is
never stable (Nagatani, et al., 2018a), because the densities of each species become
immediately the same in both layers. In contrast, we assume patch capacities are finite;
an agent moves into an empty cell. When both patches have different capacities, the
densities in both layers are not equal. It may suppress the oscillation of densities.

In Fig. 4 (b), the equilibrium densities are depicted against the predation rate (a).
The simulation results (plots) for global interaction well agree with the prediction of MFT
(curves). With the decrease of a, the densities of paper (P) in both layers are decreased;
in contrast, the densities of R and S are increased. This is paradoxical, because R should
be the weakest for a < 1 (b = ¢ = 1). Such a paradox is very popular in RPS systems
(Tainaka, 1993; Frean and Abraham, 2001; Nagatani et al., 2018b; Avelino et al., 2019;



2021).

4-2. Results for Spatially Explicit Model

Simulations for local interaction exhibit that the stability is also opposite
between one- and two-lattice systems. The population dynamics tends to be unstable in
double-layer case. Fig. 5 displays the population dynamics for a =1 and a = 0.4,
respectively (m=1 and b=c=1). All species survive for a =1, while the
extinction occurs for a = 0.4. In the latter case, species P first goes extinct, and only R
survives finally. This is also paradoxical: only the weakest species (R) survives. As
parameter a decreases or m increases, the vibration of each density becomes large.
Since the amplitude of vibration becomes too large, the extinction of species occurs. In
Fig. 6 (a), the steady-state densities are depicted against the predation rate (a) of species
R, where the dotted line represents the critical condition (a = a). Phase transition occurs
between survival (a; < a) and extinct (a; < a) phases. The critical value a, can be
estimated by "finite-size stability analysis" (Sakisaka et al., 2008). We prepare five pairs
of square lattices under the condition of L, = L;/2 (N; = 0.8). For respective two-layer
systems, we obtain the waiting time (7) to extinction. In Fig. 6 (b), log(t) is plotted
against log( L;). The threshold between survival and extinction phases for C; = o can
be estimated in the power law case (a. = 0.57).

Critical behaviors elucidate the mechanism of destabilization. In Fig. 7 (a), the
population dynamics near extinction are displayed (a = 0.59). We observe larger
oscillations, compared to the case of a =1 [see Fig. 5 (a)]. The mechanism of large
oscillation can be understood by spatial patterns. Figs. 7 (b) and (c) represent poor- and
rich-density cases of P, respectively. We compare stable spatial pattern [Fig. 2 (b)] and
spatial pattern near extinction [Fig. 7 (b)]. In the former (one-layer case), we find a kind
of swarm intelligence (SI) (Beni and Wang, 1989; Santos et al. 2020). In Fig. 2 (b), large

swarms are automatically protected from predators. For example, we pay attention to a



large blue swarm. One or few cells enclosed in the swarm are usually green which is
weaker than surrounding species. Namely, predators (red cells) have been excluded inside
the blue swarm. In contrast, in two-layer case [Fig. 7 (b) or (c)], SI is broken in the spatial
patterns: not only green but also red cells are enclosed inside a large blue swam. Since a
predator (red cell) invades near the center of large blue swarm, the population size of
predator rapidly increases; conversely, the blue swarm rapidly collapses. Thus, the large
oscillation and instability are caused by the collapse of SI. Moreover, Fig. 7 (b) can
explain the paradox: since species P strongly forms clusters, it effectively disappears on

lattices. If P disappears, then R beats S. Hence, R prevails in both lattices (paradox).

5. Conclusions

Spatial pattern dynamics is known to be stable in a single population. To date,
the mechanism of stabilization has been unknown. The present work elucidates the
mechanism of biodiversity. In two-layer model, we fix m = 1. This value of migration
rate may be small, since each species forms clusters. If the migration rate is extremely
high (m > 1), the spatially-explicit model should become the same as the well-mixed
population. Even though the migration rate is low, the random migration has a significant
impact. When a < a, (ac = 0.57), species go extinct for m = 1. The extinction
caused by the fact that a predator can invade near the center of large prey swarm.
Realistically, however, such a lucky migration is infeasible (Greig and Pruett-Jones,
2010; Holmern et al., 2016). In multi-layers model, we can perform various simulations
of non-random migrations. Simulations for more realistic migration reveal that all species
survive, because the migration never causes the collapse of SI. For instance, we carry out
simulation in the case that an agent migrates into (or next to) a flock of the same species.
In this case, no extinction occurs, because the SI structure remains mostly. Hence, the
two-layer system is considered to be stable for both local and global interactions. The

method of the present article may be applicable more generally, such as off-lattice
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populations (Bazeia, et al., 2021; Oliveira and Szolnoki, 2021) and public goods game
with punishment (Szolnoki and Perc, 2013; 2017).

11



References
Abu-Akel, A.M., Apperly, [.LA., Wood, S.J., Hansen, P.C., 2020. Re-imaging the
intentional stance. Proc. R. Soc. B 287, 20200244.

Allesina, S., Levine, J. M., 2011. A competitive network theory of species diversity.
Proc. Natl. Acad. Sci., 108, 56385642.

Avelino, P.P.,, Bazeia, D., Losano, L., Menezes, J., 2012a von Neummann's and related

scaling laws in rock-paper-scissors-type games. Phys. Rev. E 86, 031119

Avelino, P.P.,, Bazeia, D., Losano, L., Menezes, J., Oliveira, B.F., 2012b. Junctions and

spiral patterns in generalized rock-paper-scissors models. Phys. Rev. E 86, 036112.
Avelino, P.P., Oliveira, B.F., Trintin, R. S., 2019. Predominance of the weakest species
in Lotka-Volterra and May-Leonard formulations of the rock-paper-scissors model.

Phys. Rev. E 100, 042209

Avelino, P.P., Oliveira, B.F., Trintin, R. S., 2021. Weak species in rock-paper-scissors

models. Europhysics Letters, 134, 48001.

Barabasi, A.L., Posfai, M., 2016. Network Science (Cambridge Univ. Press).

Bazeia, D., Ferreira, M. J. B., de Oliveira, B. F., Szolnoki, A., 2021. Environment driven

oscillation in an off-lattice May—Leonard model. Scientific Reports, 11, 12512.

Beni, G., Wang, J., 1989. Swarm intelligence in cellular robotic systems, Proc. NATO

Advanced Workshop on Robots and Biological Systems, Tuscany, Italy, June 26-30.

12



Beyers, R. J., Odum, H. T., 1993. Ecological Microcosms (Springer, New York).

Bramson, M., Griffeath, D., 1989. Flux and fixation in cyclic particle systems, Annals
of Probability, 17, 26-45.

Buss, L.W., 1980. Competitive intransitivity and size-frequency distributions of

interacting populations. Proc. Natl. Acad. Sci. 77, 5355-5359.

Choy, T.C., 2016. Effective Medium Theory (Oxford Univ. Press).

Claussen, J. C., Traulsen, A., 2008. Cyclic dominance and biodiversity in well-mixed

populations. Phys. Rev. Lett. 100, 058104.

Czéran, T. L., Hoekstra, R. F., 2003. Killer-sensitive coexistence in metapopulations of

micro-organisms. Proc. R. Soc. Lond. B 270, 1373-1378.

Douglas, J.F., Das, T., 2019. Three-state structural heterogeneity in a model two
dimensional fluid. Journal of Molecular Liquids, 293, 111466.

Dyson, B.J., Steward, B.A., Meneghetti, T., Forder, L., 2020. Behavioural and neural
limits in competitive decision making: The roles of outcome, opponency and

observation. Biological psychology, 149, 107778.

Epstein, O.L., Hadany, L., 2019. Host-microbiome coevolution can promote

cooperation in a rock—paper—scissors dynamics. Proc. R. Soc. B 287, 20192754.

Frachebourg, L., Krapivsky, P. L., Ben-Naim, E., 1996. Segregation in a one-

dimensional model of interacting species. Phys. Rev. Lett. 77, 2125-2128.

13



Frean, M., Abraham, E. R., 2001. Rock—scissors—paper and the survival of the weakest.
Proc. R. Soc. Lond. B 268, 1323-1327.

Greig, E. L., Pruett-Jones, S., 2010. Danger may enhance communication: predator calls

alert females to male displays. Animal Behaviour, 21, 1360-1366.

Hanski, I. Moilanen, A., Gyllenberg, M., 1996. American Naturalist, 147, 527-541.

Hodsagi, K., Szabo, G., 2019. Bursts in three-strategy evolutionary ordinal potential

games on a square lattice. Physica A 525, 1379-1387.

Hofbauer, J., Sigmund, K., 1998. Evolutionary Games and Population Dynamics

(Cambridge Univ. Press).

Holmern, T., Setsaas, T.H., Melis, C., Tufto J., Reskaft, E., 2016. Effects of

experimental human approaches on escape behavior in Thomson’s gazelle (Eudorcas

thomsonii). Behavioral Ecology, 27, 1432-1440.

Itoh, Y., 1973. On a ruin problem with interaction. Ann. Inst. Stat. Math. 25, 635-641.

Itoh Y., Tainaka, K., 1994. Stochastic limit cycle with power-law spectrum. Phys. Lett.
A, 189, 37-42.

Kabir, K.M.A., Tanimoto, J., 2020. The role of pairwise nonlinear evolutionary

dynamics in the rock—paper—scissors game with noise. Appl. Math. Com., 394, 125767.

14



Kaveh, A., Talatahari, S., 2010. A novel heuristic optimization method: charged system

search. Acta Mechanica, 213, 267-289 (2010).

Kerr, B., Riley, M.A., Feldman, M.W., Bohannan, B.J.M., 2002. Local dispersal

promotes biodiversity in a real-life game of rock-paper-scissors. Nature, 418, 171-174.

Kiveld, M., Arenas, A., Barthelemy, M., Gleeson, J.P., Moreno, Y., Porter. M.A., 2014.

Multilayer networks. Journal of Complex Networks 2, 203-271.

Lankau, R. A., Strauss, S.Y., 2007. Mutual feedbacks maintain both genetic and species
diversity in a plant community. Science, 317, 15611563.
Levin, S. A., 1974. Coexistence in a variable environment. American Naturalist, 108,

207-228.
Li, Y., Gao, M., Yang, L., Zhang, C., Zhang, B., Zhao, X., 2020. Design of and research
on industrial measuring devices based on Internet of Things technology. Ad Hoc

Networks, 102, 102072.

Liao, M.J., Din, M.O., Tsimring, L. Hasty, J., 2019. Rock-paper-scissors: Engineered

population dynamics increase genetic stability. Science, 365, 1045-1049.

Nagatani, T., 2019. Infection promotes species coexistence: rock—paper—scissors game

with epidemic on graphs. Physica A, 535, 122531.

Nagatani, T., Ichinose, G., 2020. Diffusively-coupled rock-paper-scissors game with

mutation in scale-free hierarchical networks. Complexity, 2020, 6976328.

15



Nagatani, T., Ichinose, G., Tainaka, K., 2018a. Heterogeneous network promotes species

coexistence: metapopulation model for rock-paper-scissors game. Sci. Rep. 8, 7094.

Nagatani, T., Ichinose, G., Tainaka, K., 2018b. Metapopulation model for rock-paper-

scissors game: mutation affects paradoxical impacts. J. Theor. Biol. 450, 22-27.

Nagatani, T., Sato, K., Ichinose, G., Tainaka, K., 2017. Space promotes the coexistence
of species: Effective medium approximation for rock-paper-scissors system. Ecol. Mod.,

359, 240-245.

Oliveira, B. F. Szolnoki, A., 2021. Social dilemmas in off-lattice populations. Chaos,
Solitons and Fractals, 144, 110743.

Park, H. J., Pichugin, Y., Traulsen, A., 2020. Why is cyclic dominance so rare? eLife, 9,
e57857.

Reichenbach, T. Mobilia, M., Frey, E., 2007. Noise and correlations in a spatial

population model with cyclic competition. Phys. Rev. Lett. 99, 238105.

Reichenbach, T., Mobilia, M. Frey, E., 2007. Mobility promotes and jeopardizes

biodiversity in rock—paper—scissors games. Nature 448, 1046-1049.

Ryan, J.D., D'Angelo, M.C., Kacollja, A., Gardner, S., Rosenbaumae, R.S., 2020.

Gradual learning and inflexible strategy use in amnesia: Evidence from case H.C.

Neuropsychologia, 137, 107280.

16



Sakisaka, Y., Iwamura, Y., Nakagiri, N., Yoshimura, J., Tainaka, K., 2008. Finite size
stability analysis for stochastic cellular automata. Lecture Notes in Computer Science,

5191, 228-235.

Santos, V. G., Pires, A.G., Alitappeh, R.J., Rezeck, P.A.F., Pimenta, L.C.A., Macharet,
D.G., Chaimowicz, L., 2020. Spatial segregative behaviors in robotic swarms using

differential potentials. Swarm Intelligence, 14, 259-284.

Sato, K., Matsuda, H., Sasaki, A., 1994. Pathogen invasion and host extinction in lattice

structured populations. J. Math. Biol. 32, 251-268.

Sinervo, B., Lively, C. M., 1996. The rock-paper-scissors game and the evolution of

alternative male strategies. Nature, 380, 240-243.

Szabd, G., Fath, G., 2007. Evolutionary games on graphs. Phys. Rep. 446, 97-216.

Szabo, G., Szolnoki, A., Sznaider, G. A., 2007. Segregation process and phase transition
in cyclic predator-prey models with an even number of species. Physical Review E, 76,

051921.

Szczesny, B., Mobilia, M., Rucklidge, A. M., 2014. Characterization of spiraling

patterns in spatial rock-paper-scissors games. Phys. Rev. E 90, 032704.

Szolnoki, A., Szabo, G., 2004. Phase transitions for rock-scissors-paper game on different

networks. Phys. Rev. E 70, 037102

Szolnoki, A., Mobilia, M., Jiang, L.L., Szczesny, B., Rucklidge, A. M., Perc, M., 2014.

Cyclic dominance in evolutionary games: a review. R. Soc., Interface 11, 20140735.

17



Szolnoki, A., Perc, M., 2013. Correlation of positive and negative reciprocity fails to
confer an evolutionary advantage: Phase transitions to elementary strategies. Phys. Rev.

X 3,041021.

Szolnoki, A., Perc, M., 2016. Biodiversity in models of cyclic dominance is preserved

by heterogeneity in site-specific invasion rates. Scientific Reports, 6, 38608.
Szolnoki, A., Perc, M., 2017. Second-order free-riding on antisocial punishment restores
the effectiveness of prosocial punishment (spatial public goods game). Phys. Rev. X 7,

041027.

Szolnoki, A., de Oliveira, , B. F., Bazeia, D., 2020. Pattern formations driven by cyclic

interactions: A brief review of recent developments. Europhysics Letters, 131, 68001.

Tainaka, K., 1988. Lattice model for the Lotka-Volterra system. J. Phys. Soc. Japan, 57,
2588-2590.

Tainaka, K., 1989. Stationary pattern of vortices or strings in biological systems: lattice

version of the Lotka-Volterra model. Phys. Rev. Lett. 63, 2688-2691.

Tainaka, K., 1993. Paradoxical effect in a three-candidate voter model, Phys. Lett. A,

176, 303-306.

Tubay, J.M., Yoshimura, J., 2015. Resistance of a terrestrial plant community to local

microhabitat changes. Ecology and Evolution, 8, 5101-5110.

18



Voit, M., Meyer-Ortmanns, H., 2019. Dynamics of nested, self-similar winnerless

competition in time and space. Phys. Rev. Research, 1, 023008.

Waibel, M., Floreano D., Keller, L., 2011. A quantitative test of Hamilton's rule for the

evolution of altruism. PLoS Biology, 9, e1000615.

Wang, Z. Wang, L., Szolnoki, A.,. Perc, M., 2015. Evolutionary games on multilayer
networks: a colloquium. Eur. Phys. J. B 88, 124.

Yokoi, H., Tainaka, K., Sato, K., 2019. Metapopulation model for a prey-predator
system: Nonlinear migration due to the finite capacities of patches. J. Theor. Biol. 477,

24-35.

Yokoi, H., Tainaka, K., Nakagiri, N., Sato, K., 2020. Self-organized habitat segregation

in an ambush-predator system: nonlinear migration of prey between two patches with

finite capacities. Ecological Informatics, 55, 101022.

19



Figure captions

Fig. 1. Results of well-mixed population in a single habitat (a = b = ¢ = 1) (Itoh, 1973). (a) C
—o00, (b) C=10* Initially (¢ = 0), the population sizes of (R, P, S) are set as (0.56, 0.08, 0.08).
The colors blue, red and green denote rock (R), paper (P) and scissors (S), respectively. The

population dynamics is not stable in a single habitat.

Fig. 2. Results of RPS population on a single lattice (a = b = ¢ = 1) (Tainaka, 1988;
Bramson and Griffeath, 1989). The RSP game is played between adjacent cells
(C=200%200). (a) population dynamics, (b) spatial pattern in stationary state (¢ = 200).

The dynamics is usually stable on a single lattice.

Fig. 3. Schematic illustration of two types of migrations. (a) Conventional migration,

(b) Migration between two layers. We only display the case that an agent (individual) of
species « migrates from patch 1 to 2 (see blue arrows). In (a), agents freely move.
However, in (b), agents are possible to move into the empty cells in layer 2. After the

migration, both empty and occupied cells are exchanged.

Fig. 4. Results of two-layer system for global interaction (well-mixed population).

(a) Population dynamics for global interaction (pr=0.8, a = b =c =1, C,/C;, = 1/4).
The upper three curves represent patch 1 and the lower three curves represent patch 2. At
time t = 100, migration starts between both parches. (b) Equilibrium densities are
depicted against the predation rate (a) of species R (t = 10%). Plots and curves represent
the results of simulation and theory, respectively. The colors blue, red and green denote
rock (R), paper (P) and scissors (S), in order. Both densities of R and S are overlapped.

Hence, the population dynamics for well-mixed population becomes stable.
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Fig. 5. Population dynamics of local interaction in two-layer system (m = 1). The
system sizes of two lattices are set as C; =200x%200 for patch 1 and C, =100x100 for
patch 2. (a) a = 1, (b) a = 0.4. We only show the results in layer 1, because both
layers 1 and 2 have the similar behaviors. On two-lattice system, three species cannot

coexist for a = 0.4.

Fig. 6. Phase diagram for local interaction in two-layer system. (a) Steady-state densities
are plotted against a. The vertical dotted line means the phase-transition point (a, =~
0.57) which is obtained by finite-size stability analysis (FSSA) [48]. (b) The result of
FSSA. The waiting time (7) to extinction are plotted against lattice size (L) for various
valuesof a (N; =08, m=1, pr =0.9). Weuse L, xL, forlayer1land L, X L, for
layer 2, where L,=1L,/2 (L; =40, 80, 120, 160, 200). Fitting curves are T =
exp[1.3554L%4%8] for a = 0.59, t = 0.138L%%5for a = 0.57, 7 = 0.234(In L)>3°
for a=0.54 and 7=0.921(InL)*!° for a = 0.50. The critical point can be

estimated in the power law case (see solid black line: a. = 0.57).

Fig. 7. Dynamical behaviors near critical point (a = 0.59, m = 1). (a) Population
dynamics of undamped oscillation. Both (b) and (c) represent spatial pattern in patch 1 at
the final attractor; (b) t = 1080 and (c) t = 1090. The large oscillation is caused by

the collapse of swarm intelligence.

21



Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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