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Abstract

In mutualistic associations, two species cooperate by exchanging goods or services with members of another species for their mutual
benefit. At the same time, competition for reproduction primarily continues with members of their own species. In intra-species
interactions, the prisoner’s dilemma is the leading mathematical metaphor to study the evolution of cooperation. Here we consider
inter-species interactions in the spatial prisoner’s dilemma, where members of each species reside on one lattice layer. Cooperators
provide benefits to neighbouring members of the other species at a cost to themselves. Hence, interactions occur across layers but
competition remains within layers. We show that rich and complex dynamics unfold when varying the cost-to-benefit ratio of
cooperation, r. Four distinct dynamical domains emerge that are separated by critical phase transitions, each characterized by
diverging fluctuations in the frequency of cooperation: (i) for large r cooperation is too costly and defection dominates; (ii) for lower r
cooperators survive at equal frequencies in both species; (iii) lowering r further results in an intriguing, spontaneous symmetry
breaking of cooperation between species with increasing asymmetry for decreasing r; (iv) finally, for small r, bursts of mutual
defection appear that increase in size with decreasing r and eventually drive the populations into absorbing states. Typically, one
species is cooperating and the other defecting and hence establish perfect asymmetry. Intriguingly and despite the symmetrical
model set-up, natural selection can nevertheless favour the spontaneous emergence of asymmetric evolutionary outcomes where, on
average, one species exploits the other in a dynamical equilibrium.
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Significance Statement

Cooperative interactions between species are the foundation of all mutualistic associations. Compared to within species interactions,
the problem of cooperation is exacerbated because cooperation bestows benefits to members of another species. Mutual benefits re-
quire inter-species coordination to prevent exploitation. Here we show that in the spatial prisoner’s dilemma surprisingly rich dynam-
ics emerge with distinct dynamical domains separated by critical phase transitions, which imply arbitrarily large fluctuations and
diverging spatial correlations. Most importantly, cooperative behaviour not only persists, but may result in intriguing, spontaneous
symmetry breaking in the level of cooperation in each species. Evolution may favour asymmetric states that effectively separate spe-
cies into cooperative producers and defecting consumers. Surprisingly, the asymmetry becomes more pronounced under more be-
nign conditions of cooperation.

Introduction is termed a social dilemma (2-4). The prisoner’s dilemma is the

The evolution and maintenance of cooperation ranks among the ~ 0st popular mathematical metaphor of a social dilemma and

most fundamental questions in biological, social, and economical
systems (1). Cooperators provide benefits to others at a cost to
themselves. Cooperation is a conundrum because on the one
hand everyone benefits from mutual cooperation but on the other
hand individuals face the temptation to increase their personal
gains by defecting and withholding cooperation. This generates
a conflict of interest between the group and the individual, which

theoretical tool to study cooperation through evolutionary game
theory (5-7). In the simplest and most intuitive instance of the
prisoner’s dilemma, the donation game (8), two players meet
and decide whether to cooperate and provide a benefit b to their
interaction partner at a costc (b > ¢ > 0) or to defect, which entails
no costs and provides no benefits. If both cooperate each gets b — ¢
but if one defects then the defector gets b and shirks the costs of
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cooperation, while the cooperator is stuck with the costs —c.
Finally if both defect, no one gets anything. The interactionis con-
veniently summarized in a payoff matrix (for the row player):

Cc D

C/b-c —c (1)

D ( b 0 )
Thus, both players prefer mutual cooperation over mutual defec-
tion, yet defection yields the higher payoff regardless of what the
partner does and hence the conflict of interest arises. Various
mechanisms have been identified that are capable of supporting
cooperation in interactions within species. This includes repeated
interactions, reputation, punishment, or optional participation
(9-12). In structured populations, limited local interactions can
promote cooperation (13-16) and results in complex dynamics
and critical phenomena (17).

Another, equally important form of cooperation concerns sym-
biotic interactions between species that benefit both (18, 19). Such
mutualistic species associations abound in nature with intriguing
implications and broad applications. For example, in conservation
biology in the context of coral bleaching (the symbiosis of polyps
and their algae breaks down, (20)), or pollination [symbiotic inter-
actions of insects and plants, (21)], in agriculture [nitrogen-fixing
microbes living in root nodules of plants, (22)], or pest control [ma-
nipulation of microbial symbionts of insects (23)], as well as in
treating disease and supporting health [through interventions in
microbiomes associated with animals, including humans (24)].

The problem of cooperation is exacerbated for actions that
bestow benefits not just to other individuals but to those of another
species (25, 26). In particular, it is crucial to clearly distinguish be-
tween the acts of cooperation of an individual and mutualistic inter-
actions between individuals. Accomplishing mutually beneficial
interactions requires coordination of cooperative acts between spe-
cies. Moreover, inter-species interactions introduce various add-
itional dimensions that impact evolutionary trajectories. For
example, (i) interactions (mostly) occur between species, whereas
competition (mostly) happens within species, or, (ii) generation
times between species can differ by orders of magnitude with pro-
found ecological implications, or, (iii) body size can hugely differ
such that entire populations of one species live on or in a single in-
dividual of the other species. Here we focus on the simplest setup
with two identical species of equal population size each following
the same ecological and evolutionary updating process.

The spontaneous symmetry breaking reported here represents
new territory for social interactions in evolutionary biology, while
relating to well-known critical phenomena in statistical physics.
This is exemplified by the spontaneous magnetization in the
Ising model through symmetry breaking in the absence of an ex-
ternal magnetic field. This process is closely related our observa-
tions despite having further degrees of freedom. The details of
critical phase transitions may be only of limited relevance to bio-
logical or social settings in nature. However, the fact that the
underlying dynamics has the potential to drive unbounded fluctu-
ations, or give rise to diverging spatial correlations, may have sig-
nificant implications for the study and management of biological
or social systems.

Cooperation between species

Cooperation between species emphasizes inter-species inter-actions
as opposed to intra-species competition. This is of the essence for all
symbiotic species associations (27, 28). In inter-species interactions
it is of crucial importance to distinguish between cooperation—

costly acts of individuals that benefit others—and mutualistic in-
teractions, where both parties benefit from the interaction. For
the inter-species donation game cooperators of one species, X, pro-
vide benefits to members of another species, Y, at a cost to them-
selves. In well-mixed populations, where members of one species
interact with random individuals of the other species, the corre-
sponding two-species replicator equation, for the frequencies of co-
operators x in one species and y in the other, is given by

x=x(c = ¢) (2a)

y=y(c-0). (2b)
where & = yby — ¢y and {¢ = xby — ¢y denote the expected payoffs for
cooperators in species X and Y with costs cx, ¢; and benefits by, by,
respectively. Defectors equally reap the benefits but bear no costs,
¢p =ybx and {p = xby, respectively. Note, the benefits to either species
depend on the frequency of cooperatorsin the other species, who also
bears the costs of cooperation. The average payoff to each species is
E=xéc + Yép = yby — x¢x and { = x{¢ + y{p = xby — ycy, respectively.

Equation 2 reduces to X=x(1-X)(—-cx)<0 and y=y(1-y)
(—¢y) <0 such that in both species cooperators dwindle and
eventually go extinct. Interestingly, this happens regardless of
the magnitude of foregone benefits, by, by. This is a feature of
the donation game, or more generally, of additive games (29).
Thus, unsurprisingly the demise of cooperation in inter-species
interactions remains unchanged.

For simplicity, we assume that species X and Y face the same
donation game, with costs c=cy=cy, and benefits b=by =by.
Thus, X and Y are interchangeable labels. Rescaling reduces the
interaction in Eqg. 1 to a single parameter:

1-1r -r
a-('1" ), ©
where r =c/b denotes the cost-to-benefit ratio with 0 <r< 1.

In order to delineate effects of spatial dimensions on cooper-
ation in mutualistic interactions, we consider two parallel,
square lattice layers with N=L x L sites each, where L refers to
thelinearlattice dimension. Each site is occupied by one individ-
ual with k =4 neighbours under periodic boundary conditions.
One layer represents species X and the other species Y (27, 30,
31): individuals in each layer interact with their k + 1 nearest
neighbours on the other layer but compete with k neighbours in
their own layer, Fig. 1. Intriguing examples of multiple species
interacting in spatial settings naturally arise in microbial com-
munities and biofilms, in particular (32, 33) and may even
give rise to actual physical layering of mutualistic partner spe-
cies (34).

Foranindividualiinlayera € { — 1, + 1} cooperation, C, and de-
fection, D, are represented by unit vectors

sa(i)=<(1)> and (?) (4)

respectively. The (accumulated) payoff to individual i is given by
Uq(i) = sq(i) - As_q(i) + Z Sa(l) - As_q(i+9) (5)
J

where the summation runs over the k neighbours, i + J, on the oth-
er layer, —a. In contrast, competition arises among the k neigh-
bours on the same layer. A randomly chosen focal individual i
competes with one of its neighbours j. With probability

. o 1
wisal) < sali+0)) =1 i ©)
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Fig. 1. (colour online) On lattices with k = 4 neighbours, an individual in
species X (blue circle) interacts (dashed lines) with its k + 1 neighbours in
the other species Y (red circle and lightred circles) but competes (solid
blue lines) with its k neighbours in its own species X (lightblue circles).
Analogously, a member of species Y (red circles) interacts with their
neighbours in species X (blue circle and lightblue circles) and competes
with neighbours of their own species (lightred circles). For interactive
online simulations of the two layer donation game see ref. (35).
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Fig. 2. Frequency of cooperation p, in each layer (squares and cross
symbols, respectively) as a function of the cost-to-benefit ratio r for

K =0.1. The inset enlarges the region of spontaneous symmetry breaking.
Simulations for lattices with linear size L =800, after a relaxation
time ¢, =10°> and averages over s = 10° MC steps and up to L= 1,800,
7, =2-10° and 7, = 107 in the vicinity of critical points.

the focal individual adopts (imitates) the neighbours’ strategy or,
equivalently, the neighbour produces a clonal offspring, which
successfully displaces the focal individual. K determines the noise
in the updating process. Reproduction (imitation) invariably gen-
erates positive assortment of strategic types among neighbours
within layers but the payoffs from interactions can drive positive
or negative assortment of strategic types between layers. For
K> 1, imitation (reproduction) reduces to a coin toss (w — 1/2
for K — o). In this limit, the configurations in each layer are un-
correlated and payoffs irrelevant. In contrast, with little noise,
K « 1, selection is strong and even marginally better performing
neighbours are almost certainly imitated (reproduce successful-
ly). Interactions can now indirectly generate strong correlations
of strategic types between layers. This updating admits four
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Fig. 3. Fluctuations of the frequencies of cooperation, y,, in each layer
(squares and cross symbols) for K= 0.1. This reveals three critical phase
transitions: rq, 1o, and r3, which are characterized by their asymptotic
power law scaling of diverging fluctuations. Simulation parameters as in
Fig. 2.

absorbing states where each of the two layers are homogeneous
Cor D states.

Equation 6 creates strong correlations among neighbours with-
in layers through imitation or reproduction and weaker correla-
tions across layers, which are mediated by the performance of
each strategy in interactions. For large r correlations within and
across layers are too weak and cooperation vanishes just as in
the well-mixed scenario or in intra-species spatial games.
However, for sufficiently small r, the spatial structure enables co-
operators to form clusters and correlations between lattices are
capable of supporting cooperation. This is similar to intra-species
donation games (13, 14, 16), but with much richer and indeed sur-
prising dynamical behaviour.

Dynamical scenarios

The average frequency of cooperators, p, = (p,(t)), reveals a se-
quence of distinct dynamical regimes as a function of 1. p,(t) de-
notes the cooperator frequency at time t in layer a and the
averaging runs over a sampling time of z; Monte Carlo (MC) steps
(N individual updates each) after a relaxation time r,, see Fig. 2.
Note, large lattice sizes are required to prevent accidental absorp-
tion due to large (indeed at times diverging), systematic dynamic-
al fluctuations. The relatively short relaxation times of 7, = 10° for
the baseline simulations with L =800 in Figs. 2, 3 are justified by
using the equilibrated state of simulations with adjacent r values
as the initial configuration. As a consequence, only small changes
are required to attain the new equilibrium state. In the vicinity of
the critical transitions, this is insufficient and more sophisticated
methods that aggregate data from many simulation runs are
needed to determine the critical points as well as the equilibrium
behaviour in their vicinity.

First, for r <0 the social dilemma disappears and the inter-
action, Eq. 3, turns into a harmony game in which C is dominant
(mutual cooperation is the sole Nash equilibrium). More precise-
ly, with k. cooperating neighbours the payoff to a defector is k.
and always lower than that to a cooperator, k. — kr. Hence, re-
gardless of the strategies in the other layer, C players are better
off, such that both lattices evolve to homogeneous cooperation.
Even though this seems a natural outcome, it is worth noting
that this actually contrasts with results from intra-species
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interactions. On a single lattice solitary, or small groups of defec-
tors can survive for —1/k < r, where k is the number of interaction
partners. An isolated defector achieves the maximum score of k,
while each one of its cooperating neighbours gets k(1 —1) - 1.
Thus for —1/k < r < 0isolated defectors always outperform coop-
erators. As r increases pairs or small clusters of defectors may
prevail too. This is surprising because it renders defection an
act of spite (36), where defectors lower the benefit of others at a
cost to themselves. Spiteful behaviour only works in small
groups or, in spatial settings, on a local scale (16, 37).
Fortunately such behaviour is unable to spread because the
losses incurred from mutual defection cannot compensate for
the additional benefits of mutual cooperation.

Second, forr = 0 the payoff to an individual is independent of its
own strategy and hence exploitation (as well as spiteful behav-
iour) is impossible. Since CC interactions benefit individuals in
both layers and because exploitation is not anissue, the frequency
of cooperators keeps increasing. Once defectors become extinctin
one layer, both types in the other layer receive the same payoff.
Their dynamics recovers the two-dimensional voter model (38),
which exhibits very slow (logarithmic) domain coarsening (39) to-
wards a homogeneous absorbing state with either C or D players.

Finally, forr > 0 the social dilemma in Eq. 3is in effect and D dom-
inates (mutual defection is the sole Nash equilibrium). However, in
spatial settings homogeneous defection results only for sufficiently
large r > r1 &~ 0.02283(3). For smaller r, the limited local interactions
suffice to protect cooperators. The formation of clusters reduces ex-
ploitation and increases interactions with other cooperators to
make up for losses against defectors. Spatial assortment enables co-
existence. More specifically, four dynamical regimes exist that are
separated by critical phase transitions. In order to determine the
boundaries of the dynamical domains atry, 1,, and r3, in descending
order of r, as well as to classify the accompanying phase transitions,
we consider the fluctuations, y,, in layer a:

Xa:N<(pa(t) _ﬁa)z)’ (7)

where y, becomes constant in the limit N — oo (40) and y, = 0 holds
for homogeneous states. The scaling of y, as r approaches a critical
phase transition helps to identify the corresponding universality
class. The large fluctuations that accompany and indeed character-
ize the critical phase transitions, require significantly larger lattices
(uptoL=1,800 with zs > 107, 7, = 2 - 10°), see Fig. 3. The four dynam-
ical domains are:

(a) r>rq: defection dominates. For high costs or low benefits, spa-
tial correlations are insufficient to support cooperation and
both populations evolve towards the absorbing DD state. The
outcome is the same as in well-mixed populations, see Eq. 2.

(b) 12 <r<711: cooperators and defectors co-exist. The frequency
of cooperators in the dynamical equilibrium is equal in both
layers and increases for decreasing 1.

(c) r3 <r<ry: spontaneous symmetry breaking. Cooperators
and defectors continue to co-exist in a dynamical equilib-
rium but with essentially complementary strategy frequen-
cies in the two layers.

(d) 0<r<rs:relaxation into asymmetric absorbing states CD or
DC. The emergence, growth, and elimination of homoge-
neous domains of defection (DD regions) drive spikes (or
bursts) in defector frequencies.

The evolution towards absorbing states for very small r is a
long-time process preceded by a spatial phase separation. For

increasing r the size of these bursts decreases and are no longer
able to maintain global synchronization across and between
layers. Instead, the bursts break the symmetry between the two
layers resulting in different average frequencies of cooperation,
P in each layer a, see Fig. 2. The asymmetry between layers,
®=|p,, —p_ql, decreases with increasing r until cooperation in
both layers is the same, p,; = p_;. Further increases of r monoton-
ously decrease p, until eventually cooperators go extinct forr > ry.

Directed percolation

Near the extinction threshold, r1, isolated clusters of cooperators
perform a branching and annihilating random walk with almost
perfect correlations between lattices. The characteristic spatial
patterns are captured by snapshots of the configuration in each
lattice as well as the pair distributions, see Fig. 4. Coordination be-
tween lattices is almost perfect with very few CD and DC pairs.
This is of the essence for the survival of cooperation. CC interac-
tions are the bulwark against, or at least help to compensate for
exploitation by defectors. Interestingly, the emerging spatial con-
figurations are very similar to those in the intra-species donation
game on a single lattice (41).

In agreement with theoretical expectations (16, 17, 42), the crit-
ical transition at r; clearly belongs to the two-dimensional directed
percolation universality class: in both layers, the frequency of co-
operation scales with p, « (r; — 1) for = 0.580(3) and their fluctua-
tions scale with y, o (r; — )™ fory = 0.35(1) whenr — r; from below,
see Fig. 5. Decreasing the cost-to-benefit ratio to ry <1 <1, with
r; ~ 0.002166(3), cooperators persist at equal frequencies in each
layer, see Fig. 2 and illustrative snapshots in Fig. 6. In this symmet-
ric phase, the frequency of cooperation gradually increases with
decreasing r, while the coordination between layers decreases.
For r close to 1y, the frequency of all four strategy pairs are essen-
tially the same, which supports that configurations are largely
uncorrelated.

Spontaneous symmetry breaking

Intriguingly, lowering r further tors < <r, with r3 & 0.00041(3) re-
sults in spontaneous symmetry breaking with different frequen-
cies in each layer, see Fig. 7. The distribution of cooperators and
defectors in each layer is almost complementary. Clusters, or re-
gions of cooperators, in one layer are matched by defectors in the
other. As a consequence, the lattices consist mostly of CD and DC
pairs. Because of the distinctly different frequencies of cooper-
ation in each lattice, either CD or DC pairs dominate. However,
note that which pair dominates is of no consequence, because
species interactions are symmetric, and hence it is merely a con-
sequence of which species is labelled X and which Y. Defectors in
one species manage to exploit and take advantage of cooperators
in the other species. However, exploitation is ephemeral and the
scale is limited both spatially as well as temporarily.

In the vicinity of the symmetry breaking transition, r,, technical
difficulties can arise in Monte Carlo simulations through the forma-
tion of strip-like domain structures that persist for long times at low
noise (43-45). Moreover, if both layers are initialized with the same
frequency of C players, the probability to end up with more C play-
ers is equal for both layers. Albeit only after a slow domain growing
process studied well for Ising models (46). Fortunately, such difficul-
ties can be easily prevented by starting from initial configurations
with different C frequencies in each layer.

Our analysis of the spontaneous symmetry breaking borrows
concepts from the Ising model and critical phase transitions
(40). The two-dimensional Ising model exhibits universal features
through the power law scaling of the spontaneous magnetization
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a species X b species Y

C strategy pairs

Fig. 4. (colour online) The spatial configuration of cooperators, blue squares, and defectors, red squares for each species separately, a and b, as well as for
strategy pairs, ¢, with CC blue squares, DD red squares, CD lightgrey squares and DC black squares in the symmetric phase close to but below the directed
percolation threshold, r=0.0225 < r;: Strongly correlated clusters of cooperators on both layers perform a coordinated branching and annihilating
random walk. Parameters: 200 x 200 region of a 1,000 x 1,000 lattice with K =0.1. For interactive online simulations see ref. (35).
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Fig. 5. The scaling of a p, and b x, versus (r1 —r)/r1 follows the directed percolation universality class (solid lines indicate theoretical expectations).

in the absence of an external magnetic field, as well as the accom-
panying fluctuations when the temperature approaches the critic-
al point. Here we use r instead of the temperature as the control
parameter and, instead of the magnetization as the order param-
eter, we use the asymmetry in cooperation between the two layers
®=|p,; —p_1l. The scaling of @ and its fluctuations for r — 1, is
shown in Fig. 8. The order parameter clearly shows the expected
power law behaviour and its fluctuations are in line with the the-
oretical predictions of |r — ry|” and y = 7/4 within the accuracy of
our MC data.

However, the equivalence to the universal features of Ising type
transitions is not obvious. Additional degrees of freedom result

from the larger number of possible strategy pairs (CC, CD, DC,
and DD) across the two layers. In order to illustrate the conse-
quences, the scaling of fluctuations of cooperation are shown
for each layer separately, see Fig. 8. Disregarding the large uncer-
tainties, Fig. 8b suggests a power law behaviour when approach-
ing the critical point r, from either side, albeit with different
exponent.

Apossible explanation may be related to the anomalous behav-
iour of the correlation of cooperation between the two layers,
which is given by the covariance, «,

18 .
K=NZ (x-1(1) = p_1) (x4 () = Pya), ®)
i=1
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b species Y

a species X

C strategy pairs

Fig. 6. (colour online) The spatial configuration of cooperators, blue squares, and defectors, red squares for each species separately, a and b, as well as for
strategy pairs, ¢, with CC blue squares, DD red squares, CD lightgrey squares and DC black squares in the symmetric phase close to but above the symmetry
breaking, r = 0.005 > rp: Almost identical frequencies of cooperators and defectors establish in both layers. The similar frequencies of all four strategy pairs
indicate that the layers are essentially uncorrelated. Switching the labels of species X and Y in a, b merely switches the role of CD and DC pairs, lightgrey
squares « black squares. Parameters: 200 x 200 region of a 1,000 x 1,000 lattice with K=0.1. For interactive online simulations see ref. (35).

a species X b species ¥

c

Fig. 7. (colour online) Typical spatial strategy distribution in the asymmetric phase with essentially complementary frequencies and distributions of
cooperators and defectors in the two layers. Panel labelling, colours and parameters are the same as in Fig. 4 but with r = 0.0015. For interactive online

simulations see ref. (35).

with x4(i) = 1, (xq(i) = 0) if site iin layer a is occupied by a cooperator
(defector). k exhibits a local maximum for small r and a sharp local
minimum atr,, see Fig. 9. Note that the switch in the sign of x does
not coincide with the symmetry breaking but happens already at
slightly larger r.

Bursts of defection

Finally, for O < r < r3, the population relaxes into one of its four ab-
sorbing states depending on the initial configuration. In fact, the
most striking dynamical phenomenon of this model manifests it-
selfin the diverging fluctuations of C frequencies, y,, forr — r3, see
Fig. 10. In particular, no theoretical arguments exist to date
that explain and justify the observed power law behaviour of y, «
(r—13)7 forr — 3 from above with y = 1.33(5). The divergence of y,
is related to the emergence, growth, and elimination of homoge-
neous DD domains. Spikes in DD frequencies drive the dynamics
of bursts.

In order to illustrate the characteristics of such burst events,
we performed MC simulations on a large lattice but focused on
the dynamics within a small region, see Fig. 11a. Within this re-
gion, the DD spike is illustrated through a sequence of snapshots,

see Fig. 11b—e. First, smallislands of CC and DD pairs move, collide,
and disappear at random in a large domain of CD pairs (Fig. 11b).
Theseislands are continuously created along the boundary separ-
atinglarge CD and DC domains (Fig. 11b lower left corner). Most is-
lands eventually go extinct. Only sufficiently large DD areas
occasionally expand (Fig. 11c). The DD domain grows until it col-
lides with a small CC island, which invades its territory
(Fig. 11d). However, the CC domains are not stable against inva-
sion of CD or DC phases (Fig. 11e). Subsequently, the strategy dis-
tribution evolves slowly toward the initial distribution (Fig. 11b).

This type of bursts are driven by sufficiently large spatial do-
mains of an unstable phase (47). Evidently, their extension and
frequency depends on r and other parameters. In particular,
bursts become larger and rarer when decreasing r, see fig. 10.
Once a burst reaches sizes comparable to the entire lattice, it
can drive the evolution towards absorbing states. Interestingly,
the absorbing DD state is rarely observed because it is prone to in-
vasion by any remaining CC islands, which then pave the way for
CD or DC phases to grow and take over. This is in stark contrast to
intra-species models where cooperation continuously increases
for decreasing r, that is as the social dilemma becomes more
benign.
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Fig. 9. Correlation of cooperators between lattices given by the
covariance between layers, «, as a function of r. In the symmetric phase
correlations are (mostly) positive, while negative in the asymmetric
phase. Note the anomalous sharp minimum of « at r, and the local
maximum at small r, which is driven by spikes in mutual defection.
Statistical errors become noticeable only for small r < 0.00065. This is
caused by the possibility of exceedingly long relaxation times that result
from the occasional formation of strip-like domain structures.

Another peculiarity of the burst dynamics is the feedback be-
tween their creation and extinction and the spatial configuration
of the asymmetric phase: for r close to r3, the asymmetry of co-
operation, ® = |p,, — p_4|, decreases with r while the burst sizes in-
crease, see inset in Fig. 2.

For r<rs, the population tends to get absorbed in the fully
asymmetric CD or DC states. Once one layer is homogeneous the
dynamics in the other layer is dominated by neutral drift because
the difference in payoffs between cooperators and defectors
merely amounts to 4r. Hence, for small r, Eq. 6 essentially reduces
to a coin toss with a slight bias in favour of defectors. The
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(r—rs)/rs

Fig. 10. Scaling of y, in each layer (squares and cross symbols) versus
(r —r3)/r3, which is driven by bursts of defection. For reference, the solid
line shows a power law with exponent —1.33.

probability to fixate in one or the other absorbing state is thus es-
sentially given by the frequency of strategies in the heterogeneous
layer at the time the other layer turned homogeneous. For ex-
ample, if one layer becomes homogeneous in C, then the fre-
quency of C’s in the other layer is likely <1/2, due to the
asymmetry. Thus, the CD absorbing state is more likely than CC.
Conversely, if one layer becomes homogeneous in D, then the fre-
quency of C’s in the other layer is likely >1/2 and hence the DC ab-
sorbing state is more likely than DD. Finally, it is more likely that
one layer becomes homogeneous in D because isolated C’s (or small
C clusters) are more easily eliminated than D’s. Thus, even though
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Fig. 11. a Frequencies of strategy pairs across lattices as a function of
time. This illustrates a burst of defection for r = 0.0006 within a 240 x 240
region of a 1,000 x 1,000 lattice. The four arrows mark the times of
snapshots. b-e Snapshots illustrating the spatial distribution of the four
strategy pairs between lattices, CC blue squares, DD red squares, CD
lightgrey squares and DC black squares, during a DD burst within a 240 x
240 region of a 1,000 x 1,000 lattice. For interactive online simulations see
ref. (35).

all four absorbing states may be reached, in principle, the probabil-
ities to do so are very different and most likely the populations ap-
proach heterogeneous absorbing states, whereas homogeneous
cooperation across lattices is a highly unlikely outcome.

Discussion

Interactions between species play a crucial role in symbiotic asso-
ciations. More specifically, in mutualistic exchanges members of
one species provide benefits in the form of goods or services to
members of another species and vice versa. For costly provisions
this results in an inter-species donation game but with a more fra-
gile arrangement than for the standard, intra-species donation
game. Here we studied the evolution of costly acts of cooperation
on a two-layer square lattice, where each layer represents one

species. This models a basic two-species ecological system.
Evolution is controlled by increased reproduction or imitation of
fitter neighbours within the same layer, while the payoff (or fit-
ness) of individuals is determined through interactions between
layers.

In recent years, multilayered networks have attracted consid-
erable attention to model multiple, simultaneous interactions
within a single species (48-50). Collective behaviour in strategy
updates can also support spontaneous symmetry breaking for
certain connectivity structures, such as on lattices that can be div-
ided into two sub-lattices (51) or two-layer networks (52-55). In
models with variable population densities, mutualistic associa-
tions can persist under sufficiently benign conditions (31) or per-
ish following nonequilibrium phase transitions (56).

Using numerical simulations, we determined the frequency
and fluctuation of cooperation in both layers as a function of the
cost-to-benefit ratio, r. This reveals three distinct critical phase
transitions: (i) for r — r1 from below, cooperation goes extinct in
both layers simultaneously following the directed percolation
universality class. Surprisingly, the extinction threshold r ~
0.02283(3) is very similar to the threshold in single species interac-
tions r = 0.0261 (estimated from (17)). Even though conditions for
cooperation would seem much more challenging in interactions
across species. (ii) spontaneous symmetry-breaking arises in the
frequency of cooperation on the two layers when r — r,. In fact,
two equivalent asymmetric phases exist where individuals in
one layer prey on those in the other layer or vice versa. This phase
transition is similar to the spontaneous symmetry breaking in the
two-dimensional Ising model in the absence of an external mag-
netic field. Although, the additional degrees of freedom (four in-
stead of two microscopic states) result in deviations in the
fluctuations of cooperation frequencies. (iii) The third critical
transition occurs for r — r3 from above and is driven by bursts
of DD domains. For small r, the magnitude of the symmetry break-
ing decreases with r, while the magnitude of bursts increases and
causes fluctuations to diverge. However, the identification of the
universal features of bursts and the slow transition towards ab-
sorbing states requires further, time-consuming simulations
and analytical investigations (57, 58).

From a dynamical systems perspective, this last critical transi-
tion is the most intriguing feature of our model. It poses a challenge
for understanding the underlying mechanisms that characterize
this universality class and drive the observed power law behaviour.
Conversely, from a more applied, biological or social perspective,
the spontaneous symmetry breaking and the dynamics of the
asymmetric phase are equally clearly the most relevant and com-
pelling feature. In particular, the mechanism for generating and
maintaining the asymmetric phase appears to be intrinsically
linked to the spikes in defection observed for r — r3. More specific-
ally, the emergence of asymmetries is driven by cyclical invasions
of locally homogeneous domains: CD, DC invade CC invades DD in-
vades CD, DC etc. This cycle becomes increasingly pronounced for
decreasing r because the local domains grow and eventually give
rise to the global spikes in defection that characterize the third crit-
ical transition. Assuming more C’s in one layer, the invading CC do-
mains are more likely to encounter a D in the other layer, which
then amplifies the asymmetry.

Symmetry breaking in the frequencies of cooperation between
species has been reported before (31). However, the characteris-
tics of the species association is not merely determined by the
strategy frequencies but rather by the pairings of individual strat-
egles across layers: mutualistic (CC pairings), exploitative/parasit-
ic (CD, DC pairings) or nonexistent (DD pairings), i.e. no exchange
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of goods or services. In social dilemmas, individuals fail to achieve
the socially optimal outcome out of self interest. Cooperation in
mutualistic interactions between species takes more varied forms
than in interactions within species. Intriguingly, even in fully
symmetrical mutualistic interactions, natural selection may fa-
vour asymmetric states where one species exploits the other.
The resulting unfair cost allocation is reminiscent of the continu-
ous snowdrift game in intra-species interactions, where evolution
can promote the emergence of distinct cooperator and defector
traits and spatial settings further promote the diversification
into distinct traits (59).

In the asymmetric phase, one species produces a social good at
much higher rates than the other, which effectively separates
the two species into producers and consumers. Interestingly,
however, the average level of cooperation across both layers re-
mains essentially constant at 50%. Both species produce social
goods but the consumers produce theirs at much lower rates.
Nevertheless, exploitation in this dynamical equilibrium is lim-
ited both spatially and temporally. In the long run, every individ-
ual produces one good and receives the other. Surprisingly, this
asymmetry tends to become more pronounced for higher stakes,
that is for decreasing cost-to-benefit ratios. Although the social di-
lemma becomes more benign and defection less tempting, the in-
equalities between species culminate in full exploitation under
the most benign conditions.
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