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ABSTRACT
Evolutionary games of cyclic competitions have been extensively studied to gain insights into
one of the most fundamental phenomena in nature: biodiversity that seems to be excluded by the
principle of natural selection. The Rock-Paper-Scissors (RPS) game of three species and its ex-
tensions [e.g., the Rock-Paper-Scissors-Lizard-Spock (RPSLS) game] are paradigmatic models
in this field. In all previous studies, the intrinsic symmetry associated with the cyclic competi-
tions imposes a limitation on the resulting coexistence states, leading to only selective types of
such states. We investigate the effect of nonuniform intraspecific competitions on coexistence
and find that a wider spectrum of coexistence states can emerge and persist. This surprising
finding is substantiated using three classes of cyclic game models through stability analysis,
Monte Carlo simulations and patterns of continuous spatiotemporal dynamical evolution. Our
finding indicates that intraspecific competitions or alternative symmetry-breaking mechanisms
can promote biodiversity to a broader extent than previously thought.

BIODIVERSITY AMONG CYCLIC STRUCTURED POPULATION

Fundamental to species coexistence and biodiversity are competitions. In ecosystems there are
two types of competitions: interspecific (competitions among individuals from different species)
and intraspecific (competitions among individuals in the same species), where both types can ei-
ther promote or hinder species coexistence. The purpose of this paper is to demonstrate, through
a systematic study of cyclic evolutionary games, that intraspecific competitions can induce
states of coexistence that have not been reported in the literature. Intraspecific competitions
may thus be more fundamental to biodiversity than previously thought.

Intraspecific competition
A natural and typical mechanism for interspecific competitions is predator-prey interaction,

while intraspecific competitions occur because individuals in the same species compete for es-
sential life-sustaining resources such as food, water, light, and opposite sex. A well known type
of intraspecific competitions is cannibalism or intraspecific predation, which can occur with
high likelihood especially when there is a lack of sufficient resources. Such competitions can



also occur when individuals fight each other for mating opportunities, which were observed for
the side-blotched lizards in California. In the past decade or so there were studies of the effect
of intraspecific competitions on biodiversity, with results such as the experimental finding that
the competitions tend to drive disruptive selection, enhanced host survival through intraspe-
cific competition between co-infecting parasite strains, and directional selection of certain fish
species.

Cyclic games
Cyclic games have been widely used to understand mechanisms for biodiversity. A mile-

stone result [1,2] is the elucidation of the role of species mobility in coexistence, which tra-
ditionally had been regarded as detrimental to coexistence. In particular, utilizing the frame-
work of three cyclic competing species, the Rock-Paper-Scissor (RPS) model, the authors [1,2]
demonstrated robust coexistence in the small mobility regime, providing a resolution to the para-
dox that macroscopic models exclude coexistence of mobile species but, in realistic ecological
processes ranging from bacteria run and tumble to animal migration, coexistence is ubiquitous.
The basic dynamical structure supporting the coexistence of mobile species was identified to be
spiral wave patterns that emerge and evolve with time in the physical space [1], which are robust
against noise [2]. Other issues that have been investigated include uniform intraspecific compe-
tition [3], inhomogeneous reaction rates [4], While most of these works were for three cyclic
competing species, there were works extending the model to arbitrary number of species [5–7]
and addressing the role of competition at the mesoscopic (i.e., group) level in coexistence [8].

MODEL

At the microscopic level, a cyclic game system can be represented by a square lattice with
periodic boundary conditions, where an individual occupies a lattice site. Given the interspecific
competition rate σ, species reproduction rate µ, intraspecific competition rate p, and movement
rate ε, interactions among the individuals can be described by

XY
σ−→ X∅, X∅ µ−→ XX, XX

p−→ X∅, XZ
ε−→ ZX, (1)

where X and Y represent two cyclically interacting species, ∅ denotes an empty site, and Z
stands for either an individual from the same species or an empty site, and the quantity ε is
defined to be ε ≡ 2MN with M being the individual mobility parameter and N being the total
number of individuals. In the system, each site can be occupied by an individual from one of
the species or left empty.

Figure 1. Schematic diagrams of cyclic games: (a) Rock-paper-scissors (RPS) game of three
species, (b) Extended Rock-Paper-Scissors (ERPS) game of five species, and (c) Rock-Paper-S-
cissors-Lizard-Spock (RPSLS) game of five species.



Under the mean field approximation where the population size is large:N →∞, the system
can be described by the rate equations governing the time evolution of the species densities
(ODEs). Let a(t), b(t), and c(t) be densities of three species A, B, and C at time t, respectively.
For instance, the RPS game can be described by

da

dt
= a

[
µ(1− ρ)− σc− pa
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a
]
,

db

dt
= b

[
µ(1− ρ)− σa− pb

2
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]
,

dc
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= c
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µ(1− ρ)− σb− pc

2
c
]
,

(2)

where ρ(t) ≡ a(t) + b(t) + c(t) is the total density of three species. In each equation, the
first and second terms describe the reproduction of a species with rate µ and the decrease in
the density of the species by invasion with rate σ, respectively. The third term represents the
decrease in the density due to intraspecific competition of rates pa, pb, or pc for species A, B
and C, respectively, where the factor 1/2 associated with the rate accounts for the two way
interactions between two individuals in the same species. The ERPS and SERPS systems are
similarly obtained.
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