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Common-pool resources are of fundamental importance in bi-
ology and the social sciences. The use of a shared limited
resource is an exemplar of a situation in which individuals
can behave cooperatively, through modest consumption, or
selfishly, through excessive consumption (Hardin 1968, 1998;
Berkes et al. 1989; Ostrom et al. 1999; Ostrom 1999; Frank
1989; Foster 2004). The essential paradox concerning the use
of such common-pool resources is paraphrased by Hardin’s
celebrated Tragedy of the Commons (Hardin 1968): each indi-
vidual benefits from consuming the resource, but the incurring
costs are diluted and shared among all interacting individu-
als. Hence the common resource is prone to exploitation and
self-interest drives over-consumption of the resource to the
detriment of all. Here we show evolutionary outcomes based
on a continuous range of consumption levels of common-pool
resources that are often strikingly different from the classic
Tragedy of the Commons. In fact, a second tragedy is revealed:
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not only is the common resource overexploited, but selection
may result in states in which high and low consumers stably
coexist. In a different, but related context this has been termed
the Tragedy of the Commune, according to which evolution in
communal enterprises may favor mixed states with restraint
and excessive individuals rather than egalitarian consumption
levels (Doebeli 2004). At least in human societies this clearly
runs against accepted notions of fairness and bears formidable
risks for escalating conflicts.

Public goods play an important role in biology and human
society. All organisms depend on common-pool nutrients for
their survival and complex human societies depend both on
natural resources such as fossil fuels, the global atmosphere,
or the world’s fisheries, as well as on man-made resources,
such as social welfare or the Internet (Ostrom et al. 1999;
Milinski et al. 2006). Such public resources benefit everyone
but the costs of abuse are shared by all or even deferred to
future generations. Therefore, excessive consumption is cheap
for the individual but costs the community dearly. The classi-
cal Tragedy of the Commons (Hardin 1968, 1998) states that
the shared and unregulated use of limited resources is bound
to result in overexploitation despite the fact that this puts ev-
erybody in a worse position (Berkes et al. 1989; Frank 1998;
Ostrom 1999; Ostrom et al. 1999).

The Continuous Snowdrift game (Doebeli et al. 2004)
describes the complementary situation in which individuals
make costly contributions to a public good. The benefit that
accrues to all interacting individuals is determined by their ac-
cumulated contributions. Thus, the individual determines the
costs and the community shares the benefits as opposed to the
Tragedy of the Commons, in which individuals specify their
consumption while the community shares the costs. One pos-
sible evolutionary outcome in the Continuous Snowdrift game
is diversification in levels of contribution. This leads to coexis-
tence between highly cooperative individuals that make large
contributions to the public good, and defectors that make little
or no contributions. This outcome was termed the Tragedy of
the Commune (Doebeli et al. 2004) because in human societies
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large differences in contributions to communal efforts may not
be tolerated. Here we demonstrate that such behavioral diver-
sification and the accompanying social tensions also occur in
the Tragedy of the Commons, where individuals consume a
common resource instead of contributing to a public good.

In the Tragedy of the Commons, the evolution of quanti-
tative traits determining exploitation of common resources can
be analyzed using evolutionary game theory (Maynard Smith
1982). Consider N individuals that share a common resource,
with individual i consuming an amountx; > 0@ =1,..., N).
Each individual benefits from consuming the resource, but be-
cause the resource is common and finite, the incurring costs
depend on the total consumption of all individuals. Costs are
low if the overall consumption levels are low and the public
resource can be sustained, but if the resource is overexploited
the associated costs increase. For example, if fish stocks are
depleted, the costs per catch are augmented. The simplest ex-
pression for the payoff to an individual i consuming x; in
a group of N individuals consuming X = (xq, X2, ..., Xy) iS
givenby P(x;;X) = B(x;) — C(x1 + - - - + xu). In this expres-
sion B(x) and C(x) are benefit and cost functions, which deter-
mine the gain of individual i due to its own consumption, and
its loss due to the accumulated consumption of all individuals,
respectively. Here we assume that B(x) and C(x) are smooth
and strictly increasing functions, with B(0) = C(0) = 0 such
that no consumption returns no benefit and incurs no costs.
We also assume that, at least for small x, B(x) > C(x). This
simply reflects the fact that the public resource is valuable and
thus creates an incentive for individuals to consume and take
advantage of the resource. Naively, we might expect that this
condition promotes nonvanishing consumption levels of all
individuals. The following analysis demonstrates that the evo-
lutionary dynamics is much richer and, in particular, may lead
to evolutionarily stable outcomes where modest and reckless
consumers can coexist.

The consumption level x; of each individual is a contin-
uous trait, and evolutionary changes of the consumption level
can be studied using adaptive dynamics (Geritz et al. 1998).
The underlying assumption is that a resident population
exists that is monomorphic in trait x. The growth rate of
a rare mutant trait y is then given by the invasion fitness
fr(y) = P(y;X) — P(x;X), where X = (x,...,x) because
the resident population is monomorphic in x. Note that rare
mutants do not affect the payoff of the resident. The adaptive
dynamics of the resident trait x is governed by the selection
gradient D(x) = 3f,(y)/9y|y=x = B'(x) — C'(Nx), with x
obeying the equation x = puD(x), where u is a parameter
describing how mutations influence the speed of evolution.
In the following, we assume without loss of generality that
u = 1. Selection favors individuals with higher (lower) levels
of consumption if D(x) > 0 (D(x) < 0). Trait values x* at
which the selection gradient vanishes, D(x*) = 0, are called

singular points. If no solutions of D(x*) = 0 exist, then the
trait x keeps monotonically increasing (D(x) > 0) or decreas-
ing (D(x) < 0). A singular trait x* is convergence stable if
dD(x)/dx|x=x = B"(x*) — N C"(Nx*) < 0, i.e., represents
an attractor for the adaptive dynamics. If this inequality is
reversed, then x* is a repellor and traits evolve away from x*.

At a singular trait x* the classical Tragedy of the Com-
mons is recovered—all individuals in the population uniformly
overconsume the resource to their mutual detriment. This fol-
lows from observing that at x* each individual receives a payoff
B(x*) — C(Nx*); butif all individuals reduced their consump-
tion by a small amount € > 0 to x* — ¢, then, to first order in
€, each individual’s payoff changes by (N — 1)B’(x*)e, as can
be seen from a Taylor expansion of the payoff function around
x* and using B'(x*) = C’(Nx*). This indicates an improve-
ment because B(x) is a strictly increasing function. Hence, a
uniform reduction in the consumption level by € results in an
increased payoff for all. Therefore, as predicted by the Tragedy
of the Commons, at x* the population is overconsuming the
resource at a loss to all.

However, even if the trait x* is convergent stable, it
does not necessarily represent an evolutionary end state.
Generically, a convergent stable singular strategy x* represents
either a maximum or minimum of the invasion fitness (Geritz
et al. 1998). If x* is a maximum, i.e., azfx*(y)/8y2|_,,:x* <0,
then x* is evolutionarily stable and cannot be invaded by any
mutant (see Figure 1(a)). Resident traits in the vicinity of x*
converge to x* and the Tragedy of the Commons applies. If,
however, x* indicates a minimum, i.e., azfj*(y)/8y2|y:x* > 0,
then a resident population that is monomorphic for x* can be
invaded by mutants with trait values on either side of x* (Geritz
et al. 1998). In this case, the point x* is called an evolutionary
branching point, and after converging to this point, the popula-
tion spontaneously splits into two distinct and diverging phe-
notypic clusters, as illustrated in Figure 1(b). For the costs and
benefits in the Tragedy of the Commons, evolutionary insta-
bility of the singular point occurs if B”(x*) — C"(Nx*) > 0.
After evolutionary branching, evolution leads to stable co-
existence of modest and excessive consumers (Figure 1(b)).
Using similar arguments as in the case of a population that is
monomorphic for the singular trait, it could be possible to show
that this coexistence equilibrium also represents a Tragedy of
the Commons: the common resource is overexploited in the
sense that if all the excessive consumers would lower their con-
sumption, the payoff of all individuals in the population would
increase. We also note that at the coexistence equilibrium, the
two strategies present, modest and excessive consumers, play
a classical Snowdrift game (Sugden 1986; Hauert et al. 2006)
so that either strategy could invade a population consisting of
individuals having the other strategy.

Evolutionary branching occurs whenever x* is con-
vergent stable and evolutionarily unstable, i.e., whenever
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Figure 1.

Evolutionary dynamics of Hardin’s Tragedy of the Commons with a continuous range of consumption levels of the common resource (a) for stable intermediate
consumption levels and (b) for phenotypic diversification into moderately and excessively consumers. The evolution of the trait distribution (top row) is illustrated
for two distinct scenarios together with the corresponding benefit (solid line) and cost functions (dash-dotted line) in homogeneous populations (bottom row).
Darker shades indicate higher trait densities and the dashed lines mark the singular trait x*. In both the cases, the benefits exceed the costs at low trait values
(see inset). (a) If x* is convergent stable and evolutionarily stable, the dynamics leads to a homogenous, egalitarian state of intermediate consumption levels.
(b) Conversely, if x* is convergent stable but not evolutionarily stable, evolutionary branching occurs and the population splits into two distinct phenotypic
clusters of modest and excessive consumers. This links the Tragedy of the Commons to the Tragedy of the Commune (Doebeli et al. 2004). Technical details:
B(x) = —ax3 +2bx? + ax, Cx)= bx? with b = 0.5 and (a)a = 0.25 and (b) @ = 0.5; N = 2; population size 10,000; Gaussian mutations, rate 0.01, standard

deviation £0.005.

N C"(Nx*) > B"(x*) > C"(Nx*). Thus, for evolutionary
branching the cost function must be concave at Nx* and the
benefit function at x*. Realistic cost and benefit functions often
satisfy these conditions. Accelerating costs represent a natu-
ral assumption and are often observed (Siby and McFarland
1976; Killingback and Doebeli 2002). Similarly, benefits
also often accelerate initially and then saturate, as in the
case of Sigmoid benefit functions (Parker et al. 1972; May-
nard Smith 1982). A suitable choice of cost and benefit
functions permits a full analysis of the dynamics. For exam-
ple, the functions B(x) = —ax> + 2bx? + ax and C(x) = bx*
with a, b > 0 satisfy our assumptions in the trait interval
x € [0, (2b + ~/4b* + 3a?)/(3a)]. For pairwise interactions,
N = 2, this admits a unique and parameter-independent sin-
gular point at x* = 1/+/3 that is always convergent stable,
V3 a/b > 0. The singular trait marks an evolutionarily stable
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state if /3 a/b > 1 and a branching point otherwise. The two
scenarios are depicted in Figure 1 and can be further explored
using the VirtualLabs (Hauert 2010).

The evolution of continuous levels of consumption in the
Tragedy of the Commons is a complement to the continuous
levels of investment in the Snowdrift game (Doebeli et al.
2004). The Continuous Snowdrift game describes a situation in
which individuals, instead of consuming a common resource,
make contributions to a public good. In this case, the benefit
is an increasing function of the sum of all contributions made
by interacting individuals, whereas the cost is a function of
individual contributions. This game exhibits qualitatively very
similar evolutionary dynamics as the Tragedy of the Commons,
albeit under “dual” conditions. In particular, in the Continuous
Snowdrift game evolutionary branching can only occur if the
cost and benefit functions have negative curvatures at a singular
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point (Doebeli et al. 2004), while evolutionary branching in
the Tragedy of the Commons requires positive curvatures.

In the Tragedy of the Commons, the public resource is
exploited either in an egalitarian fashion where everybody
equally overconsumes (if x* is evolutionarily stable) or through
diversification into excessive and restrained consumers (if x*
is a branching point). At least in human societies, the latter
situation is, in fact, worse because the unequal levels of con-
sumption run against the accepted notion of fairness (Fehr
and Gichter 2000; Nowak et al. 2000). This is further aggra-
vated when dealing with emotionally charged topics in nature
conservation such as protecting whales or rain forests, which
may lead to frustration in modest consumers because of their
inability to alleviate the situation and hence bears formidable
risks of escalating conflicts or militant interventions. Thus,
the Tragedy of the Commons may be compounded by social
tensions reminiscent of the Tragedy of the Commune reported
in the Continuous Snowdrift game (Doebeli et al. 2004). The
Tragedy of the Commons applies whenever common resources
are overexploited and we propose that the Tragedy of the Com-
mune applies whenever evolution promotes inequalities among
interacting individuals.

The finding of diversified consumption levels in the
Tragedy of the Commons may have substantial implications
for understanding how resources are shared in many systems.
For example, it is generally believed that within-host com-
petition among different pathogen types will often result in
the pathogens evolving to greater virulence, corresponding to
overconsumption of their common resource in accord with the
Tragedy of the Commons (Brown et al. 2002). Our analysis
suggests that instead, diversification into coexisting pathogen
strains with high and low virulence might be a common aspect
of many diseases. For human societies, our analysis could, for
example, provide a basis for understanding discrepancies in the
individual depletion of increasingly scarce natural resources.
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