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The threshold public goods game is one of the best-known
models of nonlinear public goods dilemmas. Cooperators
and defectors typically coexist in this game when the pop-
ulation is assumed to follow the so-called structured deme
model. In this paper we develop a dynamical model of a
general N-player game in which there is no deme structure:
individuals interact with randomly chosen neighbours and
selection occurs between randomly chosen pairs of individ-
uals. We show that in the deterministic limit the dynamics
in this model leads to the same replicator dynamics as in
the structured deme model, i.e. coexistence of coopera-
tors and defectors is typical in threshold public goods game
even when the population is completely well-mixed. We ex-
tend the model to study the effect of density dependence
and density fluctuation on the dynamics. We show analyt-
ically and numerically that decreasing population density
increases the equilibrium frequency of cooperators till the
fixation of this strategy, but below a critical density cooper-
ators abruptly disappear from the population. Our numer-
ical investigations show that weak density fluctuations en-

hance cooperation, while strong fluctuations suppress it.
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1 | INTRODUCTION

When costly act between two or more individuals results in something that benefits them (e.g. group hunting, allo-
parental care, guarding, mobbing predators), this is called cooperation (or mutual altruism) (West et al., 2007). These
altruistic and cooperative interactions are very common in biology. Their presence is crucial to the success of a species
in a given habitat, and in many social species the whole population would be unsustainable without cooperation be-
tween individuals, just think of ants, termites, cooperatively breeding birds, and even Homo sapiens (West et al., 2021).
Moreover, the emergence of new forms of cooperation within newly emerged evolutionary units is an important fea-
ture of major evolutionary transitions (Maynard Smith and Szathmary, 1995). There is therefore no doubt that such
interactions have a very significant impact on the functioning of the biosphere as a whole. However, their evolutionary
origin and stability is by no means a simple problem. Assuming that the altruistic or cooperative acts are costly, one
can argue that these mutants cannot invade the population of non-cooperative individuals, making their evolutionary
origin problematic. Furthermore, if we neglect the problem of origin and assume that each individual is already al-
truistic or cooperative, then the mutant cheater (defector) who doesn’t invest in the cooperative act will only benefit
from the interaction at no cost, so it will spread in the population. Consequently, the evolutionary stability of this
cooperative behaviour does not seem to be a trivial question.

Several solutions to this evolutionary contradiction have been proposed in recent decades. One of the most im-
portant mechanisms supporting the evolution of altruistic or cooperative behaviour is kin selection (Hamilton, 1964).
The idea is that because of the kinship between the helper (altruist or cooperator) and the helped individual, the in-
clusive fitness of the altruist will also increase as a result of its act. This is because copies of the alleles that code for
altruistic behaviour are very likely to be found in the helped individual. In other cases, even when kinship is negligible,
if altruists interact with each other preferentially compared to interactions with cheaters (positive assortment of altru-
ists) in the population, or if cheating is punished or cooperation is enforced, then the fitness of cheaters is depressed
and cannot spread among helpers (West et al., 2021). A similar, though in some aspects different, mechanism occurs
when multi-level selection is at operation, i.e. individuals within a population temporarily form groups, and the suc-
cess of individuals living in these groups depends on the quality (and/or quantity) of cooperation that occurs within
the group(Okasha, 2006). In this scenario, although helpers are disadvantaged compared to cheaters, competition
between groups and individuals ensures a stable equilibrium between helpers and cheaters.(Wilson, 1977; Okasha,
2006).

A biologically important subset of cooperation or mutual altruism is when (some) individuals create a public good
from which all can benefit (West et al., 2021). This is what happens when bacteria release degrading enzymes or
toxins into the extracellular matrix (Patel et al., 2019a,b), when in a herd of animals grazing in groups, some individuals
watch for predators and signal to others when there is danger (Clutton-Brock et al., 1999), or when predators hunt
in a cooperative group (Bednarz, 1988; MacNulty et al., 2011; Yip et al., 2008). In these cases, a model that fits
the phenomenon well is the nonlinear public goods game (NLPGG) where the public good distributed among the
participants is a nonlinear function of the number of cooperators, which, according to experimental observations (e.g.
(Bednarz, 1988; Clutton-Brock et al., 1999; Archetti and Pienta, 1995; MacNulty et al., 2011; Rosenthal et al., 2018))
and theoretical considerations (e.g. (Archetti and Scheuring, 2016; Archetti and Pienta, 2019)), typically follows a
saturating sigmoid curve (Fig. 1 B). The general sigmoid curve can be approximated by a threshold function (Fig. 1
C), and it can be shown that the threshold public goods game (TPGG) behaves qualitatively in the same way as the
sigmoid public goods game (SPGG) (Archetti and Scheuring, 2012).

To study the SPGG or TPGG, the following model is used: There are two strategies, the cooperator (C) who invests

in the public good and the defector (D) who does not. It is assumed that the population is very large and individuals are
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FIGURE 1 The level of public goods in function of number of cooperators in the interaction group. A: Traditional
linear public goods game (PGG), B: Nonlinear public goods game with sigmoid benefit function (SPGG), C: Threshold
public goods game (TPGG).

randomly assigned to local interacting groups of size N individuals where they share the public good. The replicator
dynamics is determined by the average fitness of the cooperative and defective strategies which are computed as
the weighted average of the fitnesses in the local interacting groups. It can be shown that there are four qualitatively
different solutions of the dynamics, depending on the threshold value and the benefit (scaled to 1 in Fig. 1) and
cost ratio (Archetti and Scheuring, 2012) where the coexistence of cooperators and defectors is one of the common
stable steady state of the dynamics (for more details see Fig 2. and in the section 3). This result clearly shows that
cooperators and defectors can coexist stably, despite the absence of any spatial aggregation or partner selection,
when the public good game is a threshold (or sigmoid) saturating function. However, the model and its interpretation
can be criticised by arguing that there is a so-called structured deme population structure in the background (Fig.
3 A.). That is, while there is no selective aggregation of cooperators when the interacting groups are formed, the
reproductive success (e.g. fitness) of cooperators and defectors, which determines the selection dynamics, is obtained
as the weighted average of the reproductive success of these strategies in these groups. So the model’s hidden
assumption is that these transient groups are formed simultaneously in a large number and provide the context of
selection. So, as argues earlier many times competing strategies are practically places into a multilevel selection in this
manner (Matessi and Jayakar, 1976; Wilson, 1977; Charlesworth, 1979; Damuth and Heisler, 1988; Okasha, 2006;
Szathmary, 2015). Therefore, one could argue that the stable coexistence of cooperators and defectors in SPGG
(or TPGG) is not surprising and the direct consequence of multi-level selection. This is because individuals in groups
with enough cooperators produce more offspring than those with few or no cooperators. On the other hand because
of saturating property of SPGG too much cooperators in the population add only minor extra benefit to the group
while the cost of coopartion remains constant, so cheaters have higher averge fitness. Cooperators and cheaters
coexist stably due to these opposing effects. In addition, this also raises questions about the biological feasibility of
the model, since multilevel selection is not thought to be widespread in Nature (but see (Szathmary, 2015) its role
in major evolutionary transitions). Another weakness of the model, like many evolutionary game theoretical models,
is that interactions are assumed to be density independent. To understand why this is a problem let us consider for
example a population of bacteria that release an extracellular degrading enzyme. The efficiency of the enzyme, i.e.
the benefit to the public good, depends not only on the frequency of the enzyme releasers (i.e. cooperators), but
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FIGURE 2 The graphical demonstration of the possible characteristically different dynamics of cooperators and
defectors in the SPGG or TPGG by using structured deme model and replicator dynamics. The average payoffs
(ftness) of defectors (blue line) and cooperators (red line) are depicted in function of the frequency of cooperators in
the population. Empty circles denote the unstable fixed points while filled circles represent the stable fixed points of
the dynamics. Arrows indicate how the frequency of cooperators change at different ratio of cooperators. bf A:

k = 1 Cooperators and defectors stably coexist. B: 1 < k < N, the maximal marginal benefit of cooperation is above
a critical level. There are two stable and two unstable fixed points. Cooperators coexist with defectors if the
cooperators' ratio is above a critical level initially. C: kK = N, the maximal marginal benefit of cooperation is above a
critical level. Depending on the initial ratio of cooperators either defectors or cooperators fixate in the population.
D: 1 < K < N, the maximal marginal benefit of cooperation is below a critical level. defectors win the selection.

also on the density of cooperators in the habitat. There are, of course, some papers that examine the public good
dilemma in the density-dependent case. In a keystone paper Hauert et al. (2006) (Hauert et al., 2006a) studied the
classical linear public goods game (PGG) (Fig. 1 A) in the density-dependent case. They worked in the framework
of structured deme model where it is easy to show that in the density-independent case, the defector wins if the
reward factor of a cooperator’s contribution (r) divided by the number of individuals (N) in the interaction group is
less than one. If the opposite is true (r/N > 1), then the cooperators are the winners of the selection (the derivation
is shown in section 2.5). They modified the model so that the lower fitness associated with the spread of defectors
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FIGURE 3 The schematic figures of the alternative model frameworks. Panel A. The structured deme model.
Interactions between individuals following different strategies (denoted by different colors) take place in local
groups. The groups are randomly assembled from a large well-mixed population. The payoffs obtained at this stage
determine the average fitness of the individuals, which is used to determine the relative frequencies of the
strategies in the next generation, when the population is again well-mixed. Local groups are then formed again
randomly, taking into account the actual frequency of the strategies. Panel B. The pairwise comparison model. Two
focal individuals are selected with two randomly selected interaction groups. After the interaction in their groups
the focals are compared according to their actual payoffs. The loser copies the winner’s strategy (here blue copied
the red one) and new pairs with new random neighborhood is selected.

also reduces the density of the population, resulting in a smaller interaction group size N. Thus, if initially r/N < 1 (
r/N > 1), then due to the spread of defectors (cooperators) density decreases (increases), and the population moves
to the r/N > 1(r/N < 1) state where the cooperators (defectors) begin to spread and thus the density increases
(decreases). These opposite processes result the existence of an equilibrium point where cooperators and defectors
coexist and r/N = 1. Depending on the model parameters, this fixed point can be stable or unstable. The dynamics is

also determined by the initial frequency of cooperators, since if there are not enough cooperators in the population,
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it can die out. Together, these factors can lead to stable coexistence of cooperators and defectors (stable fixed point,
limit cycle), fixation of cooperators or extinction of the whole population (Hauert et al., 2006a,b). So, the behaviour
of the density-dependent model differs significantly from that of the density-independent model. This highlights the
importance of density dependence in N-person games.

In this paper we aim to develop a dynamical model of a general N-player game in which there is no deme struc-
ture, only randomness in the composition of interacting strategies are taken into account and local competition is
considered as a stochastic event. We show that the model leads to replicator dynamics identical to those of a popu-
lation generated from the structured deme model in the deterministic limit. That is, in the case of TPGG, cooperators
and defectors can coexist without multi-level selection. We also develop a simple density-dependent version of the
TPGG model and analyze the dynamical behaviour of it. We study the stochastic agent-based version of the density
independent and the density dependent models numerically, which also support our results from the deterministic
analytical models. We also investigate the effect of fluctuations in the steady-state density in the framework of the

stochastic agent-based model.

2 | THE GENERAL MODEL

2.1 | Basic assumptions

We consider a game G determined by the strategy set S and the payoff function P, i.e. a G = (S, P) game. The
strategy set S contains a finite number of different pure strategies. Individuals follow one of these strategies and the
game is symmetric. The population is very large, i.e. population size K > 1, and individuals interact according to
the game G in a local neighbourhood of size N. The population is well mixed, i.e. the N interacting individuals are
randomly selected from the population without any selective sorting. We assume that each individual participates in
the game exactly the same number of times in the so-called interaction phase. This phase is followed by the replication
or update phase, where pairs of individuals are randomly selected from the population and the probability of replacing
each other in the population is determined by their actual relative payoffs (Hilbe, 2011). It is important to emphasise
that the competitive success of individuals in the replication phase is determined by the payoffs received in the game
G by engaging with distinct local neighbours earlier. So there is no group formation phase and aggregation in the
population, we just exploit the fact that interaction is local. The interaction and replication phases follow each other
sequentially (see Fig. 3 B.).

2.2 | Notations

Let n; be the number of individuals following strategy i in the given interaction group of size N, so i = (n1, ng,...ng)
is the vector of these numbers, where |7i| = ny + ny +...n, = N is the total number of individuals interacting with
each other. The neighbourhood composition of a focal individual is denoted by 7i_ = (n1, no,...n¢), where |A_{| =
n +ny +..ng = N — 1, and the strategy composition in the whole group together with focal strategy i is i_q,; =
(ny,ng, ni +1..ng).

Anindividual following strategy i receives a payoff n; (i_1,;) € P intheinteracting phase. This notation emphasises

that the payoff is determined by the neighbours and the actual strategy of the focal individual.
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2.3 | Imitation dynamics

After the interaction phase, we randomly select pairs of individuals from the population and compare their payoffs.
Since the population is very large, the probability of selecting individual pairs from the same interacting group is
practically zero (K > N). Suppose we have selected two individuals following strategies / and j, so according to
imitation dynamics, strategy / is replaced by strategy j in the population with probability

1 s m () = 7i(o14i)

Pi=2%2 Ar ’ @

where 0 < s < 1 measures the strength of the selection, Ar represents the highest payoff difference that can be
realised in the game, while 7; and x; denote the payoffs of / and j received previously by interacting with their
completely different neighbours ((Traulsen et al., 2005)). First, we calculate the expected change in the number of
strategies / that are in a given selected composition, averaged over all possible compositions of strategy ;.

K
Anj = x; Z Z MY (R, A1) X (pji = pij)s (2

J= A =N

where |7i_1| = N — 1 means that the summary is done for all strategy compositions where this equation is valid,
M,E/’E1 (X, 7i_7) is the multinomial distribution with X = (x1, x2, ..x, ) global frequencies of the strategies around ;. That
is

G) 22 v (N=DV n ny 'n
My (X, i-1) = mx1 Tx2 . x
gives the probability that neighbours of a focal j individual are present in the /i_; composition. Substituting p;; and
pji into (2), we get that

S

k
i W) = 3 Y ML o) () | 3)

VRO =T

An; =

Assume that this elementary update is repeated many times, i.e. the number of updates is in the order of the population
size, so that x; the global frequency of strategy / changes according to the expected changes of strategy / in the
population:

Xi = Z M,(\,i),1()7,f7—1)Ani=
|Al=N-1
(4)

k
N e = s = N s o= =

Z M,(\,lz1(x,n_1)—A”x,- 7r,-(n_1+,-)—ZxJ- Z M,(VJL(x,n_])zrj(n_Hj) .

|Al=N-1 J=1 |Al=N-1

Neglecting the s/Ar constant, which only rescales the time scale of the dynamics, and making trivial transformations,

we obtain that

k
X = Xj Z M,(V’)_1()?, 1) ﬂ,-“)(ﬁ—w) —ij Z M,%,/zl(?, ﬁ)ﬂj(z)(ﬁ—nj) . (5)
[7l=N-1 J=1 jA=N-1
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Introducing

(my=" > MY G A)m(Ao) (6)
[l=N-1

as the expected payoff of strategy / with N — 1 randomly selected members in the interaction group, and
k .
(ry="% > ML (A (g) )
=1 |A=N-1

as the expected payoff in the population, we formally obtain the replicator dynamics
X = [{m) = (m)] x;. (8)

The important nature of this replicator dynamics is that the population level averages are computed in a slightly biased
manner. Due to of the finite size of the local interaction groups the focal strategy is always overrepresented in the
payoff averages (see e.g. (7). The correction term is of the order of 1/N, but as we will see later, this can have a crucial

effect on the selection dynamics.

2.4 | Application of the model: Public goods games

Let’s consider the example of an N-person public goods game where two strategies are defined, the cooperator strat-
egy (C), which invests ¢ units of energy in the public goods, and a defector strategy (D), which does not invest. The
benefit (b) is determined by the total investment in the group, which is proportional to the number of cooperators
(n¢), thus

nc(n) =b(nc) - ¢, np(n)=b(nc) 9
in a local neighbourhood, where b(n¢) is an arbitrary function of nc. So strategy D always has a higher payoff than

strategy C in a local neighbourhood. However, as we have shown, the average payoff of a cooperator and a defector

are different even in a well-mixed population where interaction is local, i.e.

Xc =xc(1-xc)

S (v-1) N=1=i (p(: .
Z( . )xc(1 - xc) (b(i+1) = b(i)) - c|. (10)
i=0

Depending on the functional form of 5(i) and the maximal marginal benefit-cost ratio (Max[b(i+1) — b(i)]/c), many
qualitatively different dynamics of (10) are possible (e.g. (Hauert et al., 2006c; Archetti and Scheuring, 2012)).

2.5 | Linear Public Goods Game (PGG)

The classical public goods game assumes that the total investment of cooperators is summed and multiplied by the
reward factor r, and that the total benefit is distributed equally to each individual. Thus, the payoffs of strategies C
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and D are

re(n) = e xp(n) = (11)
where n is the number of cooperators and N — n is the number of defectors in the group. Substituting the above

payoffs into (10) we get

rc
XC:XC(1 —Xc) (N—C)‘ (12)
Thus cooperators win over defectors if r/N > 1, otherwise defectors win the selection (Hauert et al., 2006a). Since in
most biologically reasonable cases r < N (the reward is smaller than the number of individuals involved in the public
good distribution), classical PGG leads to the fixation of defectors (Archetti and Scheuring, 2012).

2.6 | Threshold Public Goods Game (TPGG)

The more general example is when the common good is a nonlinear s-shaped function of the number of cooperators in
the interacting group. This biologically more relevant model (Archetti and Scheuring, 2012) is routinely approximated
by the threshold dilemma game (Fig. 1) because the two models behave in qualitatively the same way, while the
analysis of the TPGG is simpler (Archetti and Scheuring, 2012, 2016). According to the definition of the TPGG, if
there are at least k number of cooperators among the N interacting individuals, then all of them receive the benefit
b > 0 (without losing generality, we can assume that b = 1), but if the number of cooperators is below the threshold
k, then there is no benefit, only the cooperators suffer the cost of cooperation (0 < ¢ < 1), regardless of the actual

number of cooperators among the interacting individuals (Table 1).

Cooperators = Defectors
nc >k 1-¢ 1
ne <k —c 0

TABLE 1 Payoffs of cooperators and defectors depending on whether there are enough cooperators in the
interaction group (nc > k) or not (n¢c < k).

It follows from the structure of the payoff function (Table 1) that defectors always receive a higher payoff than
cooperators. Thus, defectors win over cooperators in an infinite well-mixed population where there is no variance
in the composition of strategies of interacting individuals, which practically means that the number of interacting
individuals is very large. Our previously introduced model differs from this one solely in that the number of interacting
individuals is not astronomical, so there is variance in their composition due to random selection.

Substituting the payoffs of the TPGG into (6), the average payoffs of D and C are

N1 vy '
(np) = Z ( ; )X'c (1= xo)N 1 (13)
fr



174

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

N=T N1
_ - i1 N-T-i _
wer= 3 ("7 —xe - 149
i=k-1
Consequently, the replicator dynamics of the system will be
Xc = (1= xc) xchn(xc), (15)
where

Ar(xc) = (ne) (D) = (N”

k_])xéif1 (1=xc)V*—¢ (16)

We note that this equation is identical to the replicator equation derived from the structured deme model (Archetti
and Scheuring, 2010). There are two trivial fixed points of (15) the x*c = 0 and x?:* = 1. As we mentioned in
the introduction, the most important property of TPGG in the structured deme model are that cooperators can co-
exist with defectors if the maximal marginal benefit of cooperation is greater than the cost of cooperation, i.e. if
Max{An(xc)} = Anpax > 0and 1 < k < N. We will present the complete analysis of the dynamical behavior of the

system in the next section (but see Fig. 2).

3 | DENSITY DEPENDENT THRESHOLD PUBLIC GOODS GAME

We have shown above that coexistence of cooperators and defectors in TPGG is possible in a population where there
is no spatial aggregation or group formation, except that individuals that mix intensively in a large population interact
with their local neighbours.

In this section we study the same model with the addition of a density effect on the population dynamics. Imagine
that a population is present in a habitat with a maximal carrying capacity of K. In practice, this means that there are
K places (or territories) available for individuals on the habitat. The algorithm works as follows: We compare two
randomly selected individuals in the reproductive phase. Their payoffs are calculated in the same way as before, but
the offspring of the winner of the competition is randomly placed in a location of the habitat. If the selected location
is empty, then the offspring has settled there; if it is occupied, then the replication was unsuccessful. In the death
phase an individual is selected randomly and dies out with probability d. Replication and death events follow each
other n times for a population of size n to complete one Monte Carlo cycle.

First we determine the dynamics of the whole population. Reproduction increases the size of the population if
offspring is placed in an empty place, which happens with a probability of 1 — n/K. Furthermore, the rate of repro-
duction is proportional to the total density of the population n. (The replication rate doesn’t depend on the frequency
of strategies, since there is one replication for each pairwise comparison). In parallel, each individual dies with proba-
bility d within a death cycle. So the dynamics describing the change of the total population in the deterministic limit
is

h:(1—%)n—dn:rn(1—i), (17)

K*

where r = 1 - d,K* = K(1 — d). The dynamics is identical to the well-known logistic equation, where the total
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population size converges to the stable fixed point n* = K* exponentially with speed proportional to e~"t. Conse-
quently, after the transient phase with characteristic time 1/r, the population size stabilises at n*, irrespective of the
ratio of cooperators to defectors within the population. So in our case there is no feedback between the strategies
and the actual density, d is determined by the environment and can be considered as a control parameter of the
dynamics.

Assume that the population already passed the transient phase, that is n ~ n*. Let n¢c and np denote the number
of cooperators and defectors in the population dynamical equilibrium (nc + np = n*). For simplicity we assume that
d is chosen in a way that n* is an integer. We have shown that the imitation dynamics used above leads to replicator
dynamics in the deterministic limit, so we can consider equation (15) in the population dynamical equilibrium for the
dynamics of strategies.

As we mentioned in the introduction the qualitative behaviour of (15) is well known (Archetti, 2009; Archetti and
Scheuring, 2016), Fig. 2), which we summarize here point by point to compare the density independent model with
the density dependent one:

(0)
c

e If kK = 1 then there are three fixed points, the trivial x = 0 and X(CU = 1, both of which are unstable, and the

x(CS) =1 = ¢"/(N=1) \which is the globally stable fixed point of the system (Fig. 2A). Thus, if a single cooperator is
sufficient to achieve high fitness, then the coexistence of cooperators and defectors is the only stable state of the
dynamics.

o If1 <k < NandAmpay = [(k=1)/(N=1]¥[(N = k)/(N = 1)]N=%¥ = ¢ > 0 then there are four fixed points,
X((:o) =0< x((_f’) < x(cs) < xg) =1 X((:o) and xéf) are stable fixed points with basin of attraction [0 X(CU)) and (x(c") 1)
respectively, while X(CU) and X(c” = 1 are unstable fixed points (Fig 2B). That is, if the cost of cooperation is below
a critical level, cooperators and defectors will stably coexist if the initial frequency of cooperators is above x(c”),
otherwise cooperators will be selected out.

o If Kk = N and Amp,x > O still true then there are three fixed points of the system ng) =0< x(cu) < x((:s) = 1. That
is x((:”) unstable fixed point separates two stable states where only defectors (X((:o)

present (x(C” = 1) (Fig. 2C).

o [f the above condition is not satisfied for the cost c, that is, if Axp.x < 0 and k > 1 then the system has only the

= 0) or only cooperators are

stable x(co) = 0 and the unstable X(CU = 1 fixed points (Fig. 2D). This means that if the cost of cooperation is above
a critical level, cooperators will always be selected out, regardless of their initial frequency.

Besides the parameters of the model, the dynamics of cooperators is only determined by the initial frequency of
cooperators (see (15)).

Notice that he role of the empty sites, where there are no individuals, and defectors are identical in this sense; they
don’t cooperate. Thus (15) remains valid in this density dependent version of the threshold dilemma game after the
transient phase in population dynamics. However, due to the population dynamics n* = K(1 — d) in the dynamical
equilibrium, so xc = nc/K < (1 — d). Thus, the equilibrium frequency of cooperators depends not only on the
number of interacting individuals (N), the threshold (k) and the cost of cooperation (c), but also the decay rate (d)
which determines a constraint on the maximal rate of cooperators in the habitat. Considering this constraint the

possible dynamical behaviour of (15) is modified qualitatively:

¢ As mentioned above, there is only one stable fixed point of the replicator dynamics with xés) =1-c"W-1 when
k = 1. This xés) is the average probability of finding a cooperator in the habitat, so x(cs) = n(cs)/K. This means

(s)
that the equilibrium frequency of cooperators is q(cS> = % within the population, assuming that xés) <1-d.
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Consequently, as d, the mortality rate in the population increases, the frequency of cooperators in the population
increases proportionally to 1/(1 — d). However the frequency of cooperators continues to increase just until
x(cs) > 1 — d. Above that d value q(cs) = 1, since then all individuals in the population should be cooperators
in order to reach the possible maximum and evolutionarily stable fitness.

e Consider the case where 1 < k < N and Arp,x > 0. Assume that x(cs) < K(1-d)and x¢c € (x(c”), 1) initially.

(s)
Then, as we have shown above, the equilibrium ratio of cooperators in the habitat will be x(cs) = n% Thus, the
5 _
c T K(O-d)
d € [d.r1 der2], Where d.pq and d.,, are determined by x(c”) = K(1 -d.) and x(cs) = K(1 = d.2), the replicator

(s)
c

d > d¢r1, the initial frequency of cooperators is always lower than x((:”), so x¢ and consequently g¢ converge to

frequency of cooperators in the population is g as in the previous case. Similarly, in the case when

dynamics drive x¢ to the maximum attainable frequency of cooperators, g’ = 1. However, in the case when

zero. Of course, the same happens if x¢c < x(c”) initially, regardless of the death rate d.

) <

o If Kk = N and Ampax > 0O is still valid, the system behaves similarly as in the previous case. Assume that X(cu
K(1-d)and xc € (xé") 1) initially. Then, the equilibrium ratio of cooperators in the habitat will be x(cs) =1. Thus,
cooperators fixates in the population. However, if d > d.,1 then the initial frequency of cooperators is always
lower than x(c”), so x¢ and consequently g converge to zero as before. Of course, the same happens if x¢ < x(c”)
initially, regardless of the death rate d.

e If1 <k < NandAmpyax < 0thenthe cooperators will have always lower average fitness than defectors, regardless
of population density and initial frequency of cooperators, so the only stable fixed point of the system is X(CO) =

0
q(C):O.

4 | AGENT BASED MODELS AND SIMULATIONS

4.1 | The density independent models

One of our main aims of this section is to compare the dynamical behaviour of the model in the replicator dynamics
limit with the results from the stochastic agent-based version of the model. We define agents being either cooperators
or defectors in a population of K individuals Agents play the TPGG as defined earlier with interacting group size N
and threshold k. In the interaction phase two groups of individuals of size N are formed randomly. We then randomly
select one individual from each of the two groups (let us denote them with / and /) and calculate their payoff w; and w;,
respectively. The probability of individual / being replaced by individual j is determined by (1), where 7; p;; and Aw/,ax
are computed from the Table 1. This process is repeated K /2 times for a single Monte Carlo (MC) cycle, corresponding
to one generation of updates.

Using this algorithm, we estimate the stable and unstable fixed points of the dynamics at different N and k values in
the agent-based model and compare these values with the fixed points calculated from (15). The initial proportion of
cooperators in the population was typically 0.5 (or even higher for higher k /N ratios), and their proportion is calculated
at the end of each generation to track their frequency. The procedure continues until one of the strategies dies out ora
polymorphic equilibrium state is reached after 200 generations. The mean frequencies of the strategies are calculated
as the average of ten independent simulations where for each simulations the mean values of the last 100 generations
were computed. To estimate the unstable fixed point we run a series of simulations with fixed k and N parameters
and with different initial ratios of cooperators. We repeated the simulations ten times for each fixed parameter and
initial value and counted the number of cases when the system stabilised in the polymorphic state and when it went
into the pure defector state. The unstable fixed point is located at the initial value from which the dynamics is started,
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in half of the cases the system goes into the polymorphic state and in the other half of the cases into the defective

state.
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FIGURE 4 The unstable and stable fixed points in function of the interaction groups size and threshold value (k)
according to the replicator dynamics and the agent-based model. A: The unstable fixed points. B: The stable fixed
points. Crosses denote the fixed points computed from the replicator dynamics while the nearly identical measured
fixed points of the agent based model are denoted by different filled symbols. K = 2000, s = 0.6.

As the results of the simulations demonstrate, the estimated stable and unstable fixed points of the agent-based
model, which is a numerical realisation of our well-mixed model system, closely approximate the fixed points of the
deterministic dynamics in infinite population. The results confirm the correctness of the mathematical calculation
presented above and also show that the infinite deterministic model can be well applied to relatively small populations
(K = 2000) and even when the selection is not very strong (s = 0.6).

We also examined a variant of the agent-based model defined above, in which the number of interacting individuals
fluctuates around an average due to a kind of stochasticity in the carrying capacity of the habitat. That is, the fluc-
tuation is independent of the ratio of strategies, it is the consequence of density fluctuation present in every natural
population. Fluctuation was incorporated into the model by randomly selecting the number of interacting individuals
from a given interval. Thus, the actual size N, of interacting groups is chosen uniformly from [N — /, N + /] interval
(Nje {N=I,N=I1+1,.N+/} (I=0,1,2,..); N — [ > 1), 50 V,, the variance of N,, is 1/3/2.

We investigated how the equilibrium frequency of cooperators changes as the variance of the group size increases,
while keeping the other parameters of the model constant. Figure 5 presents our findings, demonstrating that an

increase in variance has a non-monotonic impact on the equilibrium cooperation level when k > 1. In fact, the
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FIGURE 5 Effect of the variance in the size of the number of interacting individuals on the dynamics at different
thresholds. The mean equilibrium frequency of cooperators and its variance are plotted as a function of the size of
the interval from which the actual number of interacting individuals is randomly selected. Mean and variance are
calculated from ten simulations. K = 2000, s =0.6,c=0.1,N =12,/ =0,1,2,..11.

equilibrium frequency of cooperators increases until reaching a certain level of variance, then decreases beyond this
point. If one cooperator is sufficient for high fitness (k = 1), then increasing the variance of the interacting group size

monotonically increases the equilibrium frequency of cooperators (Fig. 5 left upper subfigure).

4.2 | The density dependent model

To investigate the effect of density dependency we modified the density independent agent based model in three ways.
First, in addition to updating strategies according to the rule (1), individuals die with probability d in each Monte Carlo
cycle. Thus, although there are K discrete sites in the habitat, individuals do not occupy all of them. This means that
the actual interacting group size can be less than N which implies the second differences: When interaction groups are
formed, we randomly select N sites from the habitat, some of which may be empty sites due to mortality. Third, the
winning strategy doesn't replace the losing strategy in the population, but replaces its copy at a new randomly selected
site. This replacement is only successful if the offspring is placed in a vacant site of the habitat. In the simulation, an
MC cycle of competition and replication is followed by an MC cycle of death events, where an MC cycle is equal to
the actual population size n. This algorithm is continued until one of the strategies disappears from the population
or a polymorphic steady state is reached. Figure 6 depicts the time series of cooperator and defector strategies at
characteristically different death rates which demonstrates that population reaches the equilibrium density within
some dozens of generations which was our assumption in the analytical model. To reach the dynamical equilibrium
of the strategies needs more time which can vary from hundred generations till thousand of them depending on the
death rate.

Figure 7 depicts how the equilibrium frequency of cooperators changes as a function of population density mea-
sured by the death rate. The results of the simulations are in very good agreement with the results of the analytical

model, demonstrating both the validity of the assumptions of the analytical model and the negligible effect of stochas-
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FIGURE 6 The population and frequency dynamics in the density dependent model. Population density reaches
its equilibrium within some generations. After that short transient phase only the ratio of the strategies can change
meaningfully. A: Stable coexistence of cooperators and defectors at lower death rate, (d = 0.2), B: Cooperators are
selected out at high death rate, (d = 0.73). Other parameters are: K = 5000, N = 6, k = 3, ¢ = 0.2, s = 0.6, initially K/2
sites are fulfilled by either cooperators or defectors with the same ratio.

ticity and finite size in the numerical model.

5 | DISCUSSION

We have introduced a model of general N-person game where population is well mixed and there is no assortment.
Individuals are compared in pairs and transmit their strategies to the next generation depending on their relative pay-
offs. We show that the dynamics of the strategies in the deterministic limit case are described by the same replicator
dynamics as in the structured deme model, despite the absence of multi-level selection in our model. Consequently,
cooperators and defectors are typically coexist in TPGG in this well-mixed population. This result is verified by the
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FIGURE 7 Equilibrium frequency of cooperators as a function of death rate. The solid line shows the predictions
of the analytical model, the squares and triangles show the values obtained by simulating the agent-based stochastic
model. A: k = 1 B: k = 4, other parameters are K = 5000, N = 8 ¢ = 0.2, s = 0.6. Numerical simulations run for 1000
generations, frequencies are calculated as the average value of the last 100 generations.

stochastic agent-based version of the analytical model (Fig. 4).

It is a crucial feature of the model that the compared individuals were previously in different interaction groups
due to the large population size and intensive mixing. If the compared individuals are from the same or partially the
same group, then the defectors are favoured by selection (Hilbe, 2011). That is, in this case, spatial aggregation does
not help the cooperator, as it is in other cooperative dilemmas and population dynamics (Nowak and May, 1992;
Szamado et al., 2008; Smaldino and Schank, 2012; Czaran and Scheuring, 2022). It is clear that game interactions and
competition between individuals for resources do not occur in a completely uncorrelated manner in real populations
due to viscosity, so that the real dynamics lie somewhere between Hilbe's model (Hilbe, 2011) (game and competition
within the same interaction group) and our present model (competition between individuals from different interaction

groups). The development of such a more realistic model will be the aim of a forthcoming work.
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We also investigated the behaviour of a density dependent version of the model. We show that the maximum
carrying capacity of the habitat and the natural mortality rate jointly determine the equilibrium population density. We
also show that the population converges to this equilibrium density regardless of the actual frequency of strategies,
where classical density-independent replicator dynamics can be applied, with the difference that there may be fewer
neighbours than the maximum in the interaction neighbourhood due to empty sites in the habitat. As a consequence,
as density decreases (i.e. as mortality increases), the equilibrium frequency of cooperators will increase, and then
below a well-defined density, cooperators will become fixed in the population. If more than one cooperator is needed
to reach the threshold (k > 1), then lowering the density further will lead to a too sparse population where k individuals
will almost never be near each other, so cooperators will suddenly die out. If K = 1, then only one cooperator is needed
to reach the threshold, so at any low density, cooperators will always be the winners of the selection (Fig. 7), since they
always get their high fitness (1 — ¢) regardless of the group composition, while this is hardly true for defectors.

These results are rather obvious from the knowledge of the group size effect on the equilibrium cooperator fre-
quency (Archetti and Scheuring, 2012), but have not been previously studied in the context of population density.
Further, the consequences of these results are interesting for two reasons: First, it can be tested in microbial systems
under laboratory conditions whether a decrease in density does indeed cause an increase, fixation and then sudden
disappearance of the abundance of cooperators. Second, the prediction that a population of a species in a poorer
habitat will have a higher proportion of cooperators when playing NLPGG than in a richer habitat can be tested in
the field. These implications also raise the possibility that an increase in the production of extracellular materials, as
some common goods in microbial communities, could be a signal of a sudden disappearance of the production of
these materials, so it can be an early warning signal of a regime shift in the functioning of the microbes. This signal
differs from previously proposed and detected early warning signals in ecological systems, such as increasing variance,
increasing autocorrelation or skewness or shift in variance spectra (Scheffer et al., 2009; Dakos et al., 2012).

We show that not only population density, but also its variation, affects the equilibrium cooperator frequency in
a non-trivial way. The effect of varying group size on the behaviour of N-person games has been studied in several
previous publications (Pefia, 2012; Pefia and Noldeke, 2016, 2018; Broom et al., 2019). For example, it has been shown
that if the difference in the payoff functions of cooperators and defectors is an increasing (decreasing) convex (concave)
function of the number of cooperators, then an increase in the variance of the group size increases (decreases) the
equilibrium cooperator frequency (Pefia and Noldeke, 2016). If these conditions are not met, then no such clear
statements can be made about the effect of group size variance. The TPGG falls into this mathematically ambiguous
category because the payoff difference is neither concave nor convex (Pefia and No6ldeke, 2016). We have numerically
investigated this mathematically complex but biologically relevant case. We show that when the possible minimum
group size is not less than the threshold, increasing the variance increases the equilibrium cooperator frequency
while this trend is reversed when the possible minimum group size is less than the threshold (Fig. 5). The intuitive
explanation for this behaviour is as follows: Since increasing the interaction group size while keeping the threshold
constant decreases the frequency of equilibrium cooperators at a decreasing rate (Fig. 4), and since actual group sizes
are chosen evenly around the average group size, increasing the fluctuation in group size will increase the frequency
of cooperators more when the actual group size is smaller than the average group size than when the actual group
size is larger than the average group size. Consequently, the frequency of cooperators will increase at selection
equilibrium. As the variance increases, this trend continues until occasionally there can be so few individuals in the
interaction group that the number of cooperative individuals can't reach the critical value k. This can happen if the
minimum possible group size is smaller than k. Then, as the variance continues to increase, the equilibrium cooperator
frequency starts to decrease because there will be more and more groups where there cannot be enough cooperators

to reach the threshold which decreases the average fithess of cooperators. Of course, this reversal of the trend does



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

398

399

401

402

18

not hold for k = 1, since no additional cooperators are needed to achieve high fitness (Fig. 5 A).

It should be noted that the benefit is not distributed among participants in the TPGG model; thus, all participants
receive the same benefit at all densities. However, this is not necessarily the case in real biological scenarios (e.g.
food sharing), where lower density may result in higher benefit per individual if a sufficient number of cooperators
are present. In the future, we aim to explore the behaviour of games of this type.

Although the relationship between the model and field observations is rather loose, it is interesting to note that
cooperative breeding in birds is more common in more rugged (Cornwallis et al., 2017) and more uncertain habitats
(Rubenstein and Lovette, 2007; Jetz and Rubenstein, 2011), which is entirely consistent with what we have seen in
the model.

We think, however, that besides the interesting biological implications of the behavior of the density-dependent
model, our most important result is that coexistence of cooperators and defectors can be achieved without aggrega-
tion of cooperators, penalty, or multilevel selection when the public good is non-linear. In doing so, we have demon-

strated a single and presumably widespread mode of evolution of cooperation.
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