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Game-environment feedback dynamics in growing population: Effect of finite carrying capacity

Joy Das Bairagya,” Samrat Sohel Mondal ©," Debashish Chowdhury,* and Sagar Chakraborty®
Department of Physics, Indian Institute of Technology, Kanpur 208016, India

M (Received 15 June 2021; revised 9 September 2021; accepted 28 September 2021; published 13 October 2021)

The tragedy of the commons (TOC) is an unfortunate situation where a shared resource is exhausted due
to uncontrolled exploitation by the selfish individuals of a population. Recently, the paradigmatic replicator
equation has been used in conjunction with a phenomenological equation for the state of the shared resource
to gain insight into the influence of the games on the TOC. The replicator equation, by construction, models a
fixed infinite population undergoing microevolution. Thus, it is unable to capture any effect of the population
growth and the carrying capacity of the population although the TOC is expected to be dependent on the size
of the population. Therefore, in this paper, we present a mathematical framework that incorporates the density
dependent payoffs and the logistic growth of the population in the eco-evolutionary dynamics modeling the
game-resource feedback. We discover a bistability in the dynamics: a finite carrying capacity can either avert
or cause the TOC depending on the initial states of the resource and the initial fraction of cooperators. In fact,
depending on the type of strategic game-theoretic interaction, a finite carrying capacity can either avert or cause
the TOC when it is exactly the opposite for the corresponding case with infinite carrying capacity.
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I. INTRODUCTION

Resources are finite; selfishness is infinite. Consequently,
selfish rational individuals—who defect from helping others
with a motive of maximizing their own utilities—cause losses
to the cooperators in the population and lead to overex-
ploitation of the shared common resources and, thus, bring
forth the unfortunate tragedy of the commons (TOC) [1-3].
Uncontrolled population growth [3], water pollution and water
crisis [4], pollution of the Earth’s atmosphere [5], property
rights, communal rights or state regulation [6], and wildlife
crimes [7] are a few of the examples of the TOC. The TOC
leads a system to a degraded state of the shared resource such
that in the long run, the evolutionary as well as the ecological
fitness of all the individuals are adversely affected [8].

Moreover, the TOC is not restricted to merely human so-
ciety; it can be witnessed in evolutionary systems where the
concept of rationality is arguably nonexistent: For example,
intra- and interplant competitions for root proliferation give
rise to a competition for the nutrition and water intake from
soil by the plants [9-11]; also, the TOC is witnessed in
microbes vying for nutrients [12—15] or aerial oxygen [16].
Another intriguing example is witnessed in the colonies of
eusocial Hymenoptera where the conflict among the immature
females trying to develop into a queen in order to gain greater
direct reproductive fitness imposes a productivity cost on the
colony by reducing the common resource—the workforce,
i.e., the number of workers [17-21].

Any depleted resource around a population has an adverse
effect on the population size if the growth of the popu-
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lation depends on it; or in slightly technical terms, if the
carrying capacity [22-25] of the population is tied to the
resources under consideration. The carrying capacity refers
to the upper limit of the size of the population that can be
sustained. It is easy to envisage that this feedback between
the resources and the ecology of the population—in light
of the finite carrying capacity—can give rise to interesting
eco-evolutionary dynamics that is suitably modeled through
(evolutionary) game-theoretic ideas [26-29] describing the
strategic interactions between the cooperators and the de-
fectors. This paper focuses on this aspect of the TOC. The
resources present around a population constitute the envi-
ronment for the population; hence, in line with the existing
terminology in the literature, we use resources and environ-
ment synonymously. In other words, this paper is concerned
with the game-environment feedback in a growing population
while keeping in mind that the carrying capacity is practically
always finite.

The state of the environment—i.e., how replete or de-
pleted it is—can change the preferences of the individuals
(henceforth, to be called players in accordance with the
game-theoretic terminology): As the environment degrades,
the cooperation tendency must increase in the population in
order to avert the TOC. In fact, enforcing cooperation in
various ways is an obvious and well-studied mechanism for
averting the TOC [3,30,31], even in chimpanzees [32]. If
one considers the players to be von Neumann—Morgenstern
rational [33], the change of preferences can be quantitatively
showcased through their utilities or the payoff matrices cor-
responding to the interaction between the players. Interesting
recent works [34-36] have explicitly mathematized this idea
to elaborately study the fate of the commons in the resulting
eco-evolutionary dynamics.

In the context of the growing population, however, the
concept of the environment needs to be scrutinized a little bit
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more closely. Specifically, one should appreciate that there
are two somewhat similar aspects of the environment: The
environment may be seen as a combination of two resources—
one, an ecological resource that is directly responsible for the
growth of the population size, and the other, a common shared
resource that is under threat from the overexploiting defectors.
These two resources are not necessarily mutually exclusive.
However, we find that, for our purpose, the case where the
two resources are mutually exclusive is qualitatively similar
to the other cases.

The conceptually nontrivial formalism that we adopt in
this paper is mathematically minimal while keeping all the
essential aforementioned ideas incorporated into it. Specifi-
cally, the evolutionary dynamics is taken to be governed by the
paradigmatic replicator dynamics [29,37—41], the population
growth is considered logistic [22-25], and the state of the
common shared resource is also considered to be essentially
logistic in nature. In the next section, we elaborately discuss
the deterministic mathematical model on which our investiga-
tion in this paper rides.

II. THE MODEL

Let there be a set of 1 distinct strategies that can be adopted
by any individual member of the consumer population. Let
N;(t) be the number, and x;() = N;/N (1 < i < w) denote the
corresponding fraction, of the consumer population at time
t that adopts the ith strategy. Alternatively, x; can also be
interpreted as the probability or frequency of the ith strategy
being used. The vector x(t) = [x1(?), x2(¢), . . ., x,(t)] defines
the state of the consumer population. The total population of
the consumers at time ¢ is N(¢t) = Z,-Ni(l), which defines
the size of the population. Let n(t) = [n(¢), na(t), ..., n, ()]
denote the state of the v distinct shared resource pools in the
environment where, for convenience, we assume that vari-
ables n; are normalized so as to lie in the unit interval, i.e.,
0<nit)< 1.

Thus, the state of the composite system, consisting of
the consumer population and the shared resource pools, is
given by a(t) = [N(t),x(t), n(¢)]. The dynamics of the sys-
tem is governed by u — 1 differential equations for x(¢) (since

 ,x; = 1), v differential equations for n(¢), and a single
equation for N ().

Having succinctly presented the general formulation of the
systems of our interest, we now turn to the specific setting that
is conducive to studying the tragedy of the commons. More
specifically, in the simplest nontrivial setting, the rise of the
defectors who lead to the TOC can be exemplified through the
prisoner’s dilemma game (T > R > P > S) [42]. The pris-
oner’s dilemma game is a one-shot two-player—two-strategy
game (u = 2) in which defecting is the only symmetric Nash
equilibrium [43,44] that is non-Pareto optimal [45]; mutual
cooperation could fetch the players comparatively more re-
ward. Its normal bimatrix form is as follows:

Player 2
Cooperate Defect
Cooperate| R, R S, T

Player 1

Defect TS5 PP

where the first and the second elements (real numbers) in each
cell respectively are the payoffs of player 1 and player 2 and
R, S, T, and P respectively refer to Reward, Sucker’s payoff,
Temptation, and Punishment. Thus, here we identify x; and x,
as the fractions of “cooperators” and “defectors,”’ respectively.
Furthermore, for simplicity, we choose v = 1. Therefore the
set of three dynamical variables—x(t) = [x1(t), x2(t) = 1 —
x1(1)], n(t) = n(t), and N (¢t )—together describe the state o (¢)
of the composite system. In fact, since x; and x, are not
independent variables, we henceforth use x(#) = x;(¢) as the
only variable to specify the state of the population, wherever
convenient.

We now explain the motivation for the choice of the actual
effective payoff matrix used in our model in a step by step
manner. In the first step, let us begin with the simplest situa-
tion where R, S, T', and P are the payoffs realized ignoring the
environmental resources and the size of the population. In this
case the payoff matrix, U(n, N), for a focal player would have
the n- and N-independent form

U(n = constant, N = constant) = U = [? }S;], )

where the elements are time-independent numbers. In the next
step, in order to extend the payoff matrix to include the effect
of the state of the environment, we introduce an effective
payoff matrix U(n) that has the form

Umn) = (1 = m)Uq + nUj. 2)

Here Uy (k € {0, 1}) is the shorthand notation for U(n =
k, N = K — 00). In more explicit words, in the presence of
a fixed infinite population, the payoff matrix reduces to Uy
in the limit of n = 0, which corresponds to a poor environ-
mental resource; whereas in the opposite limit n = 1 of rich
resource it reduces to U;. Guided by the form (1), a natural
parametrization of Uy and U is

R0 So
and
R S
o=8 8] o

The new key element of our model is the finite carrying
capacity K whose effect is incorporated next in the third step
of our generalization of the payoff matrix. We assume that the
finite carrying capacity further modifies the payoff matrix to
the following form:

N N
Un,N)=(1 —n)|:<1 - E>U0:| +n|:(1 — E)U1:|. 5)

We note that the matrix U(n, N) is independent of x because
we are considering matrix games [46] where x dependence
enters through the fitness f;—an individual consumer’s fitness
upon adopting the ith strategy is given by

2
ﬁ(a):ZUij(n,N)xj; i=1,2. (6)

j=1
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Since the fitter population is expected to grow at a faster rate,
it is quite natural to assume

dN;
— = fi(o(¢))N;. 7
7 = Ji@®) (7
Summing Eq. (7) over all the strategies, we get
2 2
dN
—r =N Ui Noxix, (®)

i=1 j=1

where x; is to be recognized as N;/N. Making use of Eqs. (7)
and (8), the equation for the evolution of x; is then simply

2

d 2 2
d—): =X|:ZUU(”,N)XJ‘—ZZUij(n,N)Xixj], )]
=1

i=1 j=1

which is the replicator equation. Here Z;‘zl fjx; is the mean
fitness of the population. Thus, the population evolves under
a replication-selection process modeled appropriately by the
time-continuous replicator equation.

While the replicator equation can be derived in vari-
ous equivalent ways [29,40,47-49], the continuous replicator
equation was originally introduced in the evolutionary game
theory to model the frequency-dependent selection. In order
to model density-dependent selection [50] into it, we have in-
corporated the finite carrying capacity explicitly. It quantifies
the implicit ecological resource. In addition, the dependence
of the rate of evolution of the replicators on the state of an ad-
ditional common shared resource must be modeled separately.

To this end, we need to provide a dynamics for the variable
n(t). In this model, for simplicity, we ignore any intrinsic
dynamics of the resource population in the absence of con-
sumers. Instead, only the consumption (or enhancement) of
the resource by the consumer population is assumed to alter
the resource population. In this scenario, the cooperators help
in augmenting the resource, while the defectors act to degrade
it. If 8 > 0 is the ratio of this enhancement rate to the degra-
dation rate, it has been shown [34] that a simple model for the
state n of the shared resource may be written as

dn

o = elox — (1 = x)ln(l = n), (10)

where parameter € < 1 because the environment is assumed
to change relatively slowly compared to the strategists’ fre-
quencies.

Equations (8)—(10), together with Eq. (5) as the pay-
off matrix, constitute the set of dynamical equations that
mathematically describes the eco-evolutionary dynamics of
the composite system’s state, a(¢) = [N(¢), x(¢), n(¢)], in the
presence of finite ecological resource quantified by a finite
carrying capacity K. Figure 1 presents the setup schematically.

III. RESULTS

The main aim of our study is to explore the dependence of
TOC on the types of strategic interactions and initial condi-
tions.

Equation (5) enforces the intuitive expectation that the state
of the resource affects the way the players interact. Since we
are interested in the TOC, we assume that in the fully replete
case the players play the prisoner’s dilemma game (i.e., Uq

Population size (N) Shared resource (n)

N =K (carrying capacity)  Payoff matrix U(N, n) n =1 (replete state)

U (N,n)  UpWV,n)

U, V,n)  Uyy(N, )

N

Defectors (1 —x)

A

n =0 (depleted state)

N = 0 (extinction)

FIG. 1. Schematic diagram of the environmental feedback via
games: A finite population (left box) of size N with carrying capacity
K, has x fraction of the cooperators (blue) and 1 — x fraction of the
defector (yellow). It affects the shared resource (right box) n whose
state moves between richer (greener) as well as poorer (redder) states
via the game-dynamics—governed by the payoff matrix U(N, n)—
between the cooperators and the defectors.

corresponds to the prisoner’s dilemma) but as degradation
starts the cooperation can, in principle, ensue. Essentially this
means that the form of Uy could deviate from the prisoner’s
dilemma. In general, depending on how the preferences of the
players change as degradation of the shared resource takes
place, Ug could be the payoff matrix for any of the four
classes of games [51-55]. The games are classified into four
types based on the correspondence of the Nash equilibria with
cooperation and defection: (i) in the harmony game, the Nash
equilibrium is mutual cooperation; (ii) in the anticoordination
game, there exists a unique mixed symmetric Nash equilib-
rium in which the players play a mixed strategy randomized
over the pure strategies; (iii) in the prisoner’s dilemma, the
mutual defection is the unique Nash equilibrium; and (iv) in
the coordination game, there are two symmetric pure Nash
equilibria [(cooperate, cooperate) and (defect, defect)] and
one mixed symmetric Nash equilibrium like the one in the
anticoordination games.

While we want to fully investigate how the finite ecologi-
cal resource affects the eco-evolutionary dynamics, a specific
curiosity of ours is whether any counterintuitive situation ap-
pears where finite K leads to the TOC even though infinite K
averts the TOC.

A. Linear stability analysis

It is easy to see that if a same additive constant is added
to all the elements, the replicator equation remains invariant.
Hence, for the purpose of our goal, we can restrict ourselves to
only positive values of the payoff matrix elements. This means
that the N component of phase velocity, N, is always positive
for (0 < N < K). Through this restriction, one can observe
that there cannot be any periodic orbit in the phase space of
the set of three eco-evolutionary dynamical equations because
for that to occur it is required that generically all the com-
ponents, (X, 72, and N), of the phase velocity alter sign along
such an orbit. The absence of the periodic orbits also means
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the absence of unstable periodic orbits that must be densely
embedded in a chaotic attractor for the latter to exist. In other
words, no chaotic attractor is also expected in the system of
equations under consideration. These considerations naturally
dictate us to exclusively confine our attention towards the
fixed-point solutions of the system.

In the model, there are three nonisolated sets of fixed
points:

(1) (n* = 0,x* € [0, 1], N* = K): completely depleted re-
source;

2) (n* =1,x* € [0, 1], N* = K): completely replete re-
source; and

3) (n*e[0,1,x* =1/(140),N* =K): partially re-
plete resource.

So far as the linear stability of these nonisolated fixed
points are concerned, we find the following:

(i) (n* =0,x* €[0,1/(1 +0)), N* = K): stable;

() (n* =0,x* € (1/(1 +0), 1], N* = K): unstable;

(iii)) (n* = 1,x* € [0, 1/(1 + 0)), N* = K): unstable;

iv) (n* =1,x* € (1/(1 +6), 1], N* = K): stable;

V) (m* €[0,1],x* =1/(1 +6), N* = K): stable or unsta-
ble, depending on the exact payoff matrix structure.

Other than these three sets of nonisolated fixed points, there
are some isolated unstable fixed points that in the format
(n*, x*, N*) are given by (0,0,0), (0,1,0), (1,1,0), (O, (Po —
S0)/(Po + Ro — So — Tp), 0), (1, (P, —S1)/(P1+ Ry — 81 —
11),0), and ([To — Ro + (P — S0)01/[To — Ro — Th + Ry +
Py —So— P+ 51)0], 1/(1 4+ 6),0). All these fixed points
are unstable and not of practical importance to our investi-
gation.

B. Relevant partition of the parameter space

Our next aim is to find out how and when the stable fixed
points are physically attained as the system evolves with time.
The full nonlinear evolution can be studied only numerically.
To this end, we numerically evolve the system for a wide range
of initial conditions and parameters that we list shortly.

But first, following past works [34,36], we introduce four
parameters that can be intuitively interpreted as four distinct
types of incentives for changes in strategies:

Apr =R — T,
Ak, =S, — P,

(11a)
(11b)

where k € {0, 1} specifies whether the payoff elements are
for the n = 0 or the n =1 case. In the literature [56-59],
— Ak, and — A%, are known as the gamble-intending dilemma
strength and the risk-averting dilemma strength, respectively.
We also introduce a parameter—relative dilemma strength,
8k = Ak /AL = (=A%) /(— Ak p)—that quantifies by what
multiplicative factor a player has more affinity to defect
against a cooperator than against a defector.

As discussed earlier, we can envisage four exhaustive, mu-
tually exclusive classes listed below for which we present the
results separately:

(1) Harmony game: R > T and S > P, i.e, Agr > 0 and
A Ssp > 0.

(2) Anticoordination game: R < T and S > P, i.e, Agr <
0 and Agp > 0.

(3) Prisoner’s dilemma: T > R > P > S,i.e., Agpr < Oand
A sp < 0.

(4) Coordination game: R > T > P > S,i.e., Agr > Oand
A sp < 0.

Since we want to analyze the dependence of TOC on the
strategic interactions modeled by all possible types of Up, it is
convenient to present the results on a plane spanned by A%, =
0 and A%, =0. Thus the A%;-A%, plane is divided into
four quadrants identified by the four aforementioned different
types of games, each having a distinct structure of the cor-
responding payoff matrix [51-55], viz., that of the harmony
game, the anticoordination game, the prisoner’s dilemma, and
the coordination game.

Subsequently, drawing a line with slope §o = §; and an-
other line with slope —8y = 6, the A%,-AJ, plane gets finally
divided into seven distinct regions. In each of these regions
thus obtained, we present the fate of any arbitrary initial
condition (xg, ng) for a finite value of carrying capacity and
also for infinite carrying capacity [34]. Essentially, we find out
whether an initial condition evolves to reach an attractor with
n =0 (TOC) or with n # 0 (averted TOC); the x component
of the attractor is the cooperator fraction in the final state.

C. Numerical results

In Fig. 2, we pictorially summarize the comprehensive
results thus obtained. While we discuss the details in the
subsequent sections, one point is crystal clear from the figure:
unlike the case of the infinite carrying capacity, in the presence
of the finite carrying capacity, the TOC is strongly dependent
on the initial states of the population and the shared resource.

For generating the figures, we evolve the system by fixing

Ui = [4‘.‘5
6 = 1.5 and € = 0.1; any changes in these values do not
qualitatively effect the results reported herein as is expected.
For the sake of concreteness, we further chose the following
Up in the above-mentioned seven distinct regions (see Fig. 2
as well):

(1) For the harmony game with 8y < §;: Ug = [325 0.]75].

1'125] (the prisoner’s dilemma),

(2) For the harmony game with 8y > 8;: Ug = [355 0_1)5].

(3) For the anticoordination game with —§y < 0: Ug =

3 1

55 oo0s)
(4) For the anticoordination game with —§y > 0: Ug =
5 sk

(5) For the prisoner’s dilemma: Uy = [3?5 0'? 5]

(6) For the coordination game with —§y < 6: Ug =
[3.5 0.05]
3 1 I

(7) For the coordination game with —§y > 6: Ug =
[35 1.125]_

We use the fourth-order Runge-Kutta scheme for time
evolving the eco-evolutionary system. The system of differen-
tial equations evolves from # = 0 to ¢+ = 1000 in step size of
dt = 0.1. We start with a population size of N(t = 0) = Ny =
100. So far as the choice of x(f = 0) = xy and n(t = 0) = ny
are concerned, we choose 100 x 100 different initial condi-
tions taken as the grid points of the uniformly spaced square
grid of side 0.01 units spanning the entire x-» unit square.
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K=o K=10*
(@) 1 1 1 1 (b)
1y ny ”0"0
—
) W W xolooxo 1% X Y
Wy < A (N % X,
1 Oo'\ // 1
N
ny © ™ ny
% Xy 1 % Xy
0 _
Agr=0 L
(]
%
3 xo
ny
1 3 X0
ny
% Xo 1

F

|
0.0 x5 =05 1.0

I
0.0 n* =05 1.0

FIG. 2. TOC is crucially dependent on the carrying capacity, the initial conditions, and the type of strategic interactions: Each of the two
panels shows four regions—light blue, light yellow, light red, and light green, respectively corresponding to the matrix Ug for the harmony
game, the anticoordination game, the prisoner’s dilemma, and the coordination game. The black lines demarcate seven different regions [for
K = oo in subplot (a), and for K = 10* in subplot (b)]. In each of these regions, using the common color codes shown below the panels, we
present x* and n*—the final cooperator fraction and the state of the shared resource, respectively—realized for 100 x 100 uniformly distributed
initial conditions (x, 10). The bluer the plot, the greater is the cooperator fraction; the greener the plot, the more replete the shared resource is.
Specifically, in the plots for n*, red indicates realization of the TOC, green indicates complete aversion of the TOC, and other colors indicate
partial aversion of the TOC. In all cases with finite carrying capacity K, these plots for the final resource state, n*, show bistability: Every
initial condition either ends up at n* = 0 (TOC) or n* = 1 (averted TOC) as time evolves. We remark that the swirling red inside green in the

plot for n* showcases the oscillatory TOC [34]. Here we have fixed Ny = 10? (other values give similar results).

1. K — oo: Pure effect of payoff structure

First, in Fig. 2(a), we present the case of the infinite car-
rying capacity where only the payoff structure is expected to
decide the conditions under which the TOC is averted. The
corresponding results are exactly in line with what is known
in the existing literature [34], although with an interesting
technical difference that we discuss in Sec. I'V.

We present a short summary of the results for this special
case: (i) The TOC is inevitable when (a) Uy is that for the
prisoner’s dilemma or the coordination game; (b) Uy is for
the anticoordination game with —8y > 6. (ii) When Uy corre-
sponds to the anticoordination game with —§y < 6, the TOC is
partially averted in the sense that an intermediate state of the
resource—along with a mixed population of the cooperators
and the defectors—is asymptotically arrived at. (iii) Most
interesting is the case when Ug corresponds to the harmony
game. The corresponding region in Fig. 2(a) is divided by a
line §o = §;; as K — oo, there is an oscillatory TOC above
this line, whereas the TOC is partially averted below this line.
Thus, ignoring the detailed features, we can conclude that in
the case of the infinite carrying capacity (K — 00), the TOC
is never completely averted (i.e., n # 1 asymptotically at all
times) irrespective of the payoff structure.

2. Effect of finite carrying capacity

We find a finite carrying capacity is capable of averting
the TOC which occurs in the corresponding counterpart with
infinite carrying capacity: Specifically, this happens when Ug
corresponds to the prisoner’s dilemma, the coordination game,
and the anticoordination game with —&p > 6. One could in-
tuitively argue that comparatively less number of individuals
would be unable to exploit the shared resource fully and hence
the TOC is possibly averted when the carrying capacity is
finite. The case of the finite carrying capacity is presented in
Fig. 2(b).

More interesting are the cases where Ug corresponds to the
harmony game and the anticoordination game with —§y < 6:
One finds that while in the case of the infinite carrying ca-
pacity the TOC is averted—at least partially (0 < n* < 1) or
periodically (oscillatory TOC)—making the carrying capacity
finite yields a set of initial conditions for which the TOC is,
quite counterintuitively, realized.

From Egs. (8) and (10), we note dn/dN o (1 — N/K)~'.
This implies that change in the state of the resource with the
change in the size of population is more if the carrying capac-
ity is finite. In other words, the individuals—both cooperators
and defector—are capable of bringing more change in the
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state of the resource as they replicate. Consequently, if a finite
population has a large fraction of cooperators (say, x — 1) to
begin with, they may be able to positively change the state of
the resource compared to the case of infinite population where
the TOC is inescapable. While we explain in the next section
how the interplay between the growth rates of x and n leads to
this effect, it should be immediately clear that this argument
is independent of the form of Uy as is validated in Fig. 2(a).
Intriguingly, it means that even if the prisoner’s dilemma is
played always (i.e., both Ug and Uy both correspond to the
prisoner’s dilemma), a finite value of K can avert TOC if there
are mostly cooperators initially.

When Uy corresponds to the coordination game, the extent
of aversion of the TOC depends on the relative strength of
—3p and 6. As can be seen above the oblique line (—&y = 60)
in Fig. 2(a), —§p > 6; it means that the enhancement rate by
the cooperators is overshadowed by the fact that a player has
more affinity to defect against a cooperator than cooperate
against a defector when compared with the region given by
—3p < 6 below the oblique line. Naturally, the extent of the
TOC should be more in the former. Similar consideration ex-
plains the difference in the extent of the TOC below and above
the line, —8p = 0, that splits the region of the anticoordination
game as well.

In the case of the harmony game, if K is made finite, the
TOC results when initially there is a dearth of cooperators.
The difference in the nature of xy-ng plot near np = 0 above
and below the line may be understood physically as follows:
above the line, §p > §; and below the line, §; < §;. In other
words, in the former there is comparatively more affinity to
defect against a cooperator than against a defector. Hence, if
initially there are a small number of cooperators, in the former
case the defectors simply overcome them, which is harder to
do in the latter case because the affinity to defect against the
cooperator is less.

IV. THE MECHANISM

Having discussed some important aspects of the results
from physical considerations, we now bring a crucial physical
feature of the system to the fore. It is the phenomenon of
bistability in the presence of finite carrying capacity. The
bistability is an omnipresent feature of many physical, chemi-
cal, and biological systems; there is a lot of current interest in
its presence in the phenomena witnessed in quantum [60-62],
thermal [63-65], electrical [66], optical [67,68], and mechan-
ical [69-72] systems. Consequently, it is exciting to find the
bistability in an eco-evolutionary dynamical scenario and that
too resulting in counterintuitive conclusions: e.g., the bista-
bility makes it possible to sustain cooperation—and hence
to avert the TOC—in the finite population even when every
individual faces the prisoner’s dilemma.

In the context of the eco-evolutionary dynamics, the bista-
bility manifests itself as the partition of the set of all possible
initial conditions into two classes: one class leads to the com-
plete realization of the TOC, whereas the other leads to the
complete aversion of the TOC. In this section, we intend to
explain the mathematical mechanism leading to the related
observed effects of the finite carrying capacity. A closely
related question is how the results for finite carrying capacity

tend towards the results known for an infinite population’s
eco-evolutionary dynamics.

We note in Fig. 2, the results obtained for K — oo are,
indeed, in complete agreement with similar results in litera-
ture [34] where the population is supposed to be fixed and
infinite. Despite the agreement, we must mention here the
important difference with Ref. [34] which tacitly assumes that
the population is fixed and infinite. There the state marked
by (x*,n*) = (1, 1), corresponding to the TOC aversion, is
an unstable fixed point and hence there is no possibility of
bistability. This is quite unlike the situation of the growing
population with infinite carrying capacity where the bistability
effectively vanishes not because (x*, n*) = (1, 1) is unstable
but because its basin of attraction vanishes that otherwise is
present for any finite carrying capacity. We elaborate on this
in what follows.

Broadly speaking, there are two cases of interest for us:
(i) There is partial or oscillatory aversion of TOC for infinite
K, but the TOC can show up for certain initial conditions for
finite K; and (ii) there is TOC for infinite K irrespective of
the initial conditions, but it gets averted for certain initial con-
ditions for finite K. This hints to us that we can best explain
the phenomenon by picking an appropriate initial condition,
(x0, no, Np), and find out towards which attractor—n = 0 (re-
alization of the TOC) or n =1 (aversion of the TOC)—it
approaches as K changes. Before we discuss an illustrative
example, we mention that the crux of the matter is that the
rate of change of x is dependent on K (x increases with K) but
the rate of change of n is K independent.

Consider an example of case (i): Up is the payoff matrix
for the harmony game with 8y < 8;. The fixed points (x* €
[0,1/(1 +0)),n* =0, N* =K) (stable) and (x* € (1/(1 +
0),1],n* =0, N* = K) (unstable) correspond to the TOC
while the fixed points (x* € [0, 1/(1 +6)),n* =1, N* =K)
(unstable) and (x* € (1/(1 + 0), 1], n* = 1, N* = K) (stable)
correspond to complete aversion of the TOC. Suppose we start
from a half-replete resource and a low fraction of cooper-
ators, and say we choose (xg, ng) = (0.1, 0.5) (see Fig. 3).
Additionally, we choose Ny such that 0 <« Ny « K. When
K is small, x < n, the initial state is pulled towards a stable
fixed point that corresponds to the TOC (n = 0) while mak-
ing minimal excursion towards the x direction. But if K is
increased, x increases as well, and the state is pushed beyond
x = 1/(1 + 6) to be subsequently pulled towards the fully re-
plete resource state (n = 1). Thus, the basin of attraction that
leads to complete circumvention of the TOC increases in size
as K increases and its measure becomes unity as K — oo. The
examples of the aforementioned case (ii) can be analogously
understood as illustrated in Fig. 4 with the specific example of
Uy as the payoff matrix for the prisoner’s dilemma.

However, there is an interesting caveat: In light of Fig. 2
(and also previously reported work [34]), it is clear that when
Uy corresponds to the harmony game and the anticoordination
game with —§y < 6, K — oo leads to partial (or oscilla-
tory) aversion of the TOC for all initial conditions; but in
light of Fig. 3, it appears that depending on the value of
K, a particular initial condition asymptotically either leads
to n =0 or n = 1. This discrepancy can be traced to the
nature of the set of nonisolated fixed points (x* = 1/(1 +
0),n* € [0, 1], N* = K). Unfortunately, the linear stability
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FIG. 3. Bistability in the growing population with finite carrying
capacity: The case of Ugp for the harmony game with §y < §; is
considered here. For the sake of generating illustrative plots, we
have specifically chosen Uy = [3; 0‘105] and Uy = [‘; ;]. We
have fixed Ny = 10? (other values give similar results). The figure
exhibits how an initial condition, (xo, n0) = (0.5, 0.1), approaches
either n* = 0 or n* = 1 with monotonic change in the value of the
carrying capacity, K. In each subplot, (a), (b), and (c) respectively de-
pict the time series of n, the time series of x, and the phase trajectory
projected on the x-n plane. The solid green line means stable fixed
points; the dashed red line indicates unstable fixed points; and the
gray dashed line [x = 1/(1 +6) = 2/5] shows the fixed points for
which the linear stability analysis fails. The inset showcases that any
increased carrying capacity reduces the timescale of the dynamics of
x but has no explicit effect on the timescale of n.

analysis fails for this fixed point because on linearization
about these phase points, the Jacobian of the vector field of
the phase space flow has two zero eigenvalues and one neg-
ative eigenvalue, viz., —[(1 — n)(Ry + 88y + 0Ty + 6>Py) +
n(Ry + 68, +6T, + 62P1)]/(1 + 0)2. The true nature of the
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FIG. 4. Bistability in the growing population with finite carrying
capacity: The case of Ug for the prisoner’s dilemma is considered
here. All the details of the plot are the same as in Fig. 3 except that
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FIG. 5. Exclusive partial aversion of the TOC happens only at
K = oo: This figure correspond to Ug for the harmony game with
8o < 8. The first column [subplots (a), (c), (e), and (g)] and the
second column [subplots (b), (d), (f), and (h)] exhibit the value of the
final state of the resource (n*) and the final fraction of the cooperators
(x*), respectively, for progressively increasing values of the carrying
capacity, K, for 100 x 100 uniformly distributed initial conditions
(0, o). We have fixed Ny = 10 (other values give similar results).
For the sake of generating illustrative plots, we have specifically

3.5 1 4 1
chosen UO = 2 ()_05] and U1 = [4.5 1.25]'

stability property of this set of fixed points can be ascertained
numerically.

In Fig. 5, we explore the stability of the set of nonisolated
fixed points, (x* = 1/(1 4+ 0), n* € [0, 1], N* = K), particu-
larly for the same case considered in Fig. 3. We find that
an interior phase point belonging to this set of fixed points
is actually nonlinearly stable and as K increases, its basin of
attraction increases in comparison with the other stable fixed
points’ (corresponding to n* = 0, 1) basins. In fact, when the
carrying capacity becomes infinity, it is the only basin of
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attraction existing with measure unity. While this observation
validates our model that completely reproduces the results
existing in the literature [34], this raises an important point:
The partial (or oscillatory) aversion of the TOC seems to be
true only in the limit of unrealistically high carrying capacity;
what is more plausible is that depending on the initial states
of the cooperators and the resource, all three possibilities—
complete realization, partial aversion, and complete aversion
of TOC—may be encountered at any finite carrying capacity
howsoever large.

V. CONCLUSIONS

Our mathematical framework reveals the hitherto unex-
plored nontrivial effects of the carrying capacity on the TOC
in the eco-evolutionary dynamics of game-resource feedback
in a growing population. While in the case of a fixed infinite
population—realized in our model in the limit of K — oco—
the status of the TOC is independent of the initial states of the
cooperator fractions and the shared resource, we find that this
is definitely not so when the carrying capacity is finite. In fact,
depending on the type of strategic game-theoretic interaction
and the initial conditions, a finite carrying capacity either
averts or causes the TOC; sometimes the result is at direct
odds with that which would happen, if the carrying capacity
is infinite.

Some of the results are rather counterintuitive: Even
though prisoner’s dilemma is played, irrespective of whether
the common resource is replete or depleted, a finite value
of K can avert the TOC if there is enough initial cooperator
fraction. Furthermore, one could argue that finite carrying
capacity means a smaller number of individuals vying for
the shared resource, and hence the aversion of the TOC is
intuitively understandable. However, in this context, we have
found an intriguing scenario where finite K introduces the
TOC which is otherwise averted for infinite K. This is par-
tially because of the fact that the change in consumption
with increasing population (dn/dN) increases with a decrease
inkK.

Mathematically, we pinpointed the mechanism behind the
effect of carrying capacity to the fact that the rate of change of
the cooperator fraction is dependent on the carrying capacity
but the rate of change of the state of the resource is constant
with K. Our model is validated by the fact that in the limit
K — oo, we completely reproduce the various scenarios of
the TOC as reported in the literature [34]. What, however, is
interesting is that the fixed points’ stabilities do not change as
K approaches infinity; rather, it is the basin of attraction of the
corresponding stable fixed point that shrinks and practically
vanishes making the stable fixed point unattainable.

It should be pointed out that if one wants to consider
the situation of mutually nonexclusive ecological resource
and exploitable common resource (as mentioned in Sec. I),

then mathematically, K should be replaced by the expression
nKnax + (1 — n)Knin where Kp,x and Ky, are respectively
the maximum and the minimum carrying capacities as the
environmental state changes. However, we have found that
the qualitative effects of the finite carrying capacities in this
scenario are exactly identical to what we have already reported
in this paper; hence, we have chosen not to present the corre-
sponding results to avoid uninformative duplication.

The scope of our work, which is based on a deterministic
model, is complementary to a very extensive body of pub-
lished theoretical investigations [73—77] done using elegant
stochastic models. In those models, the changes in the envi-
ronment have been captured by a time-dependent form of the
carrying capacity and there is no explicit dynamic equation
for the state of the environment. More importantly, those
models primarily deal with the ecological resources; they do
not consider the dynamics of a different shared resource and
its exploitation by the replicators in a growing population.
We envisage that a stochastic extension of our deterministic
formalism, such that the deterministic formalism is seen as its
mean-field description, should be the next step of our inves-
tigation. Such a stochastic model would relate directly with
the aforementioned models if the ecological and the common
resource are one and identical.

We believe that our mathematical framework opens up
the possibility of further exciting research avenues in the
game-resource feedback dynamics in changing population.
Specifically, one could consider a renewable resource with
intrinsic growth dynamics [36] and investigate the effect of
finite carrying capacity on that. Moreover, one could develop
microscopic stochastic birth-death models [35,48,49,78] for
both the population and the resource, and investigate the effect
of finite population on the eco-evolutionary dynamics in a
more fundamental manner. Of course, it is always interest-
ing to extend the results of this paper to the situations of
multiplayer [79], multistrategy interactions (like in the public
goods game [80-83]). Additionally, it may also be possible
to introduce the phenomenon of cultural evolution [84-86]
because in many cases the TOC is due to cultural practices.

Most importantly, however, it needs to be investigated
whether the effects of the finite carrying capacity predicted
in this paper are actually realized in realistic eco-evolutionary
systems. In the past, some studies on the interplay between
evolution and ecology in growing populations have been con-
ducted experimentally, e.g., in the yeast population [87] and
in the bacterial population [88,89]. We hope that some experi-
ments with microbes [90-95] may possibly be designed to this
end.

ACKNOWLEDGMENTS

S.C. is grateful to Archan Mukhopadhyay for insightful
discussions. The research of D.C. has been supported by a
J.C. Bose National fellowship (SERB, India).

[1] T. Malthus and G. Gilbert, An Essay on the Principle of Popu-
lation, Oxford World’s Classics (Oxford University Press, New
York, 1999).

[2] W. Lloyd, Two Lectures on the Checks to Population (J.H.
Parker, Oxford, 1833).

044407-8



GAME-ENVIRONMENT FEEDBACK DYNAMICS IN GROWING ...

PHYSICAL REVIEW E 104, 044407 (2021)

[3] G. Hardin, The tragedy of the commons, Science 162, 1243
(1968).

[4] I. A. Shiklomanov, Appraisal and assessment of world water
resources, Water Int. 25, 11 (2000).

[5] M. Jacobson and P. Jacobson, Atmospheric Pollution: History,
Science, and Regulation (Cambridge University Press, Cam-
bridge, UK, 2002).

[6] E. Ostrom, Coping with tragedies of the commons, Annu. Rev.
Polit. Sci. 2, 493 (1999).

[7] Stephen F. Pires and William D. Moreto, Preventing wildlife
crimes: Solutions that can overcome the ‘tragedy of the com-
mons’, Eur. J. Crim. Policy Res. 17, 101 (2011).

[8] C. Bellard, C. Bertelsmeier, P. Leadley, W. Thuiller, and F.
Courchamp, Impacts of climate change on the future of bio-
diversity, Ecol. Lett. 15, 365 (2012).

[9] M. Gersani, J. S. Brown, E. E. O’Brien, G. M. Maina, and
Z. Abramsky, Tragedy of the commons as a result of root
competition, J. Ecol. 89, 660 (2001).

[10] E. Zea-Cabrera, Y. Iwasa, S. Levin, and 1. Rodriguez-Iturbe,
Tragedy of the commons in plant water use, Water Resour. Res.
42, W06D02 (2006).

[11] E. E. O’Brien and J. S. Brown, Games roots play: Effects of soil
volume and nutrients, J. Ecol. 96, 438 (2008).

[12] F. Baquero and J. Campos, The tragedy of the commons
in antimicrobial chemotherapy, Rev. Esp. Quimioter. 16, 11
(2003).

[13] R. C. MacLean, The tragedy of the commons in microbial popu-
lations: Insights from theoretical, comparative and experimental
studies, Heredity 100, 471 (2008).

[14] P. Smith and M. Schuster, Public goods and cheating in mi-
crobes, Curr. Biol. 29, R442 (2019).

[15] M. Schuster, E. Foxall, D. Finch, H. Smith, and P. De Leenheer,
Tragedy of the commons in the chemostat, PLoS One 12,
e0186119 (2017).

[16] P. B. Rainey and K. Rainey, Evolution of cooperation and
conflict in experimental bacterial populations, Nature (London)
425, 72 (2003).

[17] A. F. G. Bourke and F. L. W. Ratnieks, Kin conflict over caste
determination in social hymenoptera, Behav. Ecol. Sociobiol.
46, 287 (1999).

[18] T. Wenseleers, F. L. Ratnieks, and J. Billen, Caste fate conflict
in swarm-founding social hymenoptera: An inclusive fitness
analysis, J. Evol. Biol. 16, 647 (2003).

[19] T. Wenseleers, H. Helanterd, A. Hart, and F. L. W. Ratnieks,
Worker reproduction and policing in insect societies: An ESS
analysis, J. Evol. Biol. 17, 1035 (2004).

[20] T. Wenseleers and F. L. Ratnieks, Tragedy of the commons in
melipona bees, Proc. R. Soc. B 271, S310 (2004).

[21] D. P. Hughes, N. E. Pierce, and J. J. Boomsma, Social insect
symbionts: Evolution in homeostatic fortresses, Trends Ecol.
Evol. 23, 672 (2008).

[22] J. Murray, Mathematical Biology: 1. An Introduction, Interdis-
ciplinary Applied Mathematics (Springer, New York, 2011).

[23] J. Garnier and A. Quetelet, Correspondance Mathématique
et Physique (Impr. d’H. Vandekerckhove, Bruxelles, 1838),
Vol. 10.

[24] P.  Verhulst, Recherches Mathématiques sur la loi
d’Accroissement de la Population, par P.F. Verhulst. (Impr. de
M. Hayez, Bruxelles, 1845).

[25] P.-F. Verhulst, A note on the law of population growth, in Math-
ematical Demography (Springer, Berlin, Heidelberg, 1977), pp.
333-339.

[26] J. M. Smith and G. R. Price, The logic of animal conflict, Nature
(London) 246, 44 (1973).

[27] J. Smith, Evolution and the Theory of Games (Cambridge Uni-
versity Press, Cambridge, UK, 1982).

[28] M. Nowak, Evolutionary Dynamics: Exploring the Equations of
Life (Harvard University Press, Cambridge, MA, 2006).

[29] J. Hofbauer and K. Sigmund, Evolutionary Games and Popula-
tion Dynamics (Cambridge University Press, Cambridge, UK,
1998).

[30] S.J. B. Cox, No tragedy of the commons, Environ. Ethics 7, 49
(1985).

[31] R. Wade, The management of common property resources:
Finding a cooperative solution, World Bank Res. Obs. 2, 219
(1987).

[32] R. Koomen and E. Herrmann, Chimpanzees overcome the
tragedy of the commons with dominance, Sci. Rep. 8, 1 (2018).

[33] J. von Neumann and O. Morgenstern, Theory of Games and
Economic Behavior (Princeton University Press, Princeton, NJ,
1953).

[34] J. S. Weitz, C. Eksin, K. Paarporn, S. P. Brown, and W. C.
Ratcliff, An oscillating tragedy of the commons in replicator
dynamics with game-environment feedback, Proc. Natl. Acad.
Sci. USA 113, E7518 (2016).

[35] Yu Hui Lin and J. S. Weitz, Spatial Interactions and Oscilla-
tory Tragedies of the Commons, Phys. Rev. Lett. 122, 148102
(2019).

[36] A. R. Tilman, J. B. Plotkin, and E. Ak¢ay, Evolutionary games
with environmental feedbacks, Nat. Commun. 11, 915 (2020).

[37] Peter D. Taylor and L. B. Jonker, Evolutionary stable strategies
and game dynamics, Math. Biosci. 40, 145 (1978).

[38] P. Schuster and K. Sigmund, Replicator dynamics, J. Theor.
Biol. 100, 533 (1983).

[39] P. Schuster and K. Sigmund, Dynamics of evolutionary opti-
mization, Ber. Bunsenges. Phys. Chem. 89, 668 (1985).

[40] K. M. Page and M. A. Nowak, Unifying evolutionary dynamics,
J. Theor. Biol. 219, 93 (2002).

[41] R. Cressman, C. Ansell, and K. Binmore, Evolutionary Dynam-
ics and Extensive Form Games, Economic Learning and Social
Evolution (MIT Press, Cambridge, UK, 2003).

[42] A.Rapoport and A. Chammah, Prisoner’s Dilemma (University
of Michigan Press, Ann Arbor, MI, 1965).

[43] J. F. Nash, Equilibrium points in n-person games, Proc. Natl.
Acad. Sci. USA 36, 48 (1950).

[44] E. Wagner, The explanatory relevance of Nash equilibrium:
One-dimensional chaos in boundedly rational learning, Philos.
Sci. 80, 783 (2013).

[45] V. Pareto, Cours d’Economie Politique. Professé a I’Université
de Lausanne (Lausanne: F. Rouge, Editeur, Librairie de
I’Université, 1896-1897, 1964), p. 1896.

[46] R. Cressman and Y. Tao, The replicator equation and other game
dynamics, Proc. Natl. Acad. Sci. USA 111, 10810 (2014).

[47] S. Rice, Evolutionary Theory: Mathematical and Conceptual
Foundations, 1st ed. (Sinauer Associates, Inc., 1961).

[48] A. Traulsen, J. C. Claussen, and C. Hauert, Coevolutionary
Dynamics: From Finite to Infinite Populations, Phys. Rev. Lett.
95, 238701 (2005).

044407-9


https://doi.org/10.1126/science.162.3859.1243
https://doi.org/10.1080/02508060008686794
https://doi.org/10.1146/annurev.polisci.2.1.493
https://doi.org/10.1007/s10610-011-9141-3
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1046/j.0022-0477.2001.00609.x
https://doi.org/10.1029/2005wr004514
https://doi.org/10.1111/j.1365-2745.2008.01354.x
https://seq.es/wp-content/uploads/2008/08/seq.es_seq_0214-3429_16_1_11.pdf
https://doi.org/10.1038/sj.hdy.6801073x
https://doi.org/10.1016/j.cub.2019.03.001
https://doi.org/10.1371/journal.pone.0186119
https://doi.org/10.1038/nature01906
https://doi.org/10.1007/s002650050622
https://doi.org/10.1046/j.1420-9101.2003.00574.x
https://doi.org/10.1111/j.1420-9101.2004.00751.x
https://doi.org/10.1098/rsbl.2003.0159
https://doi.org/10.1016/j.tree.2008.07.011
https://doi.org/10.1038/246044a0
https://doi.org/10.5840/enviroethics1985716
https://doi.org/10.1093/wbro/2.2.219
https://doi.org/10.1038/s41598-018-28416-8
https://doi.org/10.1073/pnas.1604096113
https://doi.org/10.1103/PhysRevLett.122.148102
https://doi.org/10.1038/s41467-020-14531-6
https://doi.org/10.1016/0025-5564(78)90077-9
https://doi.org/10.1016/0022-5193(83)90445-9
https://doi.org/10.1002/bbpc.19850890620
https://doi.org/10.1016/S0022-5193(02)93112-7
https://doi.org/10.1073/pnas.36.1.48
https://doi.org/10.1086/673731
https://doi.org/10.1073/pnas.1400823111
https://doi.org/10.1103/PhysRevLett.95.238701

JOY DAS BAIRAGYA et al.

PHYSICAL REVIEW E 104, 044407 (2021)

[49] A. Mukhopadhyay and S. Chakraborty, Replicator equations in-
duced by microscopic processes in nonoverlapping population
playing bimatrix games, Chaos 31, 023123 (2021).

[50] S. Novak, K. Chatterjee, and M. A. Nowak, Density games, J.
Theor. Biol. 334, 26 (2013).

[51] A.Rapoport, A note on the “index of cooperation” for prisoner’s
dilemma, J. Confl. Resol. 11, 100 (1967).

[52] S. Hummert, K. Bohl, D. Basanta, A. Deutsch, S. Werner, G.
TheiBen, A. Schroeter, and S. Schuster, Evolutionary game
theory: Cells as players, Mol. BioSyst. 10, 3044 (2014).

[53] V. Pandit, A. Mukhopadhyay, and S. Chakraborty, Weight of
fitness deviation governs strict physical chaos in replicator dy-
namics, Chaos 28, 033104 (2018).

[54] C. Hilbe, S. Simsa, K. Chatterjee, and M. A. Nowak, Evolution
of cooperation in stochastic games, Nature (London) 559, 246
(2018).

[55] S. Mittal, A. Mukhopadhyay, and S. Chakraborty, Evolution-
ary dynamics of the delayed replicator-mutator equation: Limit
cycle and cooperation, Phys. Rev. E 101, 042410 (2020).

[56] Z. Wang, S. Kokubo, M. Jusup, and J. Tanimoto, Universal
scaling for the dilemma strength in evolutionary games, Phys.
Life Rev. 14, 1 (2015).

[57] S. J. Tudge and M. Brede, A tale of two theorems: Comment
on “universal scaling for the dilemma strength in evolutionary
games” by Z. Wang et al., Phys. Life Rev. 14, 49 (2015).

[58] M. R. Arefin, K. M. A. Kabir, M. Jusup, H. Ito, and J. Tanimoto,
Social efficiency deficit deciphers social dilemmas, Sci. Rep.
10, 16092 (2020).

[59] H. Ito and J. Tanimoto, Scaling the phase-planes of social
dilemma strengths shows game-class changes in the five rules
governing the evolution of cooperation, R. Soc. Open Sci. 5,
181085 (2018).

[60] D. Roberts and A. A. Clerk, Driven-Dissipative Quantum Kerr
Resonators: New Exact Solutions, Photon Blockade and Quan-
tum Bistability, Phys. Rev. X 10, 021022 (2020).

[61] H. Landa, M. Schiré, and G. Misguich, Multistability of Driven-
Dissipative Quantum Spins, Phys. Rev. Lett. 124, 043601
(2020).

[62] Zhi Bo Yang, H. Jin, J.-W. Jin, J.-Y. Liu, H.-Y. Liu, and R.-
C. Yang, Bistability of squeezing and entanglement in cavity
magnonics, Phys. Rev. Res. 3, 023126 (2021).

[63] B. Nguyen and U. Seifert, Exponential volume dependence of
entropy-current fluctuations at first-order phase transitions in
chemical reaction networks, Phys. Rev. E 102, 022101 (2020).

[64] J. Wang, G. Dai, F. Yang, and J. Huang, Designing bistability
or multistability in macroscopic diffusive systems, Phys. Rev. E
101, 022119 (2020).

[65] S. Paul, G. Kotagiri, R. Ganguly, H. Courtois, C. B.
Winkelmann, and A. K. Gupta, Stochastic Resonance in Ther-
mally Bistable Josephson Weak Links and Micro-SQUIDs,
Phys. Rev. Appl. 15, 024009 (2021).

[66] Y. Tadokoro and H. Tanaka, Highly Sensitive Implementation
of Logic Gates with a Nonlinear Nanomechanical Resonator,
Phys. Rev. Appl. 15, 024058 (2021).

[67] C. D. Parmee and J. Ruostekoski, Bistable optical transmission
through arrays of atoms in free space, Phys. Rev. A 103, 033706
(2021).

[68] M. Schmidt, I. H. Grothe, S. Neumeier, L. Bremer, M. von
Helversen, W. Zent, B. Melcher, J. Beyer, C. Schneider, S.
Hofling, J. Wiersig, and S. Reitzenstein, Bimodal behavior of

microlasers investigated with a two-channel photon-number-
resolving transition-edge sensor system, Phys. Rev. Res. 3,
013263 (2021).

[69] D. V. Alexandrov, I. A. Bashkirtseva, and L. B. Ryashko,
Anomalous climate dynamics induced by multiplicative and
additive noises, Phys. Rev. E 102, 012217 (2020).

[70] N. Kidambi and K. W. Wang, Dynamics of Kresling origami
deployment, Phys. Rev. E 101, 063003 (2020).

[71] G. Kozyreff and B. Seron, Dynamical elastic contact of a rope
with the ground, Phys. Rev. Res. 3, L022026 (2021).

[72] A. Gayout, M. Bourgoin, and N. Plihon, Rare Event-Triggered
Transitions in Aerodynamic Bifurcation, Phys. Rev. Lett. 126,
104501 (2021).

[73] Anna Melbinger, J. Cremer, and E. Frey, Evolutionary Game
Theory in Growing Populations, Phys. Rev. Lett. 105, 178101
(2010).

[74] J. Cremer, A. Melbinger, and E. Frey, Evolutionary and popu-
lation dynamics: A coupled approach, Phys. Rev. E 84, 051921
(2011).

[75] A. Melbinger, J. Cremer, and E. Frey, The emergence of coop-
eration from a single mutant during microbial life cycles, J. R.
Soc. Interface 12, 20150171 (2015).

[76] K. Wienand, E. Frey, and M. Mobilia, Evolution of a Fluctu-
ating Population in a Randomly Switching Environment, Phys.
Rev. Lett. 119, 158301 (2017).

[77] K. Wienand, E. Frey, and M. Mobilia, Eco-evolutionary dynam-
ics of a population with randomly switching carrying capacity,
J. R. Soc. Interface 15, 20180343 (2018).

[78] Viceng Méndez, M. Assaf, D. Campos, and W. Horsthemke,
Stochastic dynamics and logistic population growth, Phys. Rev.
E 91, 062133 (2015).

[79] C. S. Gokhale and A. Traulsen, Evolutionary games in the
multiverse, Proc. Natl. Acad. Sci. USA 107, 5500 (2010).

[80] J. Hofbauer, J. Oechssler, and F. Riedel, Brown—von Neumann—
Nash dynamics: The continuous strategy case, Games Econ.
Behav. 65, 406 (2009).

[81] G. E. Nunn and T. H. Watkins, Public goods games, South.
Econ. J. 45, 598 (1978).

[82] G. Marwell and R. E. Ames, Experiments on the provision of
public goods. I. resources, interest, group size, and the free-rider
problem, Am. J. Sociol. 84, 1335 (1979).

[83] R. Cornes and T. Sandler, The Theory of Externalities, Pub-
lic Goods, and Club Goods (Cambridge University Press,
Cambridge, UK, 1996).

[84] K. N. Laland, J. Kumm, J. D. V. Horn, and M. W. Feldman,
A gene-culture model of human handedness, Behav. Genet. 25,
433 (1995).

[85] M. W. Feldman and K. N. Laland, Gene-culture coevolutionary
theory, Trends Ecol. Evol. 11, 453 (1996).

[86] K. N. Laland, J. Odling-Smee, and M. W. Feldman, Niche
construction, biological evolution, and cultural change, Behav.
Brain Sci. 23, 131 (2000).

[87] A. Sanchez and J. Gore, Feedback between population and
evolutionary dynamics determines the fate of social microbial
populations, PLoS Biol. 11, 1001547 (2013).

[88] Karl Wienand, M. Lechner, F. Becker, H. Jung, and E. Frey,
Non-selective evolution of growing populations, PLos One 10,
e0134300 (2015).

[89] F. Becker, K. Wienand, M. Lechner, E. Frey, and H. Jung,
Interactions mediated by a public good transiently increase

044407-10


https://doi.org/10.1063/5.0032311
https://doi.org/10.1016/j.jtbi.2013.05.029
https://doi.org/10.1177/002200276701100108
https://doi.org/10.1039/C3MB70602H
https://doi.org/10.1063/1.5011955
https://doi.org/10.1038/s41586-018-0277-x
https://doi.org/10.1103/PhysRevE.101.042410
https://doi.org/10.1016/j.plrev.2015.04.033
https://doi.org/10.1016/j.plrev.2015.07.003
https://doi.org/10.1038/s41598-020-72971-y
https://doi.org/10.1098/rsos.181085
https://doi.org/10.1103/PhysRevX.10.021022
https://doi.org/10.1103/PhysRevLett.124.043601
https://doi.org/10.1103/PhysRevResearch.3.023126
https://doi.org/10.1103/PhysRevE.102.022101
https://doi.org/10.1103/PhysRevE.101.022119
https://doi.org/10.1103/PhysRevApplied.15.024009
https://doi.org/10.1103/PhysRevApplied.15.024058
https://doi.org/10.1103/PhysRevA.103.033706
https://doi.org/10.1103/PhysRevResearch.3.013263
https://doi.org/10.1103/PhysRevE.102.012217
https://doi.org/10.1103/PhysRevE.101.063003
https://doi.org/10.1103/PhysRevResearch.3.L022026
https://doi.org/10.1103/PhysRevLett.126.104501
https://doi.org/10.1103/PhysRevLett.105.178101
https://doi.org/10.1103/PhysRevE.84.051921
https://doi.org/10.1098/rsif.2015.0171
https://doi.org/10.1103/PhysRevLett.119.158301
https://doi.org/10.1098/rsif.2018.0343
https://doi.org/10.1103/PhysRevE.91.062133
https://doi.org/10.1073/pnas.0912214107
https://doi.org/10.1016/j.geb.2008.03.006
https://doi.org/10.2307/1057688
https://doi.org/10.1086/226937
https://doi.org/10.1007/BF02253372
https://doi.org/10.1016/0169-5347(96)10052-5
https://doi.org/10.1017/S0140525X00002417
https://doi.org/10.1371/journal.pbio.1001547
https://doi.org/10.1371/journal.pone.0134300

GAME-ENVIRONMENT FEEDBACK DYNAMICS IN GROWING ...

PHYSICAL REVIEW E 104, 044407 (2021)

cooperativity in growing Pseudomonas putida metapopulations,
Sci. Rep. 8, 4093 (2018).

[90] Kirill S. Korolev, J. B. Xavier, D. R. Nelson, and K. R. Foster,
A quantitative test of population genetics using spatiogenetic
patterns in bacterial colonies, Am. Nat. 178, 538 (2011).

[91] K. S. Korolev and D. R. Nelson, Competition and Cooperation
in One-Dimensional Stepping-Stone Models, Phys. Rev. Lett.
107, 088103 (2011).

[92] E.  Frey, Evolutionary
concepts  and

game
applications  to

Theoretical
commu-

theory:
microbial

nities,
(2010).

[93] T. Pfeiffer and S. Schuster, Game-theoretical approaches
to studying the evolution of biochemical systems, Trends
Biochem. Sci. 30, 20 (2005).

[94] X.-Y. Li, C. Pietschke, S. Fraune, P. M. Altrock, T. C. G.
Bosch, and A. Traulsen, Which games are growing bacterial
populations playing? J. R. Soc. Interface 12, 20150121 (2015).

[95] R. Lenski and G. J. Velicer, Games microbes play, Selection 1,
89 (2001).

Phys. A (Amsterdam, Neth.) 389, 4265

044407-11


https://doi.org/10.1038/s41598-018-22306-9
https://doi.org/10.1086/661897
https://doi.org/10.1103/PhysRevLett.107.088103
https://doi.org/10.1016/j.physa.2010.02.047
https://doi.org/10.1016/j.tibs.2004.11.006
https://doi.org/10.1098/rsif.2015.0121
https://doi.org/10.1556/Select.1.2000.1-3.9

