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Abstract
We review recent work at the interface of economic game theory and evolutionary biology that provides new

insights into the evolution of partner choice, host sanctions, partner fidelity feedback and public goods. (1) The

theory of games with asymmetrical information shows that the right incentives allow hosts to screen-out

parasites and screen-in mutualists, explaining successful partner choice in the absence of signalling.

Applications range from ant-plants to microbiomes. (2) Contract theory distinguishes two longstanding but

weakly differentiated explanations of host response to defectors: host sanctions and partner fidelity feedback.

Host traits that selectively punish misbehaving symbionts are parsimoniously interpreted as pre-adaptations.

Yucca-moth and legume-rhizobia mutualisms are argued to be examples of partner fidelity feedback. (3) The

theory of public goods shows that cooperation in multi-player interactions can evolve in the absence of

assortment, in one-shot social dilemmas among non-kin. Applications include alarm calls in vertebrates and

exoenzymes in microbes.
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‘‘I am an economist, but I am also what we might call an evolution groupie.’’ Paul

Krugman (1996).

THREE PROBLEMS OF COOPERATION

It is often stated that explaining the existence of cooperation in

nature is one of the greatest challenges for evolutionary theory. While

this is possibly true, it is useful to break the challenge into three,

separate components.

Consider, for example, the interaction between bioluminescent

bacteria, Vibrio fischeri, and the bobtail squid, Euprymna scolopes: the

bacteria provide light (at a cost) for the squid, which in turn houses and

feeds the bacteria (Ruby & McFall-Ngai 1999; Nyholm & McFall-Ngai

2004). At least three problems arise. First, before the interaction is

established, there is a hidden characteristics problem: the qualities of

potential bacterial symbionts are unknown to the squid, so how can the

squid recruit the right ones? Second, after the bacteria have established,

there is a hidden actions problem: how does the squid prevent the bacteria

from misbehaving? Third, since bacteria colonise the squid in groups,

there is a collective action problem: why do individual bacteria lumines-

cence, when each could gain fitness by not lighting up?

Some solutions to these problems have long been known in

evolutionary biology: signalling for the hidden characteristics problem;

host sanctions or partner fidelity feedback for the hidden actions

problem; kin selection, spatial structure, punishment and ⁄ or repeated

games for the collective action problem. However, this set of

solutions is incomplete. Signalling is not always possible in partner

choice, it has not been clear how to define and recognise host

sanctions and partner fidelity feedback, and cooperation without

iterations or spatial structure has been observed among non-kin.

We review recent work at the interface with microeconomics that

provides some missing parts: screening theory solves the hidden

characteristics problem when signalling is not possible; contract theory

defines and differentiates host sanctions and partner fidelity feedback;

and the theory of public goods shows that cooperation is possible even

with one-shot interactions in well-mixed populations of non-kin.

Deeper engagement with game theory will help evolutionary biology

better explain cooperation and mutualism in nature.

PARTNER CHOICE VIA SCREENING

The problem of hidden characteristics

The study of partner choice, in which individuals �differentially reward

cooperative vs. uncooperative partners in advance of any possible

exploitation� (Bull & Rice 1991, p. 63; italics added; Noë &
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Hammerstein 1994), has a long tradition in evolutionary biology. The

classic example is when females choose a partner from among

different males. Information about male quality is asymmetrical: each

male �knows� his own quality, in the sense that he can behave

accordingly, but the female does not know each male�s quality.

Because all potential partners would benefit from being chosen, the

low-quality ones have no interest in revealing their true quality. How

does a female choose the highest-quality partner? This problem of

hidden characteristics is clearly not restricted to mate choice; it arises in

any case of partner choice with asymmetrical information: for

example, how does a host choose the right symbiont among many

candidates when it is not possible to assess their qualities in advance?

A well-known solution is signalling (Grafen 1990; Maynard Smith &

Harper 2003). Partner quality is revealed through the display of costly

phenotypes whose production is profitable only for individuals of

sufficiently high quality. Examples include males signalling to females

in birds (Hamilton & Zuk 1982; Folstad & Karter 1992) and trees

signalling to parasites through red autumn leaves (Archetti 2000,

2009a; Doring et al. 2009). But what happens when signalling seems

impossible, such as between a bacterium and a host or an insect and a

plant? (Nyholm & McFall-Ngai 2004; Heath & Tiffin 2009; Heil et al.

2009; Barke et al. 2011).

Screening theory

An alternative to signalling has been proposed recently (Archetti et al.

2011; Archetti 2011), based on the theory of games with asymmetric

information, which has similarities with the concept of �screening� in

microeconomics (Rothschild & Stiglitz 1976). The partner choice

problem is a sequential game. In signalling, the player whose

characteristics are hidden (e.g. the male in mate choice) sends a signal

about his own quality (implemented in the game by allowing him to

move first), which the second mover (e.g. the female) evaluates to

decide whether or not to accept the first mover.

In screening, instead, the first mover is the player that wants to

discover the hidden characteristics (the �principal�, the host); the

informed player (the �agent�, the symbiont) moves second (thereby

ruling out any possibility of signalling). It might seem that efficient

partner choice is impossible when the informed player cannot signal.

Instead, one of the most remarkable features of games with

asymmetric information is that a solution is still possible: the principal

can set up rewards and costs for the agents to enter the interaction (in

a job market, this would be a contract), which the agent then decides

whether or not to accept (and hence whether or not to enter the

interaction). If the principal designs the rewards and the costs

appropriately, so that only high-quality agents find it profitable to

enter the interaction, potential symbionts will screen themselves in or

out according to their own quality, even though the principal observes

neither quality nor signal (Fig. 1). In fact, the principal can achieve

separation of high and low-quality types without ever observing their

choice.

It is useful to note that screening is similar to signalling. In

signalling, agents send costly information to principals; in screening,

principals impose a strategically costly task on agents. In both games,

effectiveness depends on the strength of the correlation between the

cost and the quality desired by the principal: the cost (for the agent)

must be higher for the low-quality (for the principal) partners. Which

mechanism is used to solve the hidden characteristics problem

depends on which is more feasible. For instance, in human societies,

signalling seems more feasible for, say, job searches, but screening is

commonly used in insurance markets. Auto-rescue companies desire

to separate low-quality from high-quality cars, and make the former

pay more. Because car qualities are partly hidden, one screening

mechanism is to charge a lower monthly premium if the customer is

willing to forgo rescue at home (the cost of entering the interaction).

Customers with balky cars that might fail to start in the morning reveal

themselves by paying extra for a �homestart� option, but customers

with high-quality cars find that taking on the (for them, low) extra risk

is worth the benefit of a lower premium. In contrast, a signalling

approach would require expensive inspections.

Biological screening

The partner choice problem applies to a variety of mutualisms. One of

the clearest examples would appear to be the marine bobtail squid,

Euprymna scolopes, and its bioluminescent bacterial symbiont, Vibrio

fischeri (reviews in Ruby & McFall-Ngai 1999; Nyholm & McFall-Ngai

2004; Archetti et al. 2011). What makes this system challenging is that

the bacteria are not vertically transmitted but taken up anew from

Figure 1 A screening game example. Two types of agents exist: good and bad

quality. Quality is not observed by the principal. The principal can impose a cost for

establishing the interaction, and the agents can �always accept� the interaction

(irrespective of being bad or good) or �accept only if good quality.� For this

example, let the frequency of good quality agents be ½. Black circles show a player�s
move; the principal moves first. Open circles show the payoffs to principal (P, top)

and agent (A, bottom). Arrows show increases in payoff. The payoff for both

agents and principal in the absence of any interaction is 0.8; a principal pays a cost

0.6 for interacting with a bad agent and no cost for interacting with a good agent; if

the principal imposes a cost, a good agent pays 0.1 for the interaction, while a bad

agent pays 0.8. The principal pays 0.1 for imposing a cost. The payoff for an agent

that always accepts the interaction is 1 when the principal does not impose a cost

and [½(1 ) 0.8) + ½(1 ) 0.1)] = 0.55 when the principal imposes a cost. The

payoff for an agent that accepts the interaction only when he is good is

[½(1 ) 0.1) + ½(0.8)] = 0.85 when the principal imposes a cost and is

[½(1) + ½(0.8)] = 0.9 when the principal does not impose any cost. Assume that

the principal encounters as many agents as he needs. When all agents accept only if

good, the principal�s payoff is [½(0.8) + ½(1 ) 0) ) 0.1] = 0.8 if the principal

imposes a cost and [½(0.8) + ½(1 ) 0)] = 0.9 if the principal does not. When all

agents always accept the interaction, the principal�s payoff is

[½(1 ) 0.6) + ½(1 ) 0) ) 0.1] = 0.6 if the principal imposes a cost and

[½(1 ) 0.6) + ½(1 ) 0)] = 0.7 if the principal does not. Use backward induction

(start from the agent�s possible moves) to find the equilibria. The grey branches

show the dominant strategies for each subgame. The best strategy for the agent is to

�accept only if good� if the principal imposes a cost (because 0.85 > 0.55) and to

�always accept� if the principal does not impose any cost (because 1 > 0.9).

Therefore, the best strategy for the principal is to impose a cost (because 0.8 > 0.7).

(Modified from Archetti et al. 2011).
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seawater by each squid hatchling. V. fischeri is the only bacterial species

that actively colonises the squid�s light organ, even though the light

organ provides enough food and housing to raise seawater densities of

V. fischeri orders of magnitude higher than free-living bacteria. Note

that the squid must screen out not only non-luminescent V. fischeri but

also closely related pathogens.

Ruby & McFall-Ngai (1999) largely explained how the squid solves

the hidden characteristics problem by pointing out that bacterial

bioluminescence is a defence against the host�s threat of reactive

oxygen species (ROS), which are lethal to bacteria. The bacterial

enzyme, luciferase, consumes O2 in the squid�s light organ and lowers

concentrations to levels that prevent the squid�s enzymes from

converting O2 to H2O2, hypochlorous acid and other ROSs. A by-

product of luciferase action is light. Archetti et al. (2011) interpret the

threat of ROS as a cost of interaction imposed by the squid host, which

can be supported by high-quality (luciferase-producing) V. fischeri,

given that they receive high levels of food. The cost of interaction

cannot be supported by low-quality (non-luciferase-bearing) bacteria,

which cannot prevent lethal ROS build-up. The constitutive presence

of ROS is, in short, the mechanism evolved by the squid for screening

good and bad bacteria. As a result, only luminescent V. fischeri should

evolve to colonise a squid host that produces ROS.

ROS-based screening could have wide applicability in microbiomes.

Selva et al. (2009) showed that sublethal H2O2 exposure can still

trigger the lysis of a pathogenic bacterium, Staphylococcus aureus, because

the H2O2 causes DNA damage that induces the SOS DNA repair

mechanism. The SOS response inadvertently activates phage DNA

that is often contained in S. aureus genomes, and the phage produces

new viral particles and lyses the host cell. The connection to screening

arises because virulence genes are preferentially located in phage DNA

(�pathogenicity islands� Sui et al. 2009), which means that enhanced

susceptibility to ROS damage is correlated with an increased

probability of being pathogenic. Interestingly, many animal tissues

that house bacterial symbionts contain high concentrations of the

ROS-producing enzyme halide peroxidase (Ruby & McFall-Ngai

1999), and the roots of leguminous plants release ROS bursts during

initiation of symbiosis with nitrogen-fixing bacteria (Soto et al. 2009).

These might be mechanisms to screen out pathogens.

Alternatively, the host could indirectly impose an interaction cost by

fomenting competition between symbiont types in ways that favour

high-quality types. We call this �competition-based screening.� The

concept seems new for economics, but it has a number of possible

examples in biology. One is given by several Mexican ant-acacia

species, which are colonised by a variety of Pseudomyrmex ant species,

some of which are mutualistic and engage in costly defence of their

host and some of which are parasitic and do not defend (Heil et al.

2009). The identity of the ant symbiont is established when an ant

queen colonises an ant-plant sapling, well before the plant can judge

the quality of the ant, even if it could. Screening is suggested by the

striking observation that acacia species that produce high levels of

food and housing are � 90% inhabited by mutualistic ant species,

whereas acacia species that produce low levels are only � 50%

inhabited by mutualists, with the remainder colonised by parasites.

Because ant-plant growth is dependent on successful protection by the

ant and because competition between co-colonising ant symbionts is

�massive� (Heil et al. 2009), when ant queens colonise different parts of

the same sapling, the colony that does a better job of protecting grows

its portion of the ant-plant more quickly and evicts the other colony.

This competition should be stronger when there is more food

(Heil et al. 2009), thereby increasing the probability of establishment

by mutualistic ant species on high-reward hosts.

Competition-based screening can only occur if both symbiont types

co-occur in a host, which injects stochasticity into the outcome, but

symbionts can engage each other in ways that hosts cannot do,

especially in mixtures. For instance, Eswarappa et al. (2009) have

shown that the lac operon repressor gene, lacI, pleiotropically represses

virulence in the pathogen Salmonella enterica. The fact that lactose is the

major component of mammal milk (e.g. Zivkovic et al. 2010) might

screen out pathogens from infant guts by conferring a growth

advantage to microbes bearing the lac operon.

Testing screening models

It is a challenge to test screening models. A place to start is �strategic

waste,� which are resources expended solely for sending or inferring

hidden information. In signalling, bright feathers constitute strategic

waste because the carotenoid compounds responsible for the bright

colouration are not available for immunostimulation. Likewise, if

purely for screening, ROS-producing enzymes in the light organ of the

bobtail squid should have no function other than to threaten ROS

production, and in the Acacia species (Heil et al. 2009), high resource

levels are wasted to the extent that they exist to exacerbate

competition; e.g. more extra-floral nectar fuels worker aggression.

Another partial test is to map empirical systems onto detailed

models. In screening, the design challenge for the host is to adjust the

rewards and costs so that symbiont characteristics are revealed

efficiently. It is possible to calculate optimal values with constrained

optimisation models from economics and to compare parameter

values with biological features (see Archetti et al. 2011 for a qualitative

example).

A better test would be to contrast (microbial) evolution in

experimentally created demanding and non-demanding host environ-

ments: symbionts would be expected to evolve screening (enter the

interaction based on their quality) only when coevolving with

demanding hosts. To our knowledge, no such experiments exist, but

insect and coral symbioses with Actinobacteria, which produce

antimicrobials to protect their hosts from pathogens (Ritchie 2006;

Kaltenpoth 2009; Barke et al. 2011), might prove tractable. Antibiotics

are thought to serve as interference competition mechanisms among

bacteria, so we hypothesise that hosts selectively recruit Actinobacteria

by fomenting competition for host resources in ways that favour

interference competitors, despite the added cost.

A potentially important effect of screening is that it limits

interactions of the host to screened-in symbionts, which could set

the stage for pair wise co-adaptation, as suggested by the plethora of

mutual recognition mechanisms in endosymbioses (e.g. Nyholm et al.

2009; Chaston & Goodrich-Blair 2010). In addition, screening is more

likely to evolve if the host�s demanding environment is derived from

defence traits against parasites, because such defences can be pre-

adaptations for screening (Archetti et al. 2011; Archetti 2011).

HOST SANCTIONS OR PARTNER FIDELITY FEEDBACK?

The problem of hidden actions

The problem of asymmetric information is not limited to partner

choice. After a symbiont has colonised a host, what then prevents the

symbiont from misbehaving? The problem is that, in most cases,
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symbiont actions cannot be observed: this is a problem of hidden

actions. But if the host is not able to observe symbiont behaviour and

condition rewards and punishments on that behaviour, why do ants

patrol, microbes light up, or yucca moths abstain from ovipositing? It

might seem that mutants that do not do these things would have an

advantage.

The hidden action problem, under different names, has attracted

much attention in the mutualism literature (Connor 1986; Bull & Rice

1991; Pellmyr & Huth 1994; West et al. 2002a,b; Kiers et al. 2003;

Sachs et al. 2004; Edwards et al. 2006; Foster & Kokko 2006; Foster &

Wenseleers 2006; Kiers et al. 2006; Szilágyi et al. 2009; Weyl et al.

2010), and two broad concepts, host sanctions (HS) and partner

fidelity feedback (PFF), have been developed to solve the problem.

To distinguish these two concepts, consider the mutualism between

yucca moths and yucca flowers. Female moths carrying pollen visit

yucca flowers, where they deposit pollen on stigmas and lay eggs

inside ovaries. The developing moth larvae consume some of the

plant�s seeds, so there is a conflict of interest between yucca moths,

whose fitness depends on the number of larvae that develop into

adults, and yucca plants, whose fitness depends on the number of

seeds produced. In a classic article, Pellmyr & Huth (1994) showed

that yucca plants selectively abort flowers into which moths have laid

too many eggs, thereby setting a limit to the number of larvae that can

develop (larvae in aborted flowers die). The authors foreshadowed the

mutualism literature when they wrote: �It is not known whether the

mechanisms [of abortion] represent co-evolved traits or pre-adapta-

tions within the yuccas, but this does not affect their significance in

contributing to maintaining a mutualistic equilibrium. It will be

important to explore, however, for understanding the role of

coevolution in highly specialized interactions.�
Neither the term host sanctions or partner fidelity feedback was yet

in circulation, but in effect, Pellmyr and Huth were asking, �is selective

abortion (1) a response to cheating behaviour by moths or (2) a

generalised response to floral damage, which is sometimes caused by

oviposition?� We call the first HS, and the second PFF.

The distinction between PFF and HS host response also appears in

the (within-species) social evolution literature. HS corresponds to

�punishment� or �negative reciprocity� and is defined as a behaviour

that benefits the punisher as a result of more cooperative behaviour of

the punished individual (Clutton-Brock & Parker 1995). By contrast,

PFF is �negative pseudoreciprocity� (Bshary & Bergmüller 2008) and

constitutes so-called �self-serving punishment,� which is selected for

irrespective of its effect on the punished individual. In other words, the

cost of an HS response must be compensated for by its effects on

symbiont behaviour, but PFF response need not be.

An example from ant-plants helps to clarify PFF further.

Experimental removal of ants from new shoots results in higher

levels of herbivory and eventual shoot death (e.g. Edwards et al. 2006

and included references), which is detrimental for the ants. The PFF

interpretation is that once herbivory renders a shoot worthless to the

plant, the plant�s best (most self-serving) response is to abscise the

remainder to save on maintenance costs. Since shoot loss happens to

reduce ant housing, and thus fitness (Edwards et al. 2006), ants are

selected to protect plant shoots. We can reverse signs; if the symbiont

benefits the host, the most self-serving response could be growth or

reproduction. In short, PFF hosts do not look back in anger at

symbiont misbehaviour, but if the host�s fitness and ⁄ or reallocation of

resources feeds back sufficiently strongly to the fitness of the

symbiont(s) that committed the action, PFF selects for mutualism.

The concept of credible commitment

Even this brief survey indicates the unwieldiness of the terms

describing host response to misbehaviour and the difficulty of

separating the two concepts. To further complicate matters, both

terms, HS and PFF, have been used to describe the concept of PFF (e.g.

West et al. 2002a use HS to describe the efficient reallocation of host

resources). Therefore, to provide clarity and facilitate empirical work,

Weyl et al. (2010) exploited economic contract theory to define and

differentiate PFF and HS.

To describe this work, we first introduce the concept of credible

commitment (Schelling 1960). A famous example is that of two drivers

playing the game of Chicken (Rapoport & Chammah 1966): if neither

veers, they crash into each other, and both lose, but each prefers to

have the other veer. The winner is the first to commit credibly not to

veer. For instance, a driver might toss her steering wheel out of the

window in full view of the other. A credible commitment to limit one�s
own options can induce the opponent to adopt a certain behaviour.

In general, commitments are difficult to make credible and visible

and, moreover, are understudied in biology, especially in mutualisms.

However, examples of commitment do appear to exist in nature. For

instance, threat displays are more likely to be honest when given

within �striking distance� from the receiver (Számadó 2008). Proximity

acts as commitment because the option of escape is eliminated, and

examples reviewed by Számadó (2008) suggest that only such close-up

threats reliably elicit responses from receivers. Számadó (2011) has

also argued that low-cost �badges of status,� such as melanic patches,

can be honest signals of quality when the badges commit the wearers

to engage in multiple fights before winning a contested resource, like a

territory or high rank. Since weak fighters are unlikely to win regularly

against strong fighters, it is unprofitable to advertise a higher status

than one is able to defend.

The presence or absence of commitment matters greatly to HS

in one-shot interactions, because HS derives its benefits from increased

cooperative behaviour by the symbiont. In repeated interactions,

symbionts can change behaviour after the host�s first move, but in

one-shot interactions, the host�s response to the symbiont�s behaviour

must be already in place before the symbiont moves (and the response

must be evident and credible to the symbiont). If it were possible that

the best response of the host to cheating by the symbiont were not to

punish (e.g. to mature any remaining seeds in the case of yucca-moth

mutualism), then the symbiont would have a temptation to cheat.

Contract theory differentiates host sanctions from partner fidelity

feedback

Using an economics framework, an agent (symbiont) carries out an

action, which results in one of many possible signals (outcomes) for

the principal (host). The probability of any particular signal depends

on the action (e.g. the signal of leaf loss is more probable if the

symbiont ant shirks). (A signal in this context does not refer to

communication). For consistency, we now use biological terms, but

stick with the original variables from Weyl et al. (2010). HS says that

the host responds to symbiont action, which has been inferred from

the outcome (as the action itself is hidden, by definition). PFF says

that the host just responds to the outcome.

Formally, let the symbiont A take an action a 2 fa�; a1; a2g, where

a* is the cooperative action, and a1 and a2 are two cheating actions.

The host P observes an outcome s 2 S (S = all possible outcomes),
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which is correlated with the action taken by the symbiont. Let p sjað Þ
be the conditional probability of outcome s, given action a. The host

then has a response (policy) p that can depend on s, p sð Þ 2 0;1½ �. Let

the host�s fitness (utility) for a given outcome and response be

U P s; p sð Þð Þ. Let the symbiont A�s fitness U A following its action a be

the sum of the short-term fitness contribution from the action uS að Þ,
plus any feedback from the effect of the action on the host P �s fitness,

plus any direct effect of the host response p on the symbiont.

An exogenous parameter f scales the strength of the feedback.

A pollinator might feel no host-fitness-feedback from its actions,

whereas the fitness of a vertically transmitted endosymbiont is

strongly coupled with its host�s fitness.

U A a; s; pðsÞð Þ ¼ usðaÞ þ f U Pðs; pðsÞÞ � pðsÞ;

yielding the expected fitness of the agent for an action, given a host

response,

U Aðajpð�ÞÞ ¼ usðaÞ þ
X
s2S

½f U Pðs; pðsÞÞ � pðsÞ� pðsjaÞ:

PFF assumes that (i) the host cannot commit to punish, yet (ii)

cooperation is nonetheless maintained. Formally, (i) implies that the

host evolves the response pPFF ðsÞ that is optimal for each s, and (ii)

implies that the symbiont receives higher expected utility from

cooperating than from cheating, given pPFF , i.e.

U A a�jpPFF ð�Þ
� �

� U A a1jpPFF ð�Þ
� �

;U A a2jpPFF ð�Þ
� �

;

where, for all s, pPFF ðsÞ ¼ argmax
pðsÞ

U Pðs; pðsÞÞ;

meaning that it is in the host�s interest (self-serving) to respond in

ways that happen to reduce symbiont fitness sufficiently when the

symbiont cheats, so that the symbiont finds it in its interest not to

cheat. Thus, natural feedback is sufficient to select for a*.

In contrast, HS says that for some ai 2 fa1; a2g;

U A a�jpPFF ð�Þ
� �

< U A ai jpPFF ð�Þ
� �

;

meaning that it is in the symbiont�s short-term interest to cheat, unless

the host responds to cheating with an action that is against the host�s
interest once the cheating has occurred. A similar problem exists in

economics (known as moral hazard; Holmström 1979).

HS assumes that the host can commit, and commits to the optimal

response policy that maintains cooperation, i.e.

pHS ðsÞ ¼ argmax
pðsÞ

X
s2S

U Pðs; pðsÞÞpðsja�Þ

subject to the constraint:

U Aða�jpð�ÞÞ � U Aða
1
jpð�ÞÞ;U A a

2
jpð�Þð Þ;

meaning that it is in the host�s interest, before the symbiont has

chosen an action, to commit to punish sufficiently in the case that the

symbiont chooses to cheat, so as to deter cheating by the symbiont,

given that the symbiont anticipates such punishment.

Testing for PFF and HS

Weyl et al. used this formalism to design tests for PFF and HS. In the

first test, responding to outcomes (PFF) means that the host should

respond equally to different experimental manipulations that result in a

symbiont taking the same value for the host, even if the natures of the

two manipulations imply different symbiont actions. For instance, in the

legume-rhizobia mutualism, supplementing the soil with a saturating

level of nitrate fertiliser (manipulation 1) drives the value (to the host) of

rhizobial bacteria to zero, even if the rhizobia continue fixing, because the

nitrates are a free source of fixed nitrogen to the legume host, whereas

rhizobia-provided ammonium is always costly. Removing N2 from the

atmosphere (manipulation 2) equally destroys the value of rhizobia.

Manipulation 2 also implies that rhizobia are cheating (because plants

cannot directly sense N2), and, thus, an HS host should respond more

strongly to manipulation 2. Kiers et al. (2006) actually conducted these

experiments and reported the same final rhizobial nodule densities after

both manipulations, which supports PFF.

The second test can be used on systems for which one can identify

two cheating actions, a1 and a2. If a1 and a2 provide the same benefits to

symbionts, then an HS host should respond equally to both (because HS

hosts respond to symbiont action). But if, additionally, a1 results in

more damage to the host, a PFF host should respond more to a1 (because

PFF hosts respond to the effects of symbiont action like to any

environmental setback). The yucca-moth mutualism provides an

example. There are two defector moth types, deep (a1) and shallow

(a2) ovipositors. �Deeps� and �shallows� receive approximately the same

benefits, so HS hosts should respond similarly to both. However, only

deep oviposition results in direct damage to seeds (damage from

a1 > damage from a2). Consistent with PFF, Yucca kanabensis senesces

flowers after �deep� oviposition, but senesces no flowers after similar

amounts of �shallow� oviposition (Marr & Pellmyr 2003).

Evolutionary implications of PFF and HS

Why is it useful to differentiate response to action from response to

outcome? The distinction seems subtle, but the two host responses

imply different evolutionary origins.

PFF implies pre-adaptation. That is, it is parsimonious to infer that

host response to outcomes evolved before the symbiosis. Floral

abortion, for example, is widespread among angiosperms and is

thought to be �a pre-adaptation within the yuccas� (Pellmyr & Huth

1995, p. 558). Furthermore, yuccas abort flowers not only when they

have too many moth eggs, but also in response to self-pollen, pollen

deficit and feeding damage by florivores (Richter & Weis 1995, 1998;

Huth & Pellmyr 2000). In plants generally, shoot, root and flower

abscission are responses to damage or resource deficits, and this

response policy pPFF ðsÞ reduces symbiont fitness to the extent that

abscission also happens to affect the symbiont that caused the damage

or deficit. Because plants respond modularly to environmental shocks,

PFF response tends to be directed at affected plant parts, and thus at

the responsible symbionts. In vertically transmitted symbioses, the

feedback arises because vertical transmission results in an exogenously

high value of f.

In contrast, HS implies adaptation within the context of the

mutualism, since the definition of HS requires the symbiont to be

present. But theory has found that host sanctions do not invade when

the symbiont population is uniformly composed of defectors or

cooperators (West et al. 2002a; Foster & Kokko 2006; Weyl et al.

2010), so the origin of HS, if it exists, is currently unexplained. HS

also implies commitment if host response is costly and if the

interaction is one-shot, as in many mutualisms. As far as we know,

there has been no attempt yet to find commitment in mutualisms, and

any example will be of great interest. An intriguing candidate for HS
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are the photoreceptors in the bobtail squid�s light organ, which can

monitor the luminescence (actions) of symbiotic bacteria (Tong et al.

2009).

All this said, it is also possible, in principle, for PFF response to be

an adaptation within the context of the mutualism, as long as the

host response represents a general and optimal response to any

damage caused by the symbiont, such that if the same damage were

caused by the environment, the host would react in the same way. In

practise, pre-adaptation is the parsimonious explanation for PFF

response.

This last point reveals some further advantages of having used

game theory to model host response. Firstly, HS and PFF are now

formally and clearly differentiated (response to action vs. response to

outcome), which helps avoid the error of differentiating the two

models by their implications (e.g. adaptive vs. pre-adaptive). Secondly,

the possible role of commitment in host response is revealed. Thirdly,

the formalism allows the design of experimental tests to differentiate

the two models, whereas current practice typically argues in favour of

one or the other on the grounds of plausibility. Importantly, HS and

PFF both predict host response to cheating, so merely demonstrating

host response cannot tell the two apart. One day, we might know

the coevolutionary histories of the relevant molecular pathways

and identify mechanisms directly, but until then, we must interpret

the data we can get with theory designed to facilitate that

interpretation.

PUBLIC GOODS: COEXISTENCE OF COOPERATORS AND

DEFECTORS

The problem of collective action

When interactions occur among more than two players, the problem

of cooperation is usually described as follows. Cooperators pay a cost

for making a contribution that defectors do not pay; the contributions

are gathered, transformed in some way, and then redistributed to

everybody (including to any of the defectors). A collective action problem

arises: defectors can free ride on the efforts of the cooperators, so

how is cooperation stable (Olson 1965)? Social dilemmas of this kind

occur at all levels of biological organisation, from self-promoting

genetical elements (e.g. Burt & Trivers 2006), to microbes (e.g. Crespi

2001), to vertebrates (e.g. Creel 1997; Bednarz 1988), to human

societies (e.g. Hardin 1968; Kollock 1998).

The solution to the problem of cooperation is usually believed to

be some form of positive assortment among cooperators. Assort-

ment can be due to kin selection (Hamilton 1964; reviewed by Frank

1998; Grafen 2009) brought about, for example, by kin discrimina-

tion or spatial structure (Grafen & Archetti 2008; Lehmann et al.

2007) or by repeated interactions, which allow reciprocation,

reputation effects, or punishment (Axelrod & Hamilton 1981). This

section reviews recent articles showing that cooperation in N-player

social dilemmas can be maintained even in the absence of all

assortment mechanisms.

To understand cooperation in N-player interactions, we must

introduce the concept of the public good (Samuelson 1954), which is any

good that is non-excludable (no one can be prevented from using it)

and non-rivalrous (consumption does not reduce availability to other

users). In practise, public goods are often partially excludable (club

goods) or rivalrous (common goods), but club and common goods can

be treated approximately as public goods.

Linear public goods

The simplest model of the production of a public good in N-player

interactions is the N-player version of the prisoner�s dilemma (NPD;

Hamburger 1973): individuals can be cooperators or defectors;

cooperators pay a contribution c that defectors do not pay.

Contributions are summed, the sum is multiplied by a reward factor

r (> 1), and then redistributed to all individuals (both cooperators and

defectors). If groups of N individuals are formed at random, i.e.

without assortment, the probability of having j cooperators among the

other N-1 individuals is fj (x). In an infinitely large population, fj (x)

would be the probability mass function of a binomially distributed

random variable with parameters (N)1, x), where x is the frequency

of cooperators in the population. The fitness of a defector and of a

cooperator are, respectively:

WD ¼
XN�1

j¼0

fj ðxÞ
rcj

N
;

WC ¼
XN�1

j¼0

fj ðxÞ
rcðj þ 1Þ

N
� c

� �
¼ WD þ c

r

N
� 1

� �

If r ⁄ N < 1, which is reasonable in any sizeable group, at

equilibrium, everybody defects. Hence, in the NPD, cooperation

requires additional forces like spatial structure, kin discrimination, or

repeated interactions to allow cooperators to interact preferentially

with cooperators (if r ⁄ N > 1, there is no dilemma, and everybody

cooperates). The NPD, however, is only a special case of the public

goods game. It relies on the critical assumption that the public good is

a linear function of the individual contributions. This apparently

innocuous assumption has fundamental consequences, which have

been largely ignored until recently.

Is linearity at least justified from an empirical point of view? The

answer is a firm no: nonlinear public goods are the rule in biology. For

instance, in microbes producing extracellular enzymes (Crespi 2001;

Lee et al. 2010; Gore et al. 2009; Chuang et al. 2010), the benefit of

enzyme production is generally a saturating function (Hemker &

Hemker 1969), a sigmoid function (Ricard & Noat 1986) or a step

function (Mendes 1997; Eungdamrong & Iyengar 2004) of its

concentration. Similarly, in vertebrate social behaviour, benefits from

alarm calls, group defence and cooperative breeding are also saturating

functions of the number of cooperators (Rabenold 1984; Bednarz

1988; Packer et al. 1990; Stander 1991; Creel 1997; Yip et al. 2008).

As far as we know, no evidence of linear public goods exists except for

human systems, and the NPD is therefore not a biologically realistic

model of N-player interactions except in human experiments.

Nonetheless, it has become so customary to use the NPD in the

study of cooperation, that the two terms (NPD and public goods game)

have become virtually synonymous in evolutionary biology. This is

unfortunate, as nonlinear public goods games have completely

different results. To see why, let us keep the assumption of random

group formation (no assortment) and relax, instead, the assumption

that the public good is a linear function of the individual contributions.

Nonlinear public goods

We define an N-player public goods game by a benefit b( j )

monotonically increasing in j (the number of cooperators) and a cost

c( j ) monotonically decreasing in j. Note that the benefits need not be
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equal for cooperators and defectors, since any difference in benefit

can be incorporated in the cost c, without loss of generality (thus, we

can include scenarios in which cooperators benefit more from their

own contributions than do defectors). The average fitness of a

defector and of a cooperator are, respectively:

WD ¼
XN�1

j¼0

fj ðxÞbðjÞ

WC ¼
XN�1

j¼0

fj ðxÞ½bðj þ 1Þ � cðj þ 1Þ�

As we are assuming no assortment, in an infinitely large population

fj xð Þ ¼ N � 1

j

� 	
x j 1� xð ÞN�1�j :

The simplest nonlinear benefit function is the Heaviside step

function:

bðiÞ ¼ 0 if i < k

b otherwise

n
;

and we can assume that cðiÞ ¼ c . In economics, this game is

sometimes called the Volunteer�s Dilemma if k = 1 (Diekmann 1985)

or the Teamwork Dilemma if k > 1 (Myatt & Wallace 2009; see also

Palfrey & Rosenthal 1984). For brevity, we use Volunteers� Dilemma

(VD) to cover any N-player game in which the public good is

produced only if at least k (£ N) individuals pay a cost c. The dilemma

is that each individual would rather avoid the cost c of volunteering

and exploit the public good produced by others, but if the public good

is not produced, everybody pays a cost higher than that of

volunteering. The equilibrium frequency of cooperators xeq can be

found exactly (numerically) from (Archetti 2009b,c)

N � 1

k� 1

� 	
xk�1

eq ð1� xeqÞN�k ¼ c

b

In large groups, the approximate analytical solution (Archetti &

Scheuring 2011) is

x�eq ¼
k� 1

N � 1
� dðk; N ; c=bÞ;

where dðk; N ; c=bÞ<< k�1
N�1

, and x�eq is an unstable, while xþeq is a

stable equilibrium.

At equilibrium, therefore, cooperators and defectors coexist

(Fig. 2), and, in large groups, the frequency of cooperators is

approximately the frequency of volunteers (k ⁄ N) necessary to

produce the public good. This mixed equilibrium (or polymorphic

equilibrium of defectors and cooperators), however, exists only if the

c ⁄ b ratio is below a critical threshold (Fig. 2) (Archetti & Scheuring

2011). The equilibrium is still Pareto-inefficient (an improvement is

possible by which at least one player could receive a higher payoff

without reducing any other player�s payoff: hence the inefficiency; no

one, however, has an incentive to change their behaviour: hence the

equilibrium), like in the NPD. But unlike in the NPD, there is no

dominant strategy. Cooperation is maintained at intermediate levels

(cooperators and defectors coexist) in the absence of any additional

force.

The frequency of cooperators at the stable equilibrium xeq
+ can be

very close to the frequency xM required to produce maximum fitness,

and fitness at xeq
+ can be close to fitness at xM (Fig. 2). Although the

existence of the mixed equilibrium depends on the c ⁄ b ratio, as long as

this equilibrium exists, the amount of public good produced is

affected only slightly by the value of c, especially in large groups

(Archetti & Scheuring 2011). Variations of the game that allow the

cost of cooperation to be inversely related to the number of

cooperators (Souza et al. 2009), or in which the public good increases

linearly only above a threshold (Pacheco et al. 2009) behave similarly.

So far, however, we have replaced a biologically unlikely assumption

on the shape of the public good (linearity: the NPD) with only a

slightly more likely assumption (a step function). What happens if we

use a more realistic benefit function?

The intuition that nonlinear benefits are important has been

understood for a long time in biology (Cohen & Eshel 1976; Matessi

& Jayakar 1976) and in the social sciences (Taylor & Ward 1982).

Motro (1991) introduced explicit discounting and synergistic effects to

N-player social dilemmas, showing the existence of mixed equilibria.

Hauert et al. (2006) showed essentially the same, using a more

tractable model. All these cases (linear benefits, step functions,

synergistic or discounting effects) are special cases of the following

general public goods game (Archetti & Scheuring 2011), which only

assumes that the benefit is a monotonously increasing and saturating

function of the individual contributions (Fig. 3). By changing the

parameters k (the position of the inflection point) and s (the steepness

of the function at the inflection point, which is the synergistic effect of

volunteering), this model can generate all the cases described above,

(a) (b)

Figure 2 The mixed equilibrium in the volunteers� dilemma. The grey lines show the fitness for a cooperator (WC, dotted line), for a defector (WD, dashed line), and for the mixed

strategy (WM = xWC + (1 ) x) WD, black line), as a function of the frequency of cooperators (x). N = 10, b = 1, k = 5. Circles show the equilibria, stable (filled) or unstable

(empty); arrows show the change in frequency of cooperators. The grey square shows the value of x for which the mixed strategy has the highest fitness (Wmax). (a) c = 0.5; there

is no mixed equilibrium. (b) c = 0.1; at the mixed equilibrium, WM is close to Wmax, and the frequency of cooperators is close to the frequency required for Wmax.
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including increasing returns (k fi N) and diminishing returns

(k fi 0), and it can be used to model the VD (s fi ¥) and the

NPD (s fi 0).

It can be shown (Fig. 4; Archetti & Scheuring 2011) that changing

the shape of the public good (s) changes the position of the mixed

equilibrium only slightly, unless the function is almost linear (s fi 0),

returning us to an NPD. Therefore, many social dilemmas can be

approximated by the VD, and the results we have discussed for the

VD hold for most public goods games. Seen in this general

formulation, the NPD is just a degenerate case in which the mixed

equilibrium does not exist and for which relatedness or other forms of

assortment are needed to maintain cooperation. The existence of a

mixed equilibrium in which cooperators and defectors coexist is the

main result that emerges from the analysis of nonlinear public goods.

The reason why cooperators and defectors coexist in nonlinear

public goods games can be explained intuitively. Consider first the

simplest nonlinear public goods game: a public good is produced if

and only if at least one individual cooperates. Why do cooperators and

defectors coexist? Because if nobody else cooperates, the best strategy

is to cooperate (not getting one�s share of the public good is assumed

to be worse than paying the cost of volunteering); but if someone else

cooperates, the best strategy is to defect (the public good is produced

anyway, and the cost of volunteering is spared). The result is that the

best strategy is to cooperate with some probability (which depends on

the cost ⁄ benefit ratio and group size). Now, imagine instead that the

public good is produced if and only if at least k (>1) individuals

volunteer: if k-1 other individuals volunteer, the best strategy is to

volunteer, but if k or more other individuals already volunteer, the

cost of volunteering is wasted. Again, the best strategy is to volunteer

with a probability that is a function of the cost ⁄ benefit ratio, group

size, and k. The next step is to allow the public good to be a smooth

sigmoid function rather than a step function. When the steepness (s)

of this function is high, the public good is almost a step function, as in

the previous case (Fig. 4) and the result is similar; volunteering with a

probability. The coexistence of cooperators and defectors is possible

as long as the cost of volunteering c is not too high. As the public

good approaches a linear function, this critical cost c decreases, and

when the public good is linear (NPD), no coexistence is possible for

c > 0.

In summary, cooperation in N-player games should be modelled

using the theory of general public goods. The NPD predicts that

public goods can be produced only in the presence of some kind of

assortment (due to kin selection or iterations). However, unlike the

NPD, most public goods are nonlinear functions of the individual

contributions. The VD or more general public goods games are the

appropriate analytical tools in these cases, and these games have a

mixed equilibrium in which cooperators and non-cooperators coexist

in the absence of any form of assortment.

This does not mean that assortment is irrelevant. One reason is that,

because the mixed equilibrium is generally not efficient, some

assortment (but not too much – see Fig. 2) can improve fitness.

Another reason is that assortment (for example genetic relatedness)

can reduce the critical value of the cost ⁄ benefit ratio for which the

mixed equilibrium exists; if a mixed equilibrium exists, however,

increasing relatedness does not much improve the production of the

public good (Archetti 2009a,b). Finally, assortment can help spread

cooperation in a population of all defectors. It must be clear, however,

that assortment is not necessary for the stability of public goods and

the coexistence of cooperators and volunteers.

Implications for the evolution of cooperation

The theory of public goods is useful for understanding some recent

developments in the study of cooperation in microbial systems.

While there is no doubt that assortment, and relatedness in

particular, is an important determinant of cooperative behaviour, there

is a tendency to attribute a priori any instance of cooperation to

assortment. For example, Lee et al. (2010) recently reported that

general antibiotic resistance in a non-structured population of

Escherichia coli is due to a tiny minority of antibiotic-resistant cells

that, at personal cost, export the chemical indole, which induces drug

efflux and oxidative stress protection in the non-resistant cells. Lee

et al. (2010) tentatively attributed their results to kin selection.

However, their observations of the stable coexistence of cooperators

and defectors and of higher group benefit (colony growth rate)

occurring at intermediate frequencies of cooperators could be easily

explained by the theory of nonlinear public goods without resorting to

relatedness. Similar reasoning could be productively applied to

virtually all articles that discuss cooperation in microbes. A review

of these studies is not appropriate here, but it is worth relating one

example in detail.

Consider invertase production by yeast, one of the most studied

examples of public-goods cooperation in microbes; cells that secrete

invertase are cooperators. This system was initially described as a

prisoner�s dilemma (Greig & Travisano 2004), but the prisoner�s
dilemma framework could not explain the coexistence of cooperators

and defectors. The system was later described as a snowdrift game

(Gore et al. 2009), which does explain coexistence. However,

Figure 3 A general public goods game. The public good is a nonlinear function of

the individual contributions: the benefit due to the public good increases

monotonically with the number of cooperators; too few or too many contributions

add little or nothing to the public good; at intermediate levels of contribution the

increase is first synergistic (accelerating) and then discounting (decelerating). This

type of public goods is very common in biology; in microbes that secrete

extracellular enzymes, for example, the effect of enzyme production, and thus the

level of benefit, is generally a saturating function of its concentration. The public-

goods function has two characteristics, the inflection point k (black dot), where it

shifts from accelerating to discounting, and the steepness s at the inflection point

(dashed line). Group size is N. The public-goods function is

bðiÞ ¼ b aðiÞ � að0Þð Þ= aðN Þ � að0Þð Þ, where aðiÞ ¼ 1þ exp½sðk� iÞ�ð Þ�1
and i

is the number of cooperators. In this figure, k = 10, s = 1, and N = 20. When

s fi ¥, the public-goods function becomes a step function of the individual

contributions, with a threshold k (volunteers� dilemma). When s fi 0, the public

good becomes a linear function of the individual contributions (N-player prisoner�s
dilemma) (see Fig. 4).
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describing invertase production as a 2-player game like the snowdrift

game is clearly mistaken. MacLean et al. (2010) recently elaborated on

the invertase system and found that, empirically, maximum group

benefit occurs at an intermediate frequency of defectors, which, as

they correctly point out, is not predicted by the snowdrift game. While

MacLean et al. (2010) attribute the mismatch between theory and data

to the failure of game theory to deal with complex systems, it is clear

that the mismatch is simply due to the fact that invertase production is

not a 2-player game but an N-player public goods game, for which, as

we have shown, maximum group benefit is indeed expected at an

intermediate frequency of cooperation, consistent with observation.

Game theory can easily incorporate nonlinearities, differential costs

and benefits and other elaborations.

CONCLUSION

The similarity between fitness maximisation in evolutionary biology

and utility maximisation in microeconomics has been long recognised.

Modern biologists and economists use the same methods to analyse

theoretical problems: optimisation (for non-strategic decisions) and

game theory (for strategic interactions). It is surprising, therefore, that

biology and economics have sometimes proceeded more or less

unaware of each other to reach the same results (Hammerstein &

Hagen 2005). Signalling theory, which is now standard in both

microeconomics and evolution textbooks, is a case in point: the

problem of honest signals was solved formally in evolutionary biology

in the 1990�s (Grafen 1990), when it was already well known in

microeconomics, the problem first being solved by Spence (1973);

economists have applied signalling theory in a variety of settings and

also clarified signalling theory in biology (Nöldeke & Samuelson 1999,

2003). The theory of repeated games that started in biology with the

repeated version of the prisoner�s dilemma (Axelrod & Hamilton

1981) has a long tradition in economics (Aumann 1959; Mailath &

Samuelson 2006). Examples of evolutionary methods adopted by

economists are no less important. The concept of the Evolutionarily

Stable Strategy (ESS; Maynard Smith & Price 1973) is an equilibrium

Figure 4 Cooperation in public goods games, from the N-player prisoner�s dilemma to the volunteers� dilemma. For different values of s, the 2-dimensional plots show the

amount of public good produced as a function of the number of cooperators (the continuous lines are only for guidance; the public good exists only for integer values of

N – the grey dots) and the fitness of cooperators (WC, grey) and defectors (WD, black) as a function of the frequency of cooperators (x). N = 20, c ⁄ b = 1 ⁄ 10, k = 10. In the

second column, the circles indicate equilibria, stable (black) or unstable (white), and the arrows show the change in the frequency of cooperators. The N-player prisoner�s
dilemma corresponds to s fi 0: every contribution increases the public good by a fixed amount proportional to 1 ⁄N. The Volunteers� Dilemma corresponds to s fi ¥: the

public good is produced only if at least k individuals volunteer to pay a contribution; an individual contribution adds nothing to the public good unless the number of other

cooperators is k-1. In the intermediate cases, too few or too many contributions add little or nothing to the public good, and the increase is first synergistic and then

discounting (see Fig. 3). If s fi 0 (N-player prisoner�s dilemma), no mixed equilibrium exists. As s increases, two internal equilibria can exist (one stable, one unstable) because

it is beneficial to be a defector only if there are too many or too few volunteers. Note that the position of the equilibria is almost the same for s = 1 and s fi ¥, so nonlinear

public goods can be approximated by the volunteers� dilemma. In contrast, for s fi 0, the results are very different, and therefore the N-player prisoner�s dilemma is not a good

representation of public goods games in general. The 3-dimensional plots show the frequency of cooperators (x) at equilibrium and the amount of public good (PG) produced

at equilibrium, as a function of the cost-benefit ratio of cooperation c ⁄ b and the parameter k (the position of the inflection point in the public goods function; the number of

volunteers required for the production of the public good in the volunteers� dilemma). Note that, when the c ⁄ b ratio is such that the mixed equilibrium exists, the public good

produced is substantial and almost independent of c ⁄ b (Modified from Archetti & Scheuring 2011).
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refinement of the Nash Equilibrium used in economics (an ESS has

stricter conditions and can rule out some multiple equilibria).

Evolutionary dynamics and ideas related to mutations and long-term

stability are also used in economics (Samuelson 1997), and evolution-

ary game theory is now a standard approach in microeconomics.

We have discussed how recent work at the interface with microeco-

nomics provides new solutions to three cooperation problems:

partner choice without signalling, distinguishing host sanctions and

partner fidelity feedback, and the production of public goods in one-

shot interactions between non-kin (Fig. 5). While we treat each problem

(a)

(b)

Figure 5 Outline of the concepts discussed in this paper. Terms and concepts in bold are mostly new to biology. (a) Games with asymmetric information. Before an interaction

is established, there is a problem of hidden characteristics: how to choose the right partner? In signalling games, the non-informed individual observes a costly signal and chooses

based upon the signal. In screening games, the non-informed individual imposes a strategic cost for entry, and neither observes any signal nor chooses. Both mechanisms allow

hosts to separate symbionts of different qualities. After the interaction has been established, there is a problem of hidden action: how to prevent the symbiont from misbehaving?

Host response is either committed to punish misbehaviour (host sanctions: provides future benefits to the host due to more cooperative behaviour of the punished symbiont)

or simply takes the best self-serving action (partner fidelity feedback: provides benefits to the host irrespective of the effects on the punished individual). If host fitness after the

best self-serving action automatically feeds back sufficiently strongly to the symbiont, the symbiont is selected to be mutualistic. Most mechanisms proposed to stabilise hidden

action problems in mutualism theory are forms of self-serving actions with feedback. (b) If more individuals can contribute to a public good a collective action problem arises: why

volunteer to contribute when one could free ride on the contributions of the others? In these social dilemmas, if the public good is a nonlinear function of individual

contributions, cooperators and defectors can coexist at equilibrium in the absence of any assortment (kin selection, iterations). In the special case where the public good is a

linear function of the individual contributions (the much-abused N-player prisoner�s dilemma), defection is the only equilibrium, in which case assortment mechanisms are

essential to achieve production of the public good.
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separately for clarity, the problems can co-occur in nature. For example,

partner choice does not exclude hidden action problems after hosts

recruit symbionts. Moreover, we do not discard well-established

concepts (like signalling and assortment); we simply provide explana-

tions that can be invoked to bolster or replace established concepts

when necessary. For example, nonlinear public goods game can be

repeated, played between relatives, or in viscous populations.

Game theory provides a clear conceptual framework to study

diverse strategic interactions and helps guide the design of empirical

tests. Economists and evolutionary biologists thus still have much to

learn from each other, but articles in ecology and evolution journals

almost never cite current articles in economics journals, and vice versa

(Rosvall & Bergstrom 2008). This is unfortunate because each field

does not take advantage of the other�s progress. There is still much to

explore, and a larger set of conceptual tools and experimental models

will open our eyes further to the stunningly diverse ways by which

symbioses and societies evolve.
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Noë, R. & Hammerstein, P. (1994). Biological markets: supply and demand

determine the effect of partner choice in cooperation, mutualism and mating.

Behav. Ecol. Sociobiol., 35, 1–11.
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