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The general belief that cooperation and altruism in social groups result primar-
ily from kin selection has recently been challenged, not least because results
from cooperatively breeding insects and vertebrates have shown that groups
may be composed mainly of non-relatives. This allows testing predictions of
reciprocity theory without the confounding effect of relatedness. Here, we
review complementary and alternative evolutionary mechanisms to kin selec-
tion theory and provide empirical examples of cooperative behaviour among
unrelated individuals in a wide range of taxa. In particular, we focus on the
different forms of reciprocity and on their underlying decision rules, asking
about evolutionary stability, the conditions selecting for reciprocity and the
factors constraining reciprocal cooperation. We find that neither the cognitive
requirements of reciprocal cooperation nor the often sequential nature of inter-
actions are insuperable stumbling blocks for the evolution of reciprocity. We
argue that simple decision rules such as ‘help anyone if helped by someone’
should get more attention in future research, because empirical studies show
that animals apply such rules, and theoretical models find that they can
create stable levels of cooperation under a wide range of conditions. Owing
to its simplicity, behaviour based on such a heuristic may in fact be ubiquitous.
Finally, we argue that the evolution of exchange and trading of service and
commodities among social partners needs greater scientific focus.

1. Introduction

Current scientific knowledge about the evolutionary stability of cooperation
results to a great extent from the study of families and closed societies, where
interactions mainly involve relatives and can hence be explained by kin selection
[1]. However, the general belief that kin selection is necessary to maintain
cooperation and altruism in social groups has recently been challenged by results
from cooperatively breeding insects and vertebrates, in which groups are com-
posed mainly of non-relatives (e.g. [2-5]; cf. [6,7]), and by the realization that
cooperative interactions among non-relatives are widespread in contexts outside
of cooperative breeding (e.g. [8—11]). This observation allows testing predictions
of alternative concepts to kin selection theory without the confounding effect
of relatedness, which may provide a more comprehensive understanding of
evolutionary mechanisms promoting cooperation.

Here, we discuss the evolution of cooperation based on mutual fitness benefits
and correlated pay-offs. Our primary focus will be on reciprocity, which we
regard as a deplorably underestimated mechanism underlying many of the
most intriguing forms of cooperation in nature. We shall explain the different
forms of reciprocity, the prerequisites for its evolutionary stability, favourable
and detrimental conditions for its evolution, and the importance of context for
the evolution of cooperation in general. However, first we shall briefly introduce
the different concepts that have been developed to explain the evolution
of cooperation.

2. Cooperation for mutual fitness benefits

If a cooperative behaviour results in net fitness benefits to the actor, irrespective
of the behaviour of an interaction partner, i.e. if the benefits of acting outweigh
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Box 1. Glossary.

Social semantics is a contentious issue. Much controversy about the importance of different evolutionary mechanisms of
cooperation results just from divergent understanding of terms. Therefore, to minimize the danger of creating misunder-
standings, we use everyday language terms in the way most closely resembling the connotation they have in daily life. In
addition, our intention is to simplify the terminology in this field wherever fragmentation of terms in myriad subcategories
seems superfluous. Cooperative behaviour involves a limited number of basic principles, which need to be represented by
appropriate terms.

Many terms used in everyday language in the context of cooperation imply costs and benefits measured in some cur-
rency. In evolutionary biology, the ultimate currency is Darwinian fitness, which may be subject to some specification,
such as direct, indirect or inclusive fitness. If not specified otherwise, costs and benefits refer to direct fitness in the definitions
given below.

Altruism: This is defined by the immediate consequences of an action. It refers to a behaviour by which an individual
(actor) benefits someone else (receiver(s)) at some immediate cost to itself. This does not make assumptions about whether
and how these costs may be compensated by, for example, future benefits (cf. reciprocal altruism) or fitness benefits to
relatives (indirect fitness benefits).

By-product mutualism: Synonymous with ‘mutualism’ (see below). As behaviours or other traits must have beneficial
fitness effects to each actor by themselves to classify as mutualism, the benefits to interaction partners are of secondary impor-
tance for the trait to be selected.

Coaction: Concurrent acting of two or more individuals.

Cooperation: Simultaneous or consecutive acting together of two or more individuals by same or different behaviours.
Costs and benefits to either partner are not implied (i.e. net fitness benefits of cooperation may or may not result to one
or all involved parties).

Correlated pay-offs: This refers to the fitness effects of a trait on two or more individuals. Altruistic behaviour can be
favoured by natural selection if its fitness effects on donor and recipient are positively correlated.

Help, helping: Action of an individual to the apparent benefit of one or several receivers. This term is devoid of assump-
tions about costs to the actor.

Mutualism: A cooperative trait or behaviour enhancing the (inclusive) fitness of each involved party. The behaviour by
itself has beneficial fitness effects, irrespective of the behaviour of the interaction partner. Therefore, it cannot be cheated.

Pay-to-stay: Tolerance of subordinates by dominants contingent on the delivery of some service or commodity (such as
paying ‘rent’; cf. ‘trading of service and commodities’).

Reciprocal altruism (sensu Trivers [12]): A mechanism by which the costs of an altruistic act are compensated in the future
by some form of reciprocity.

Reciprocity: This is essentially a proximate (i.e. mechanistic) concept implying certain cost/benefit relationships. At the
ultimate (i.e. evolutionary) level, this term refers to an apparently helpful behaviour that benefits a receiver of the act at
immediate costs to the actor. At the same time, it increases the probability of receiving benefits in return, from the same
or different partners. Reciprocation is hence intrinsically altruistic and prone to cheating. At the proximate level, there are
three forms of reciprocity implying different decision rules:

Generalized reciprocity: Help anyone if helped by someone.

Direct reciprocity: Help someone who has helped you before.

Indirect reciprocity: Help someone who is helpful.

Trading of service and commodities: Concurrent or consecutive exchange of work or goods between individuals, either in
the same or different currencies.

the costs, the behaviour will be selected irrespective of its
potential fitness effects on the partner. If two or more individ-
uals interact in this way, we usually call this mutualistic. Such
mutualism is fundamentally distinct from altruism (see box 1
for definition), where an individual benefiting an interaction
partner bears fitness costs by its behaviour. A mutualistic
behaviour yields beneficial effects to the direct fitness of the
actor, and hence cheating is not favoured by selection [13,14].
For instance, if improving the survival chances of group mem-
bers by protecting them from external threats also enhances
the survival prospects of the actor, this behaviour will be
selected as long as its direct fitness costs do not exceed the
actor’s own fitness benefits (group augmentation benefits;
[15-17]). Clearly, cooperation based on mutualistic interactions
does not pose the same evolutionary paradox identified by
Darwin [18]. Hence, the greater challenge for evolutionary biol-
ogists is to explain cases in which the immediate costs of an act

that benefits another individual outweigh the immediate
benefits to the actor, i.e. altruistic help or cooperation.

If a cooperative act itself causes net fitness costs, i.e. the costs of
acting are exceeded by its benefits, such altruistic behaviour
can only be favoured by natural selection if the fitness effects
of actor and receiver are somehow positively correlated.
There are three principal ways in which such a correlation
can come about [19]. (i) Genealogy, which means that inter-
action partners share genes with above-random likelihood by
common descent (kin selection; [1,20]). (ii) A genetic corre-
lation between genes coding for cooperation and phenotypic
traits that can be used to identify the bearers of such altruism
genes (‘green-beard effect’; [21-24]). (iii) An above-random
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chance that help provided by an actor will increase the likeli-
hood that the costs of this act will be outweighed by benefits
accrued from receipt of help in the future (reciprocity; [12,25]).

Intraspecific cooperation and altruism have been studied
most extensively in the context of correlated pay-offs generated
by genetic relatedness, which has revealed great explana-
tory power [26-30]. In contrast, the general importance of
green-beard effects for the evolution of cooperation has been
questioned on theoretical grounds [26] and its prevalence is
currently unclear, partly because of the difficulty in detecting
such mechanisms outside of microorganisms [24,31]. Recipro-
city, the third potential cause of correlated pay-offs, is arguably
the most contended possibility to generate cooperation and
altruism [12,32]. It is the theme of this article and a focus of
many contributions to this special issue of the Philosophical
Transactions [7,33-37].

4. What is reciprocity, and when should it be
evolutionarily stable?

What is so special about the possibility that a cooperative act
bears net costs to the actor without benefitting individuals
sharing the genes responsible for this altruism? Obviously,
such behaviour will be counter-selected if other individuals
in the population abstain from such costly behaviour while
still obtaining potential benefits from others” help [19,26]. In
other words, cooperation based on such a mechanism can
be exploited by cheating [13]. There are various ways in
which exploitation of cooperative input can be avoided.
Generally, evolutionarily stable cooperation can result if a help-
ful act increases the likelihood of obtaining fitness benefits in
return that outweigh the costs of the cooperative investment.
Reciprocity involves a better than random guess about whether
the help provided to somebody else increases the likelihood of
obtaining fitness benefits in return. Therefore, reciprocal help
will much more easily establish stable cooperation between
social partners if the exchange is concurrent (‘coaction’)
than if there is a considerable time lag between actions [38].
A concurrent exchange of services and commodities allows
for immediate responses to the behaviour of the interaction
partner, which eliminates the uncertainty about the recom-
pense [36]. In contrast, if there is a time delay between
successive interactions, a prudent decision about whether or
not to help an interaction partner is contingent on previous
experiences and may take one of three forms: generalized,
direct or indirect reciprocity [39,40]. In the following, we
shall discuss these different possibilities and both their
underlying assumptions and empirical evidence.

(a) Generalized reciprocity

If an individual experiences help from someone in the
population, this may increase its propensity to behave coopera-
tively towards any other individual, thereby applying the
decision rule ‘help anyone if helped by someone’. This possi-
bility has been referred to variously as ‘upstream tit-for-tat’
[41], ‘upstream indirect reciprocity’ [42], ‘serial reciprocity’
[43], ‘upstream reciprocity’ [44], ‘pay-it-forward reciprocity’
[45-47] or ‘generalized reciprocity” [48—54]. We shall stick to
the latter term in this article. Generalized reciprocity has been
found to generate evolutionarily stable levels of cooperation in
theoretical models assuming a wide range of conditions, such

as small group size, population viscosity, the existence of inter- n

action networks, the possibility to opt out contingent on social
experience, or the application of simple updating rules in
response to previous interactions [41,42,44,46,48,49,52-54].
Several animals have been shown to apply this simple rule in
experiments controlling for alternative mechanisms (Norway
rats: [51]; domestic dogs: [55]; capuchin monkeys: [56]), and it
has been shown to be readily used by humans (e.g. [50,57,58]).
It is currently unknown how widespread the application
of this simple heuristic is by animals in nature. It should be
noted that all types of reciprocity mechanisms can hardly
be shown conclusively in wild animals, without the possibility
of controlling for possible alternative explanations by stringent
experimentation. However, there are many contexts in which
generalized reciprocity rules may be employed in social
groups, including mutual vigilance, cooperative hunting and
territory defence, alternation between leading and following
positions in group locomotion, mutual grooming or sharing of
limited resources such as food and shelter. For example, in gup-
pies, Poecilia reticulata, experimental subjects interacted more
cooperatively with unfamiliar partners after receiving coopera-
tive experience with others, depending on environmental
conditions and sex [59], and in the field, guppy social networks
are positively assorted by cooperative predator inspection
behaviour [60]. So even if generalized reciprocity has not been
unequivocally demonstrated in wild guppies, the crucial
preconditions for this behaviour seem to occur in this species.

The behavioural decision mechanism employed in gener-
alized reciprocity resembles rules applied by many animals in
an agonistic context. When individuals have won or lost an
encounter with some (known or anonymous) member of
the population, they behave differently in a subsequent
encounter with someone else, resulting in the renowned
‘winner and loser effects” [61,62]. These effects are among
the most widespread social phenomena known in animals,
and anyone who has ever observed sequences of aggressive
encounters between animals has probably recognized signifi-
cant carry-over effects between subsequent contests. To
explain the behavioural changes underlying winner and
loser effects of course requires the use of highly controlled
experimental conditions [62]. For example, male rats have
been shown to attack unknown competitors more immedi-
ately after winning a contest with someone else, whereas
they behaved more submissively towards an unfamiliar con-
specific after losing a previous contest. This contingent
behaviour reduces contest costs significantly [63]. Hence,
social experience with anonymous partners may help indi-
viduals to make prudent decisions in future interactions
with others. Humans, for instance, have been shown to
‘pay forward’ both received and withheld help (or ‘greed’;
[47]) from anonymous interaction partners, confirming that
social experience can affect behaviour towards others in
both sociopositive and socionegative contexts.

(b) Direct reciprocity

Receiving help from a social partner may increase one’s
propensity to help this individual in return at a subsequent
occasion [12]. The underlying decision rule ‘help someone
who has helped you before’ is most commonly referred to as
“direct reciprocity’, which can generate evolutionarily stable
levels of cooperation as suggested by a large number of
theoretical models [25,64—67]. Numerous examples from a
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wide range of taxa reveal that animals do reciprocate help, both
under natural conditions and in controlled laboratory exper-
iments (table 1). In primates, for instance, comparative
studies revealed significant effects of reciprocity on the
exchange of goods and services. A meta-analysis of 25 social
groups belonging to 14 species revealed a significantly greater
effect of reciprocity than kinship on allogrooming between
social partners [151]. Another meta-analysis involving 32
study populations of six species (including humans) revealed
significant effects of reciprocity on food sharing and trading
food against other commodities, independent of relatedness.
In both studies, when controlling for kinship, roughly 20%
of the variance in the exchange of hygiene, food and other
commodities were explained by direct reciprocity.

Nevertheless, some researchers have expressed doubts
about the prevalence of reciprocal cooperation in natural
systems [13,159,160], but this seems to result from semantic dis-
agreements rather than from disputes about observed
behaviours [32,161]. Alternative positions in this debate
depend mainly on the way in which direct reciprocity is
defined. If only ‘tit-for-tat-like” exchanges of help within nar-
rowly defined rules and pay-off relations of the iterated
prisoner’s dilemma are considered, scepticism seems to be
indicated. Such conditions are unlikely to be widespread in
nature [34]. However, the rule ‘help someone who has
helped you before’ can be selected under a much wider
range of conditions, for instance involving individual relation-
ships such as partnerships and friendships [7,162-164], and
contingency may be based on the integration of several inter-
actions over longer timespans (attitudinal reciprocity [165]).
If exchanges of different commodities are considered as well
[136], the power of this mechanism emerges even more clearly
(see [166] for a discussion of underlying mechanisms). It is an
unfortunate misunderstanding that the functionality of direct
reciprocity is often tied to a narrowly defined set of exchange
rules used to model stable solutions to the prisoner’s dilemma,
such as ‘tit-for-tat’ exchanges or ‘calculated reciprocity’
[165,167]. Nevertheless, the prisoner’s dilemma pay-off
matrix is crucial to considerations of direct reciprocity: helping
a social partner must at the moment involve higher costs than
benefits, and if the partner does not reciprocate in any way in
the future to an extent that the costs of the initial helpful act
are fully compensated, the cooperator will receive the ‘sucker’s
pay-off’, i.e. fare worse than if it had not performed the helpful
act in the first place.

(c) Indirect reciprocity

Individuals may decide to help generally cooperative social
partners, even if they have not interacted with them before.
This cooperation mechanism applying the decision rule ‘help
someone who is helpful’, which has been named ‘indirect reci-
procity’ [41,168], can generate stable levels of cooperation in a
population if individuals can improve their reputation by
being helpful ([169-175]; see [35] for review). The behavioural
mechanism involved depends on public information obtained
for instance by eavesdropping [176]. Cooperation based on
indirect reciprocity has been shown to occur in humans
[35,177]. Cooperation may be used as a signal, which can
lead to competition among group members about ‘showing
off” by exerting altruistic help [178]. Such reputation-based
partner choice can increase pay-offs obtained by cooperation
above those from indirect reciprocity [179].

5. Which conditions select for reciprocity?

In analogy to Hamilton’s rule for the evolution of cooperation
by pay-offs correlated through relatedness [1], the profitabil-
ity of behaving reciprocally depends on the relationship
between the fitness costs (c) of helping to the actor, the fitness
benefits (b) of helping to the receiver, and the probability (w)
of receiving help of corresponding value back in the future as
a consequence of helping [180]. Helping is favoured where
w > c¢/b, which means that reciprocity is more likely to
evolve if (1) the actor’s costs of helping are low, (2) the
benefits of help to receivers are high and (3) occasions
where help can be exchanged are sufficiently frequent.
Do these conditions concord with observed instances of
reciprocal cooperation?

(1) Costs of reciprocal cooperation have been shown to con-
stitute an important trigger for the decision of Norway
rats to help a social partner to obtain food. If the expense
to a donor was experimentally raised by increasing the
resistance of a mechanism by which the actor could
pull food towards a receiver, the rats distinguished
much more precisely between prospective receivers that
had helped them before from those that had not [111].

The assumption that costs of cooperation should be
low for reciprocity to evolve seems to accord with the fre-
quent occurrence of reciprocal grooming in mammals
and allopreening in birds (table 1). The temporary
fitness costs of mutual hygiene have been assumed to
be low [13,153,181], but the involved time effort, energy
expenditure and risk enhancement owing to reduced
vigilance should not be underestimated [182]. Time costs
of grooming and preening have been experimentally
demonstrated for instance in great tits [183], bats [184]
and gerbilline rodents [182,185], and energetic costs were
demonstrated for grooming among bats [184] and preen-
ing among penguins [186]. Vigilance costs of grooming
were found in antelopes [187,188] and gerbils [185].
Furthermore, allogrooming may facilitate parasite trans-
mission [189] and involve various physiological costs
(see [182] for review). Even though many of the above-
mentioned costs were measured in autogrooming,
extrapolation to costs of allogrooming seems justified
(cf. [187]). This casts some doubt on the assumption that
grooming is cheap with regard to potential fitness effects.

(2) The prediction that high benefits must be gained by
receivers in reciprocal cooperation has been confirmed
by the mutual blood donations provided by vampire
bats, which face a high starvation risk owing to their
small body size [7,104]. Blood is donated to related and
unrelated individuals, but experiments have revealed
that food received from a social partner in a previous
interaction predicts food donations by roughly an order
of magnitude better than relatedness [105]. Nearly
two-thirds of all blood sharing dyads in the study
involved unrelated social partners. Moreover, the food-
sharing network correlates with mutual allogrooming
in this species [105], indicating service reciprocity based
on an interaction network, as suggested also by field
observations [106].

Reciprocal food provisioning has been experimentally
demonstrated also in Norway rats [39], where the propensity
to pay back received help depends on the quality of help they
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Table 1. (Continued.)
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field/lab
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order, family

common hame

[141-149]

L/F

0/E

reciprocal food exchange; trading grooming for social support and food; allogrooming;

Primates, Hominidae

chimpanzee

Pan troglodytes

reciprocal exchange of food, and trading of food for social support; direct reciprocity in

food exchange task

[150]

allogrooming

Primates, Hominidae

bonobo

Pan paniscus
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[151,152]

[153]
[154]

L/F

allogrooming (meta-analysis)

Primates

nine genera

14 species

L/F
L/F

Primates

eight genera

14 species

trading grooming for so_cial support (meta-analysis)

reciprocal food sharing and trading other commodities (meta-analysis)

Primates

four genera

six species (incl. Homo

sapiens)

[155]

F

allonursing

Artiodactyla, Cervidae

reindeer

Rangifer tarandus

[156,157]
[158]

allogrooming

Artiodactyla, Bovidae

impala

Aepyceros melampus

F

reciprocal flipper rubbing

Artiodactyla, Delphinidae

Indo-Pacific

Tursiops aduncus

bottlenose

dolphin

®)

(b

received [112]. Donors that provided (attractive) banana to
their interaction partner receive more food back than
donors of (less attractive) carrot. Similar to vampire bats,
the potential benefit to the receiving rat is apparently con-
sidered as well in the helping decisions of donors [111], as
prospective receivers in need, ie. when hungry, were
serviced more readily if their body condition was low. Reci-
procal food sharing occurs also in other animals and is
particularly common in primates, including humans [154].
A meta-analysis on 32 independent study populations of
six primate species revealed similar effect sizes in humans
and primates [154], which contradicts the frequently
expressed apprehension that cognitive constraints prevent
animals from showing direct reciprocity [190].

Regarding fitness consequences of reciprocal food shar-

ing, important effects have been suggested for vampire
bats [7,104,105], where the benefit of receiving a blood
donation are typically much higher than the costs of provid-
ing it owing to the inevitable threat of starving to death
when not obtaining a blood meal within a maximum
period of 70 h [104,191]. Such asymmetries between costs
of provided and benefits of received help can immensely
enhance the evolutionary stability of reciprocity, which
may explain also the condition-dependent help rats provide
to hungry partners [111]. Regarding the potential fitness
effects of other reciprocal exchanges, significant fitness
benefits were demonstrated for reciprocal allopreening in
common guillemot [90], both in the short- and long-term,
even if mutual hygiene has been assumed to have little fit-
ness value [192]. A positive fitness effect is likely also if
social support is provided in return to same or different
commodities or services received from a social partner in
the past, as often observed in primates (male olive baboons:
[138]; vervet monkeys: [124]; long-tailed macaques: [127];
female hamadryas baboons: [136]; snub-nosed monkeys:
[193]). Significant fitness effects of the trading of different
commodities and services among social partners can be
demonstrated by cooperative breeders exchanging help in
different functional contexts. In the cooperative breeder
Neolamprologus pulcher, for instance, subordinates gain
essential protection by the defence behaviour of dominant
group members [194,195], while in return they boost the
reproductive success of the dominants by their help in
direct brood care and defence against predators of eggs
and larvae [75,76,194,196].
The third condition favouring the occurrence of reciprocal
cooperation is that the probability of receiving compen-
sation for provided help in the future is high. This
depends on several factors, including:

(a) Group size. In small groups, (i) the simple decision rule

‘help anyone, if helped by someone” (generalized recipro-
city) can create evolutionarily stable levels of cooperation
[49]; (ii) social interactions and the history of cooperation
of social partners can be much more easily and cheaply
monitored than in large groups, which can favour both
direct and indirect reciprocity [170].

Interaction frequency. The more often individuals interact
with each other, the larger is the probability that evolutio-
narily stable levels of cooperation will be established in a
population, regardless whether by generalized, direct or
indirect reciprocity [53,170]. A condition favouring fre-
quent reciprocal interactions is the existence of stable

~
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group structures. The exchange of blood meals in vam-
pire bats depends primarily on demand and previously
received help [105], but a long-term relationship between
social partners and frequent interactions may be pre-
requisites of such successful reciprocation. This has
been suggested also by experimental results in zebra
finches, which maintained high levels of cooperation in
an iterated prisoner’s dilemma game involving a time
delay between the reciprocal exchange of help only
when interacting with a long-term social partner [100].
Uncertainty caused by the delay of returned benefits
can be reduced by a high interaction frequency, which
is a common feature of close social relations and partner-
ships. Frequent reciprocal exchange of services such as
allopreening, for instance, may in turn also stabilize
social relationships, as suggested in family-living
buff-breasted wrens, Cantorchilus leucotis [99].

Short time delays. The more immediately partners can
respond to each other’s behaviours, the easier it is to
stabilize reciprocal exchange. The condition favouring
stable reciprocal cooperation most powerfully is
characterized by the simultaneous exchange of goods
and services among social partners (simultaneous
trading and coaction; [38]). In this case, there is no tem-
poral discounting because individuals can immediately
respond to the level of cooperation exhibited by the
partner. Hence, the level of uncertainty about the prob-
ability of receiving help in return to own helping effort
is minimal. This is reminiscent of short-term versus
long-term reciprocity in group augmentation [17], or
pay-to-stay negotiations versus social queuing in coop-
erative breeders (cf. [6,197], where also the delayed
benefits (e.g. territory inheritance) for current costs
(e.g. help in brood care) bear a greater risk of
unrealized returns than the concurrent interchanges.
Pay-offs correlated by relatedness. Reciprocity can stabil-
ize cooperation among relatives as well as unrelated
individuals, since the costs to the donor of a helpful act
to a relative are devalued by the degree of relatedness (r).
For the same reason that cooperation can evolve among
relatives by kin selection, reciprocity should be particularly
common among relatives [198]: genetic relatedness
between donor and receiver reduces the cost and increases
the benefit of reciprocal cooperation for both. It is conceiva-
ble that reciprocal exchange among kin is even paving the
way for the evolution of reciprocal cooperation among
non-kin, as discussed as a possible evolutionary pathway
for direct reciprocity in vampire bats [7]. There are
additional reasons why reciprocity should occur particu-
larly often between relatives (cf. [199]). Closely related
individuals interact particularly frequently with each
other owing to spatial viscosity [200,201], and groups of
relatives are often small (e.g. in cooperative breeders;
[202]). In addition, the danger of being exploited by free
riders is relatively low if individuals perform reciprocal
cooperation in groups of relatives, because via the sharing
of genes, betrayal causes costs not only to the exploited, but
also to the culprit.

Surprisingly, there has been little theoretical or empiri-
cal research on evolutionary mechanisms underlying
reciprocal cooperation in groups of relatives. As a
result, the observation of cooperative behaviour occur-
ring among relatives is usually attributed primarily or

exclusively to the action of kin selection [203,204], even
if this has rarely been tested [205] and other mechanisms
such as reciprocity have not been considered. This is an
unfortunate shortcoming, because relatives are subject
to the same kinds of severe resource competition as unre-
lated social partners are [206—208], which can completely
offset the benefits of cooperating with kin [206]. It is
important to note that the concept of reciprocity refers
to proximate mechanisms describing decision rules, just
as the recognition of kin (or equivalent mechanisms
ensuring that help is allocated preferentially to kin) is
required to avoid exploitation by non-related individuals
when cooperation evolves by kin selection. A recent
study of the cooperative predator inspection behaviour
of West African cichlid fish (Pelvicachromis taeniatus) illus-
trates this point. Experiments involving pairs of
unfamiliar fish that were either full siblings or unrelated
revealed that relatedness enhanced the probability of join-
ing the social partner to collectively inspect a dangerous
predator [198]. This indicates that correlated pay-offs
based on both relatedness and reciprocity may positively
interact [209], even if negative interactions have been
demonstrated as well in a pay-to-stay scenario [36,76].

6. What factors constrain different types of
reciprocity?
(a) Cognitive ability

Cooperative acts may be costly not just in terms of time and
energy, as outlined above, but also in terms of the acquisition,
maintenance, processing and retrieval of information that
allows beneficial decisions regarding appropriate cooperation
partners. The costs associated with information acquisition
and processing vary greatly among the three major forms of reci-
procity. We should expect that individuals deciding about
reciprocal help should base their decision on ‘economically’
available information: if information on the individual identity
of the helper is not available or too expensive to be obtained,
it may be better to use unspecific information such as ‘I received
help’ (irrespective of the identity of the helper) than to use no
information at all. This has been referred to as the ‘hierarchical
information hypothesis’ of reciprocal cooperation [39].

According to this hypothesis, if individuals can acquire
information about the general cooperativeness of a social
partner and are able to process this information appropriately,
they can decide to help ‘cooperators’ and refrain from helping
‘non-cooperators’, thereby applying the decision rule of indirect
reciprocity. This mechanism has been demonstrated in exper-
iments with human subjects [35]. Indirect reciprocity requires
individual recognition of social partners as well as a reputation
mechanism based on the performance of social partners
when interacting with others [170,171,177], and hence complex
social memory [190,210,211]. Non-human animals might
lack the ability to employ this mechanism owing to its high cog-
nitive demands. However, preconditions of indirect reciprocity,
such as information gathering by eavesdropping and contin-
gent ‘image scoring’ expressed by preferential association
with non-inimical social partners, have been demonstrated in
interspecific cleaner fish—host interactions [212,213].

Direct reciprocity, in contrast, requires individual recog-
nition and the ability to remember the outcomes of specific
previous interactions with a social partner [190,210,214,215].
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The memory capacity required for this type of reciprocity is
not as demanding as in indirect reciprocity, but it may con-
strain the number of interacting group members for the
functioning of this mechanism [216]. Careful experimentation
revealed that representatives from different taxa, including
songbirds, rodents and primates, are capable of applying
direct reciprocity [39,93,100,115,128,217-219], and it seems
to be widespread in nature in the context of allogrooming
in birds and mammals in general (table 1). Still, limitations
in the capacity to remember a previous interaction with a
social partner may affect the functionality of this mechanism,
as suggested by a study of zebra finches, Taeniopygia guttata,
in which memory capacity was experimentally impaired
[220]. Also in humans, memory capacity might not always
suffice to fulfil the requirements for direct reciprocity
[210,215], especially when groups are large [221].

Within social groups, interactions are typically structured
according to different factors such as sex, age, kinship, famili-
arity, personality and sociability [60,222,223]. As a result, the
quality and quantity of interactions among individuals differ,
which may generate heterogeneous networks of social inter-
actions within a population [224,225]. This may be conducive
to reciprocal cooperation, because it facilitates memory.
Humans tested for reciprocal cooperation, for instance, have
been shown to remember rare partner types better in an exper-
imental population containing cooperators and defectors [221].

In contrast to the cognitive demands involved in decision
rules applied in direct and indirect reciprocity, generalized
reciprocity requires only the ability to remember whether
one received help or not in a previous social interaction, with-
out having to identify or remember the partner [51,53]. The
identity of the individual providing or withholding help is
irrelevant, as is the identity of future interaction partners.
Hitherto, this mechanism has been tested experimentally in
humans [50,57], including small children [56], in Norway
rats [51,111], domestic dogs [55], capuchin monkeys [56]
and long-tailed macaques [128]. While humans, dogs, capu-
chin monkeys and Norway rats have been found to apply
this mechanism when enabled to help an anonymous social
partner, long-tailed macaques were not shown to act upon
this decision rule. However, only five subjects were tested
in this latter study of reciprocal grooming, and the monkeys
could apply both direct and generalized reciprocity in a
correlative, i.e. non-experimental study.

The cognitive requirements for generalized reciprocity
resemble the rather undemanding information processing
involved in winner and loser effects [62]. If the costs of
information acquisition and management impose significant
constraints on the evolution of different types of reciprocity,
clearly generalized reciprocity should be applied in a broader
set of circumstances than the other two reciprocity mechan-
isms. All biological organisms are likely to be capable of
the essential mechanism required for generalized reciprocity:
a behavioural response that is contingent on past social experi-
ence. Bacteria, for instance, have been shown to respond to the
secretion of exoproducts such as iron-sequestering sidero-
phores by secreting these substances themselves ([226];
reviewed in [227,228]), even though ‘cheaters’ could potentially
exploit their siderophore production [229-232], showing the
essential contingency inherent in the decision process involved
in generalized reciprocity. Therefore, if there is no mechanism
selecting against this simple contingency, generalized recipro-
city can be expected to be a ubiquitous phenomenon. As

outlined above, several studies have in fact suggested that
the conditions for generalized reciprocity to evolve are very
widespread [41,42,48,49,52—-54].

(b) Time lag between cooperative acts

The time structure of reciprocity may take two forms: simul-
taneous and successive exchange of service and commodities.
This difference is significant, since reciprocal exchanges separ-
ated by a time delay are far more vulnerable to exploitation
by cheaters.

(i) Simultaneous exchange of services, trading of commodities
and cooperative coaction: As outlined above, when a
cooperative act is contingent on an immediate response
of the receiver, exploitation is easily avoided [38]. The
decision to withhold effort if help is not reciprocated
can be made ‘in real time’, i.e. the trading of commod-
ities is transparent to all partners involved. This kind of
simultaneous collaboration is apparently widespread,
but sometimes interpreted as (by-product) mutualism
[13]. However, according to our definition, a mutualis-
tic behaviour directly enhances the fitness of the actor,
which is why it cannot be cheated; in other words, the
behaviour should be shown anyway, irrespective of
the behaviour of interaction partners. In contrast, if a
cooperative act only pays when a social partner
behaves cooperatively in return, i.e. in the case of reci-
procity, the partner’s response is of the essence. Many
cooperative behaviours, such as predator inspection
[70,72,233], cooperative hunting [234] or joint territory
defence [93], typically rely on concurrent social infor-
mation exchange. In these instances, individuals can
survey the behaviour of their partners and respond
immediately to their actions [235]. Cheating of partners
can therefore be immediately penalized by withdraw-
ing one’s cooperation. Furthermore, Concurrently
acting partners may actively communicate with each
other while establishing or maintaining cooperation
[236]. This can generate coaction and advanced forms
of behavioural coordination [234,237,238]. In humans,
for instance, it has been shown experimentally that
synchronous action can foster cooperation, which is a
powerful mechanism as it may help to mitigate the
free-rider problem [239].

(ii) Successive exchange of services involving a time delay
between reciprocal actions: If helping others is contingent
on reciprocal exchange but there is some delay
between actions of involved partners, there is uncer-
tainty whether a helpful act may be paid back [12].
Here, a lack of information exchange between players
facilitates exploitation of help by cheaters [13,240]. As
a result, animals may be hesitant to pay in advance
for an uncertain future benefit [102,241].

7. Trading and the reciprocal exchange
of commodities

It is important to note that even if there is a time delay between
reciprocal help, the basic principles of ‘trading” may apply
[160,242-244]. Often, different services are traded against
each other among long-term social partners or members of
stable groups [36]. For instance, wild vervet monkeys,
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Cercopithecus aethiops, were shown to pay back help in getting
food by grooming the provider in turn [125]. In vampire bats,
allogrooming received by a social partner prompts individuals
to pay back with food donations [105]. In many primates,
grooming is regularly exchanged against the same and other
commodities, such as access to food, mating opportunities,
social and agonistic support, or help in offspring care
(table 1). A meta-analysis of the relationship between allo-
grooming and agonistic support including 36 studies of 14
primate species revealed an overall significant positive corre-
lation, suggesting that allogrooming and social support
might reflect a prototype of reciprocal cooperation in primates
[153]. Of course, other commodities may also be traded against
each other, such as mating opportunities for agonistic support
(chimpanzees, Pan troglodytes: [245]).

It should be noted that in contrast to the exchange of com-
modities of one’s own accord, negotiations between social
partners may involve a component of force (cf. [36]), irrespec-
tive of whether the exchange involves a time delay or not.
For instance, allogrooming may be demanded as a service by
aggressively challenging another group member, as suggested
by positive correlations between aggression given and groom-
ing received for example in meerkats, Suricata suricatta [246]
and Barbary macaques, Macaca sylvanus [129]. Aggression
and threats of eviction from the group may help dominants
to obtain a large variety of cooperative behaviours from subor-
dinate group members (‘pay-to-stay’; [77-79,194,247]). But
also in such asymmetric interactions, the subordinates must
gain a benefit, e.g. by obtaining resource access or by being pro-
tected, as an incentive to stay and pay the demanded rent [36].
This shows that power asymmetries can be an important com-
ponent of reciprocal exchanges, which, at first glance, may look
like mere enforcement of cooperation.

In conclusion, the types of reciprocity that we should expect
to find most often in nature may (i) either involve an exchange
of commodities that allows for immediate mutual adjustment
of benevolence; this adjustment is facilitated if the exchange
of services is either concurrent (e.g. coaction; [38]), or if it
occurs among long-term social partnerships (e.g. attitudinal
reciprocity, [165]; altruism as a signal, [178,248]). Alternatively,
(ii) reciprocal cooperation may be based on simple decision
rules such as ‘help anyone if helped by someone’ (generalized
reciprocity), which are not limited by constraints and costs of
information acquisition and processing. There is ample evidence
for the prevalence of the former, including also interspecific,
apparently mutualistic interactions (e.g. coral-zooxanthellae
endosymbiosis). However, it has not yet been scrutinized how
widespread the latter mechanism is in biological systems,
despite experimental demonstration of its functionality.

8. The importance of context for the evolution
of cooperation

Cooperation typically generates non-additive positive fitness
effects, i.e. synergism; the total effect of individual actions is
greater than the sum of the individual effects. It has been
suggested that ‘functional synergy’ can be the underlying
cause of cooperation [14,249,250]. Synergies may be impor-
tant in any type of cooperation, either involving mutualism
or correlated pay-offs; they will always enhance the prob-
ability that cooperative behaviour is positively selected.
This is one reason why the prisoner’s dilemma paradigm is

such an important test case for evolutionary mechanisms of
cooperation: by definition, to obtain synergistic benefits of
cooperation is intricate in this situation. The pay-off matrix
specifies that abstaining from cooperation (i.e. defecting)
yields on average higher benefits than helping the partner.
Only if both players somehow manage to coordinate their be-
haviour towards cooperation will the pay-off be greater than
if both partners act uncooperatively. However, coordination
is virtually prevented by the decision process in this game,
which excludes concurrent information exchange between
players. Despite this difficulty, the reciprocity mechanisms
discussed in this article can generate stable levels of
cooperation, as demonstrated by both theoretical and
empirical research (see above).

Social structure is another parameter crucial for the evol-
ution of cooperation. The relationships of individuals in
stable groups are inherently different from those character-
istic for transient open groups. Groups of individuals
jointly defending a territory, raising offspring and sharing
resources, such as those typical for cooperative breeders,
differ in many ways from aggregations that are more or less
reflecting the distribution of resources and threats, but
which are not based on individual relationships; the latter
pattern characterizes shoals, schools, flocks and herds. The
former type of groups typically coincides with viscous gene
flow and assortment of individuals by genetic similarity,
which enables the emergence and stabilization of cooperation
by kin selection. However, also in these groups, reciprocal
cooperation may be important, as we have outlined above.
In addition, such groups often contain unrelated individuals
[2,4,6,197,251,252], meaning that helping each other crucially
depends on the give-and-take characterizing reciprocity.
Close personal relationships between individuals in such
groups will promote cooperation because the involved
social partners will interact with each other more likely and
more often. Especially in large groups, this may be important
because interaction networks reduce functional group size,
which is conducive to the evolution of cooperation by very
simple, cognitively undemanding reciprocity mechanisms
(generalized reciprocity; [49,53,54]). Such partnerships may
be characterized by mutual dependence (‘interdependence’;
[163]), ‘since the loss of the other means the loss of a guaran-
teed helper’ [162, p. 457]. In other words, such long-term
partners may cooperate with each other because each has
an interest or ‘stake’ in the partner. Cooperation between
them does not follow the simplistic ‘tit-for-tat’ exchange pre-
dicted by direct reciprocity models, but may integrate actions
and responses over longer time scales (‘attitudinal recipro-
city’; [165]). Such relationships may be widespread for
instance in pairs of breeders raising joint offspring. Reciprocal
cooperation and involved negotiations among mates sharing
parental investment is a promising area for future research
(cf. [235,253]; see also [254]).

9. Conclusion

We have discussed here how (i) correlated pay-offs may come
about and how (ii) the different causes of pay-off correlations
may influence the evolution of cooperative behaviour. We
have focused on the mechanism generating stable levels of
cooperation that arguably is most difficult to understand,
i.e. reciprocity, because it involves investment of one partner
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in favour of another, which may be vulnerable to cheating.
Nevertheless, this focus should not give the wrong
impression that this mechanism is more important than the
others, ie. kin selection and green-beard effects. Also,
cooperation that is not necessarily based on correlated pay-
offs, i.e. mutualism of any sort (intraspecific or interspecific),
in our view is an important cause of cooperative behaviour,
as has been discussed in recent reviews [13,255]), even
though some definitions would not include such behaviour
within the concept of cooperation [256].) One motivation
for our focus on the evolutionary mechanisms underlying reci-
procal cooperation has been that in the past, the existence and
importance of reciprocity have met with scepticism, mainly
because the evidence for reciprocal cooperation in nature
seems to be scant. However, we argue that this is more appar-
ent than real. Not only have a wide range of animals have been
shown to apply decision rules characterizing direct and gener-
alized reciprocity under stringent experimental conditions
excluding alternative explanations, which likely indicates
evolved responses, but reciprocal help among social partners
that may reflect the application of such rules is also prevalent
in nature (table 1). In addition, many observations of coopera-
tive behaviour among kin are uncritically explained by the
action of kin selection, but often this may not be justified or
only partly explain the observed behaviours. Reciprocity
among non-kin is more readily accepted as an explanation for
cooperative behaviour, but there is no reason to believe that

the application of such rules is not selected for also among rela-
tives. We propose that this should get more attention in both
theoretical and empirical research in the future.
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"West et al. [256, p. 416] defined cooperation as ‘a behaviour which
provides a benefit to another individual (recipient), and which is
selected for because of its beneficial effect on the recipient’. Hence,
a mutualistic interaction where an individual performs a behaviour
because of its unmediated positive fitness effects, which benefit
another individual (often referred to as a ‘by-product’; [257]),
cannot be called cooperation, as its positive selection does not
necessarily depend on ‘its beneficial effect on the recipient’.

Hamilton WD. 1964 The genetical evolution of
social behaviour | & Il. J. Theor. Biol. 7, 1-52.

meerkats. Anim. Behav. 72, 1059-1068. (doi:10.
1016/j.anbehav.2006.02.016)

cooperatively breeding cichlid Neolamprologus
pulcher. Behaviour 142, 1615—1641. (doi:10.1163/

(doi:10.1016/0022-5193(64)90038-4) 9. Cameron EZ, Setsaas TH, Linklater WL. 2009 Social 156853905774831891)

Dierkes P, Heg D, Taborsky M, Skubic E, Achmann R. bonds between unrelated females increase 17. Kingma SA, Santema P, Taborsky M, Komdeur J.
2005 Genetic relatedness in groups is sex-specific reproductive success in feral horses. Proc. Natl Acad. 2014 Group augmentation and the evolution of
and declines with age of helpers in a cooperatively Sdi. USA 106, 13 85013 853. (doi:10.1073/pnas. cooperation. Trends Ecol. Evol. 29, 476—484.
breeding cichlid. Ecol. Lett. 8, 968—975. (doi:10. 0900639106) (doi:10.1016/j.tree.2014.05.013)
1111/j.1461-0248.2005.00801.x) 10.  Wittig RM, Crockford C, Deschner T, Langergraber KE,  18. Taborsky M, Frommen JG, Riehl C. 2016 The
Zanette LR, Field J. 2008 Genetic relatedness in Ziegler TE, Zuberbiihler K. 2014 Food sharing is linked evolution of cooperation based on direct fitness
early associations of Polistes dominulus: from related to urinary oxytocin levels and bonding in related and benefits. Phil. Trans. R. Soc. B 371, 20150472.

to unrelated helpers. Mol. Ecol. 17, 2590-2597. unrelated wild chimpanzees. Proc. R. Soc. B 281, (doi:10.1098/rsth.2015.0472)
(doi:10.1111/}.1365-294X.2008.03785.x) 20133096. (doi:10.1098/rspb.2013.3096) 19. Lehmann L, Keller L. 2006 The evolution of

Riehl C. 2011 Living with strangers: direct benefits ~ 11. Frederickson ME. 2013 Rethinking mutualism cooperation and altruism: a general framework and a
favour non-kin cooperation in a communally nesting stability: cheaters and the evolution of sanctions. dassification of models. J. £vol. Biol. 19, 1365—1376.
bird. Proc. R. Soc. B 278, 1728—1735. (doi:10.1098/ Quart. Rev. Biol. 88, 269—295. (doi:10.1086/ (doi:10.1111/.1420-9101.2006.01119.x)
rspb.2010.1752) 673757) 20. Frank SA. 1998 Foundations of social evolution.

Liu M, Zhong QD, Cheng YR, Li SH, Fang S, Pu CE, 12. Trivers RL. 1971 The evolution of reciprocal altruism. Princeton, NJ: Princeton University Press.

Yuan HW, Shen SF. 2015 The genetic relatedness Q. Rev. Biol. 46, 35—57. (doi:10.1086/406755) 21, Dawkins R. 1976 The selfish gene. Oxford, UK:

in groups of joint-nesting Taiwan Yuhinas: low genetic ~ 13. Clutton-Brock T. 2009 Cooperation between non-kin Oxford University Press.

relatedness with preferences for male kin. PLoS ONE in animal societies. Nature 462, 51-57. (doi:10. 22. Keller L, Ross KG. 1998 Selfish genes: a green beard
10, €0127341. (doi:10.1371/journal.pone.0127341) 1038/nature08366) in the red fire ant. Nature 394, 573-575. (doi:10.
Field J, Leadbeater E. 2016 Cooperation between 14. Riehl C, Frederickson ME. 2016 Cheating and 1038/29064)

non-relatives in a primitively eusocial paper wasp, punishment in cooperative animal societies. Phil. 23. Queller DG, Ponte E, Bozzaro S, Strassmann JE. 2003
Polistes dominula. Phil. Trans. R. Soc. B 371, Trans. R. Soc. B 371, 20150090. (doi:10.1098/rsth. Single-gene greenbeard effects in the social
20150093. (doi:10.1098/rsth.2015.0093) 2015.0090) amoeba Dictyostelium discoideum. Science 299,
Wilkinson GS, Carter GG, Bohn KM, Adams DM. 15. Kokko H, Johnstone RA, Clutton-Brock TH. 2001 The 105-106. (doi:10.1126/science.1077742)

2016 Non-kin cooperation in bats. Phil. Trans. evolution of cooperative breeding through group 24. Gardner A, West SA. 2010 Greenbeards. Evolution 64,
R. Soc. B 371, 20150095. (doi:10.1098/rsth. augmentation. Proc. R. Soc. Lond. B 268, 187—196. 25-38. (doi:10.1111/j.1558-5646.2009.00842.x)
2015.0095) (doi:10.1098/rspb.2000.1349) 25. Axelrod R, Hamilton WD. 1981 The evolution of
Kutsukake N, Clutton-Brock TH. 2006 Social 16. Heg D, Brouwer L, Bachar Z, Taborsky M. 2005 cooperation. Science 211, 1390—1396. (doi:10.

functions of allogrooming in cooperatively breeding

Large group size yields group stability in the

1126/science.7466396)


http://dx.doi.org/10.1016/0022-5193(64)90038-4
http://dx.doi.org/10.1111/j.1461-0248.2005.00801.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00801.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03785.x
http://dx.doi.org/10.1098/rspb.2010.1752
http://dx.doi.org/10.1098/rspb.2010.1752
http://dx.doi.org/10.1371/journal.pone.0127341
http://dx.doi.org/10.1098/rstb.2015.0093
http://dx.doi.org/10.1098/rstb.2015.0095
http://dx.doi.org/10.1098/rstb.2015.0095
http://dx.doi.org/10.1016/j.anbehav.2006.02.016
http://dx.doi.org/10.1016/j.anbehav.2006.02.016
http://dx.doi.org/10.1073/pnas.0900639106
http://dx.doi.org/10.1073/pnas.0900639106
http://dx.doi.org/10.1098/rspb.2013.3096
http://dx.doi.org/10.1086/673757
http://dx.doi.org/10.1086/673757
http://dx.doi.org/10.1086/406755
http://dx.doi.org/10.1038/nature08366
http://dx.doi.org/10.1038/nature08366
http://dx.doi.org/10.1098/rstb.2015.0090
http://dx.doi.org/10.1098/rstb.2015.0090
http://dx.doi.org/10.1098/rspb.2000.1349
http://dx.doi.org/10.1163/156853905774831891
http://dx.doi.org/10.1163/156853905774831891
http://dx.doi.org/10.1016/j.tree.2014.05.013
http://dx.doi.org/10.1098/rstb.2015.0472
http://dx.doi.org/10.1111/j.1420-9101.2006.01119.x
http://dx.doi.org/10.1038/29064
http://dx.doi.org/10.1038/29064
http://dx.doi.org/10.1126/science.1077742
http://dx.doi.org/10.1111/j.1558-5646.2009.00842.x
http://dx.doi.org/10.1126/science.7466396
http://dx.doi.org/10.1126/science.7466396
http://rstb.royalsocietypublishing.org/

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Downloaded from http://rstb.royalsocietypublishing.org/ on January 4, 2016

West SA, Griffin AS, Gardner A. 2007 Evolutionary
explanations for cooperation. Curr. Biol. 17,
R661—R672. (doi:10.1016/j.cub.2007.06.004)
Hughes WO, Oldroyd BP, Beekman M, Ratnieks FL.
2008 Ancestral monogamy shows kin selection is
key to the evolution of eusodiality. Science 320,
1213-1216. (doi:10.1126/science.1156108)

Smith JE. 2014 Hamilton’s legacy: kinship,
cooperation and social tolerance in mammalian
groups. Anim. Behav. 92, 291-304. (doi:10.1016/j.
anbehav.2014.02.029)

Birch J, Okasha S. 2015 Kin selection and its critics.
Bioscience 65, 22—32. (doi:10.1093/biosci/biu196)
Liao X, Rong S, Queller DC. 2015 Relatedness,
conflict, and the evolution of eusociality. PLoS Biol.
13, €1002098. (doi:10.1371/journal.pbio.1002098)
Nonacs P. 2011 Kinship, greenbeards, and runaway
social selection in the evolution of social

insect cooperation. Proc. Nat/ Acad. Sci. USA 108,
10 808—10 815. (doi:10.1073/pnas.1100297108)
Carter G. 2014 The reciprocity controversy. Anim.
Behav. Cogn. 1, 368—386. (doi:10.12966/abc.08.
11.2014)

Barta Z. 2016 Individual variation behind the
evolution of cooperation. Phil. Trans. R. Soc. B 371,
20150087. (doi:10.1098/rsth.2015.0087)

Bshary R, Zuberbiihler K, van Schaik CP. 2016 Why
mutual helping in most natural systems is neither
conflict-free nor based on maximal conflict. Phil.
Trans. R. Soc. B 371, 20150091. (doi:10.1098/rsth.
2015.0091)

Milinski M. 2016 Reputation, a universal currency
for human social interactions. Phil. Trans. R. Soc. B
371, 20150100. (doi:10.1098/rsth.2015.0100)
Quinones AE, van Doorn GS, Pen |, Weissing FJ,
Taborsky M. 2016 Negotiation and appeasement
cn be more effective drivers of sociality than kin
selection. Phil. Trans. R. Soc. B 371, 20150089.
(doi:10.1098/rsth.2015.0089)

Rodrigues AMM, Kokko H. 2016 Models of social
evolution: can we do better to predict ‘who helps
whom to achieve what'? Phil. Trans. R. Soc. B 371,
20150088. (doi:10.1098/rsth.2015.0088)

van Doorn G, Riebli T, Taborsky M. 2014 Coaction
versus reciprocity in continuous-time models of
cooperation. J. Theor. Biol. 356, 1-10. (doi:10.
1016/j.jtbi.2014.03.019)

Rutte C, Taborsky M. 2008 The influence of social
experience on cooperative behaviour of rats (Rattus
norvegicus): direct vs generalised reciprocity. Behav.
Ecol. Sociobiol. 62, 499—505. (doi:10.1007/500265-
007-0474-3)

Heme K, Lappalainen 0, Kestila-Kekkonen E. 2013
Experimental comparison of direct, general, and
indirect reciprocity. J. SocioEcon. 45, 38—46.
(doi:10.1016/j.s0cec.2013.04.003)

Boyd R, Richerson PJ. 1989 The evolution of indirect
reciprocity. Soc. Netw. 11, 213—236. (doi:10.1016/
0378-8733(89)90003-8)

Nowak MA, Roch S. 2007 Upstream reciprocity and
the evolution of gratitude. Proc. R. Soc. B 274,
605-610. (doi:10.1098/rsph.2006.0125)

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Moody M. 2008 Serial reciprocity: a preliminary
statement. Sociol. Theory 26, 130—151. (doi:10.
1111/).1467-9558.2008.00322.x)

Iwagami A, Masuda N. 2010 Upstream reciprocity
in heterogeneous networks. J. Theor. Biol. 265,
297 -305. (doi:10.1016/}.jthi.2010.05.010)

Fowler JH, Christakis NA. 2010 Cooperative behavior
cascades in human social networks. Proc. Nat/ Acad.
Sci. USA 107, 5334-5338. (doi:10.1073/pnas.
0913149107)

Chiang YS, Takahashi N. 2011 Network homophily
and the evolution of the pay-it-forward reciprocity.
PLoS ONE 6, €29188. (doi:10.1371/journal.pone.
0029188)

Gray K, Ward AF, Norton MI. 2014 Paying it forward:
generalized reciprocity and the limits of generosity.
J. Exp. Psychol. Gen. 143, 247-254. (doi:10.1037/
a0031047)

Hamilton IM, Taborsky M. 2005 Contingent
movement and cooperation evolve under
generalized reciprocity. Proc. R. Soc. B 272,
2259-2267. (doi:10.1098/rsph.2005.3248)

Pfeiffer T, Rutte C, Killingback T, Taborsky M,
Bonhoeffer S. 2005 Evolution of cooperation

by generalized reciprocity. Proc. R. Soc. B 272,
1115-1120. (doi:10.1098/rsph.2004.2988)

Bartlett MY, DeSteno D. 2006 Gratitude and
prosocial behavior. Psychol. Sci. 17, 319-325.
(doi:10.1111/j.1467-9280.2006.01705.x)

Rutte C, Taborsky M. 2007 Generalized reciprocity in
rats. PLoS Biol. 5, 1421—1425. (doi:10.1371/journal.
pbio.0050196)

Rankin DJ, Taborsky M. 2009 Assortment and the
evolution of generalized reciprocity. Evolution 63,
1913-1922. (doi:10.1111/j.1558-5646.2009.00656.x)
Barta Z, McNamara JM, Huszar DB, Taborsky M.
2011 Cooperation among non-relatives evolves by
state-dependent generalized reciprocity.

Proc. R. Soc. B 278, 843 —848. (d0i:10.1098/rsph.
2010.1634)

van Doorn GS, Taborsky M. 2012 The evolution of
generalized reciprocity on social interaction
networks. Evolution 66, 651—664. (doi:10.1111/j.
1558-5646.2011.01479.x)

Rieder N. 2013 Reciprocal altruism in domestic dogs
(Canis familiaris). MSc thesis, University of Bern,
Bern, Switzerland.

Leimgruber KL, Ward AF, Widness J, Norton MI,
Olson KR, Gray K, Santos LR. 2014 Give what you
get: capuchin monkeys (Cebus apella) and 4-year-
old children pay forward positive and negative
outcomes to conspecifics. PLoS ONE 9, e87035.
(doiz10.1371/journal.pone.0087035)

Stanca L. 2009 Measuring indirect reciprocity:
whose back do we scratch? J. Econ. Psychol. 30,
190-202. (doi:10.1016/j.joep.2008.07.010)

Baker WE, Bulkley N. 2014 Paying it forward vs.
rewarding reputation: mechanisms of generalized
reciprocity. Organ. Sci. 25, 1493-1510. (doi:10.
1287/0rsc.2014.0920)

Edenbrow M, Bleakley BH, Darden SK, Tyler (R,
Ramnarine IW, Croft DP. Submitted. The evolution

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74.

of cooperation: interacting phenotypes within and
across social partners.

Croft DP, Krause J, Darden SK, Ramnarine W, Faria
JJ, James R. 2009 Behavioural trait assortment in a
social network: patterns and implications. Behav.
Ecol. Sociobiol. 63, 1495—1503. (doi:10.1007/
500265-009-0802-x)

Hsu YY, Earley RL, Wolf LL. 2006 Modulation of
aggressive behaviour by fighting experience:
mechanisms and contest outcomes. Biol. Rev. 81,
33-74. (doi:10.1017/5146479310500686X)

Rutte C, Taborsky M, Brinkhof MWG. 2006 What
sets the odds of winning and losing? Trends Ecol.
Evol. 21, 16-21. (doi:10.1016/j.tree.2005.10.014)
Lehner SR, Rutte C, Taborsky M. 2011 Rats benefit
from winner and loser effects. Ethology 117,
949-960. (doi:10.1111/j.1439-0310.2011.01962.x)
Nowak MA, Sigmund K. 1992 Tit-for-tat in
heterogeneous populations. Nature 355, 250—253.
(doi:10.1038/355250a0)

Nowak M, Sigmund K. 1993 A strategy of win—stay,
lose—shift that outperforms tit-for-tat in the
prisoner's-dilemma game. Nature 364, 56—58.
(doi:10.1038/36405620)

Killingback T, Doebeli M. 2002 The continuous
prisoner’s dilemma and the evolution of cooperation
through reciprocal altruism with variable
investment. Am. Nat. 160, 421-438. (doi:10.1086/
342070)

Andre JB. 2015 Contingency in the evolutionary
emergence of reciprocal cooperation. Am. Nat. 185,
303-316. (doi:10.1086/679625)

Taborsky M. 1994 Sneakers, satellites, and helpers:
parasitic and cooperative behavior in fish
reproduction. Adv. Study Behav. 23, 1-100.
(doi:10.1016/50065-3454(08)60351-4)

Diaz-Mufioz SL, DuVal EH, Krakauer AH, Lacey EA.
2014 Cooperating to compete: altruism, sexual
selection and causes of male reproductive
cooperation. Anim. Behav. 88, 67—78. (doi:10.
1016/j.anbehav.2013.11.008)

Milinski M, Kulling D, Kettler R. 1990 Tit for tat:
sticklebacks (Gasterosteus aculeatus) ‘trusting’ a
cooperating partner. Behav. Ecol. 1, 7—11. (doi:10.
1093/beheco/1.1.7)

Huntingford FA, Lazarus J, Barrie BD, Webb S. 1994
A dynamic analysis of cooperative predator
inspection in sticklebacks. Anim. Behav. 417,
413-423. (doi:10.1006/anbe.1994.1055)

Croft DP, James R, Thomas POR, Hathaway C,
Mawdsley D, Laland KN, Krause J. 2006 Social
structure and co-operative interactions in a wild
population of guppies (Poecilia reticulata). Behav.
Ecol. Sociobiol. 59, 644—650. (doi:10.1007/500265-
005-0091-y)

Dugatkin LA, Alfieri M. 1991 Tit-for-tat in guppies
(Poecilia reticulata): the relative nature of
cooperation and defection during predator
inspection. £vol. Ecol. 5, 300—309. (doi:10.1007/
BF02214234)

Brandl SJ, Bellwood DR. 2015 Coordinated vigilance
provides evidence for direct reciprocity in coral


http://dx.doi.org/10.1016/j.cub.2007.06.004
http://dx.doi.org/10.1126/science.1156108
http://dx.doi.org/10.1016/j.anbehav.2014.02.029
http://dx.doi.org/10.1016/j.anbehav.2014.02.029
http://dx.doi.org/10.1093/biosci/biu196
http://dx.doi.org/10.1371/journal.pbio.1002098
http://dx.doi.org/10.1073/pnas.1100297108
http://dx.doi.org/10.12966/abc.08.11.2014
http://dx.doi.org/10.12966/abc.08.11.2014
http://dx.doi.org/10.1098/rstb.2015.0087
http://dx.doi.org/10.1098/rstb.2015.0091
http://dx.doi.org/10.1098/rstb.2015.0091
http://dx.doi.org/10.1098/rstb.2015.0100
http://dx.doi.org/10.1098/rstb.2015.0089
http://dx.doi.org/10.1098/rstb.2015.0088
http://dx.doi.org/10.1016/j.jtbi.2014.03.019
http://dx.doi.org/10.1016/j.jtbi.2014.03.019
http://dx.doi.org/10.1007/s00265-007-0474-3
http://dx.doi.org/10.1007/s00265-007-0474-3
http://dx.doi.org/10.1016/j.socec.2013.04.003
http://dx.doi.org/10.1016/0378-8733(89)90003-8
http://dx.doi.org/10.1016/0378-8733(89)90003-8
http://dx.doi.org/10.1098/rspb.2006.0125
http://dx.doi.org/10.1111/j.1467-9558.2008.00322.x
http://dx.doi.org/10.1111/j.1467-9558.2008.00322.x
http://dx.doi.org/10.1016/j.jtbi.2010.05.010
http://dx.doi.org/10.1073/pnas.0913149107
http://dx.doi.org/10.1073/pnas.0913149107
http://dx.doi.org/10.1371/journal.pone.0029188
http://dx.doi.org/10.1371/journal.pone.0029188
http://dx.doi.org/10.1037/a0031047
http://dx.doi.org/10.1037/a0031047
http://dx.doi.org/10.1098/rspb.2005.3248
http://dx.doi.org/10.1098/rspb.2004.2988
http://dx.doi.org/10.1111/j.1467-9280.2006.01705.x
http://dx.doi.org/10.1371/journal.pbio.0050196
http://dx.doi.org/10.1371/journal.pbio.0050196
http://dx.doi.org/10.1111/j.1558-5646.2009.00656.x
http://dx.doi.org/10.1098/rspb.2010.1634
http://dx.doi.org/10.1098/rspb.2010.1634
http://dx.doi.org/10.1111/j.1558-5646.2011.01479.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01479.x
http://dx.doi.org/10.1371/journal.pone.0087035
http://dx.doi.org/10.1016/j.joep.2008.07.010
http://dx.doi.org/10.1287/orsc.2014.0920
http://dx.doi.org/10.1287/orsc.2014.0920
http://dx.doi.org/10.1007/s00265-009-0802-x
http://dx.doi.org/10.1007/s00265-009-0802-x
http://dx.doi.org/10.1017/S146479310500686X
http://dx.doi.org/10.1016/j.tree.2005.10.014
http://dx.doi.org/10.1111/j.1439-0310.2011.01962.x
http://dx.doi.org/10.1038/355250a0
http://dx.doi.org/10.1038/364056a0
http://dx.doi.org/10.1086/342070
http://dx.doi.org/10.1086/342070
http://dx.doi.org/10.1086/679625
http://dx.doi.org/10.1016/S0065-3454(08)60351-4
http://dx.doi.org/10.1016/j.anbehav.2013.11.008
http://dx.doi.org/10.1016/j.anbehav.2013.11.008
http://dx.doi.org/10.1093/beheco/1.1.7
http://dx.doi.org/10.1093/beheco/1.1.7
http://dx.doi.org/10.1006/anbe.1994.1055
http://dx.doi.org/10.1007/s00265-005-0091-y
http://dx.doi.org/10.1007/s00265-005-0091-y
http://dx.doi.org/10.1007/BF02214234
http://dx.doi.org/10.1007/BF02214234
http://rstb.royalsocietypublishing.org/

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Downloaded from http://rstb.royalsocietypublishing.org/ on January 4, 2016

reef fishes. Sci. Rep. 5, 14556. (doi:10.1038/
srep14556)

Bruintjes R, Taborsky M. 2011 Size-dependent task
specialization in a cooperative cichlid in response to
experimental variation of demand. Anim. Behav. 81,
387-394. (doi:10.1016/j.anbehav.2010.10.004)
Zottl M, Heg D, Chervet N, Taborsky M. 2013
Kinship reduces alloparental care in cooperative
cichlids where helpers pay-to-stay. Nat. Commun. 4,
1341. (doi:10.1038/ncomms2344)

Taborsky M. 1985 Breeder—helper conflict in a
cichlid fish with broodcare helpers: an experimental
analysis. Behaviour 95, 45-75. (doi:10.1163/
156853985X00046)

Bergmiiller R, Taborsky M. 2005 Experimental
manipulation of helping in a cooperative breeder:
helpers ‘pay to stay’ by pre-emptive appeasement.
Anim. Behav. 69, 19-28. (doi:10.1016/j.anbehav.
2004.05.009)

Fischer S, Zottl M, Groenewoud F, Taborsky B. 2014
Group-size-dependent punishment of idle
subordinates in a cooperative breeder where helpers
pay to stay. Proc. R. Soc. B 281, 20140184. (doi:10.
1098/rsph.2014.0184)

Balshine-Earn S, Neat FC, Reid H, Taborsky M. 1998
Paying to stay or paying to breed? Field evidence
for direct benefits of helping behavior in a
cooperatively breeding fish. Behav. Ecol. 9,
432-438. (doi:10.1093/beheco/9.5.432)
Bergmiller R, Heg D, Taborsky M. 2005 Helpers in a
cooperatively breeding cichlid stay and pay or
disperse and breed, depending on ecological
constraints. Proc. R. Soc. B 272, 325-331. (doi:10.
1098/rsph.2004.2960)

Stiver KA, Dierkes P, Taborsky M, Gibbs HL, Balshine
S. 2005 Relatedness and helping in fish: examining
the theoretical predictions. Proc. R. Soc. B 272,
1593—1599. (doi:10.1098/rspb.2005.3123)

Heg D, Taborsky M. 2010 Helper response to
experimentally manipulated predation risk in the
cooperatively breeding cichlid Neolamprologus
pulcher. PLoS ONE 5, e10784. (doi:10.1371/journal.
pone.0010784)

Bruintjes R, Taborsky M. 2008 Helpers in a
cooperative breeder pay a high price to stay: effects
of demand, helper size and sex. Anim. Behav. 75,
1843 —1850. (doi:10.1016/j.anbehav.2007.12.004)
Zottl M, Chapuis L, Freiburghaus M, Taborsky M.
2013 Strategic reduction of help before dispersal in
a cooperative breeder. Biol. Lett. 9, 20120878.
(doi:10.1098/rsb1.2012.0878)

Zottl M, Frommen JG, Taborsky M. 2013 Group size
adjustment to ecological demand in a cooperative
breeder. Proc. R. Soc. B 280, 20122772. (doi:10.
1098/rsph.2012.2772)

Martin E, Taborsky M. 1997 Alternative male mating
tactics in a cichlid, Pelvicachromis pulcher: a
comparison of reproductive effort and success.
Behav. Ecol. Sociobiol. 41, 311-319. (doi:10.1007/
5002650050391)

Taborsky M, Hudde B, Wirtz P. 1987 Reproductive
behaviour and ecology of Symphodus (Crenilabrus)
ocellatus, a European wrasse with four types of

90.

9.

92.

93.

9%.

95.

9.

97.

9.

100.

101.

102.

male behaviour. Behaviour 102, 82—118. (doi:10.
1163/156853986X00063)

. Voelkl B, Portugal SJ, Unsoeld M, Usherwood JR,

Wilson AM, Fritz J. 2015 Matching times of leading
and following suggest cooperation through direct
reciprocity during V-formation flight in ibis. Proc.
Nat! Acad. Sci. USA 112, 2115-2120. (doi:10.1073/
pnas.1413589112)

Lewis S, Roberts G, Harris MP, Prigmore C, Wanless
S. 2007 Fitness increases with partner and
neighbour allopreening. Biol. Lett. 3, 386—389.
(doi:10.1098/rsbl.2007.0258)

Roulin A, des Monstiers B, Ifrid E, Da Silva A,
Genzoni E, Dreiss AN. In press. Reciprocal
preening and food sharing in colour polymorphic
nestling bam owls. J. Evol. Biol. (doi:10.1111/jeb.
12793)

Radford AN, Du Plessis MA. 2006 Dual function of
allopreening in the cooperatively breeding green
woodhoopoe, Phoeniculus purpureus. Behav. Ecol.
Sociobiol. 61, 221-230. (doi:10.1007/500265-006-
0253-6)

Krams I, Krama T, Igaune K, Maend R. 2008
Experimental evidence of reciprocal altruism in
the pied flycatcher. Behav. Ecol. Sociobiol. 62,
599—605. (doi:10.1007/500265-007-0484-1)

Krams 1, Kokko H, Vrublevska J, Abolins-Abols M,
Krama T, Rantala MJ. 2013 The excuse principle can
maintain cooperation through forgivable defection
in the prisoner's dilemma game. Proc. R. Soc. B
280, 20131475. (doi:10.1098/rsph.2013.1475)
Krams 1, Berzins A, Krama T, Wheatcroft D, Igaune
K, Rantala MJ. 2010 The increased risk of predation
enhances cooperation. Proc. R. Soc. B 277,
513-518. (doi:10.1098/rspb.2009.1614)

Krama T, Vrublevska J, Freeberg TM, Kullberg C,
Rantala MJ, Krams I. 2012 You mob my owl, I'l
mob yours: birds play tit-for-tat game. Sci. Rep. 2,
800. (doi:10.1038/srep00800)

Johnstone RA, Manica A, Fayet AL, Stoddard MC,
Rodriguez-Girones MA, Hinde CA. 2014 Reciprocity
and conditional cooperation between great tit
parents. Behav. Ecol. 25, 216—222. (doi:10.1093/
beheco/art109)

Cox JA. 2012 Social grooming in the brown-
headed nuthatch may have expanded functions.
Southeast. Nat. 11, 771-774. (doi:10.1656/058.
011.0415)

Gill SA. 2012 Strategic use of allopreening in family-
living wrens. Behav. Ecol. Sociobiol. 66, 757 -763.
(doi:10.1007/500265-012-1323-6)

St-Pierre A, Larose K, Dubois F. 2009 Long-term
social bonds promote cooperation in the

iterated prisoner’s dilemma. Proc. R. Soc. B 276,
4223-4228. (d0i:10.1098/rspb.2009.1156)

Mulder RA, Langmore NE. 1993 Dominant males
punish helpers for temporary defection in superb
fairy-wrens. Anim. Behav. 45, 830—833. (doi:10.
1006/anbe.1993.1100)

Stephens DW, McLinn CM, Stevens JR. 2002
Discounting and reciprocity in an iterated prisoner’s
dilemma. Science 298, 2216—2218. (doi:10.1126/
science.1078498)

103.

104.

105.

106.

107.

108.

109.

10.

m.

n2.

3.

4.

115.

116.

n7.

8.

Massen JJ, Ritter C, Bugnyar T. 2015 Tolerance and n

reward equity predict cooperation in ravens (Corvus
corax). Sci. Rep. 5, 15021. (doi:10.1038/srep15021)
Wilkinson GS. 1984 Reciprocal food sharing in the
vampire bat. Nature 308, 181—184. (doi:10.1038/
308181a0)

Carter GG, Wilkinson GS. 2013 Food sharing in
vampire bats: reciprocal help predicts donations
more than relatedness or harassment. Proc. R. Soc.
B 280, 20122573. (doi:10.1098/rsph.2012.2573)
Wilkinson GS. 1986 Social grooming in the
common vampire bat, Desmodus rotundus. Anim.
Behav. 34, 1880—1889. (doi:10.1016/S0003-
3472(86)80274-3)

Denault LK, McFarlane DA. 1995 Reciprocal altruism
between male vampire bats, Desmodus rotundus.
Anim. Behav. 49, 855—856. (doi:10.1016/0003-
3472(95)90062-4)

Ortega J, Arita HT. 2002 Subordinate males in
harem groups of Jamaican fruit-eating bats
(Artibeus jamaicensis): satellites or sneaks? Ethology
108, 1077-1091. (doi:10.1046/j.1439-0310.2002.
00836.x)

Ortega J, Arita HT. 2000 Defence of females by
dominant males of Artibeus jamaicensis (Chiroptera:
Phyllostomidae). Ethology 106, 395—407. (doi:10.
1046/}.1439-0310.2000.00557.x)

Stopka P, Graciasova R. 2001 Conditional
allogrooming in the herb-field mouse. Behav. Ecol.
12, 584-589. (doi:10.1093/beheco/12.5.584)
Schneeberger K, Dietz M, Taborsky M. 2012 Reciprocal
cooperation between unrelated rats depends on cost
to donor and benefit to recipient. BMC Evol. Biol. 12,
41. (doi:10.1186/1471-2148-12-41)

Dolivo V, Taborsky M. 2015 Norway rats
reciprocate help according to the quality of help
they received. Biol. Lett. 11, 20140959. (doi:10.
1098/rsh1.2014.0959)

Dolivo V, Taborsky M. 2015 Cooperation among
Norway rats: the importance of visual cues for
reciprocal cooperation, and the role of coercion.
Ethology 121, 1071-1080. (doi:10.1111/eth.12421)
Port M, Clough D, Kappeler PM. 2009 Market effects
offset the reciprocation of grooming in free-ranging
redfronted lemurs, Eulemur fulvus rufus. Anim. Behav.
77, 29-36. (doi:10.1016/j.anbehav.2008.08.032)
Hauser MD, Chen MK, Chen F, Chuang E, Chuang E.
2003 Give unto others: genetically unrelated cotton-
top tamarin monkeys preferentially give food to
those who altruistically give food back. Proc. R. Soc.
Lond. B 270, 2363 —2370. (doi:10.1098/rspb.
2003.2509)

Ginther AJ, Snowdon CT. 2009 Expectant parents
groom adult sons according to previous
alloparenting in a biparental cooperatively breeding
primate. Anim. Behav. 78, 287 —297. (doi:10.1016/j.
anbehav.2009.04.020)

de Waal FBM. 1997 Food transfers through mesh in
brown capuchins. J. Comp. Psychol. 111, 370-378.
(doi:10.1037/0735-7036.111.4.370)

DiBitetti MS. 1997 Evidence for an important social
role of allogrooming in a platyrrhine primate. Anim.
Behav. 54, 199-211. (doi:10.1006/anbe.1996.0416)


http://dx.doi.org/10.1038/srep14556
http://dx.doi.org/10.1038/srep14556
http://dx.doi.org/10.1016/j.anbehav.2010.10.004
http://dx.doi.org/10.1038/ncomms2344
http://dx.doi.org/10.1163/156853985X00046
http://dx.doi.org/10.1163/156853985X00046
http://dx.doi.org/10.1016/j.anbehav.2004.05.009
http://dx.doi.org/10.1016/j.anbehav.2004.05.009
http://dx.doi.org/10.1098/rspb.2014.0184
http://dx.doi.org/10.1098/rspb.2014.0184
http://dx.doi.org/10.1093/beheco/9.5.432
http://dx.doi.org/10.1098/rspb.2004.2960
http://dx.doi.org/10.1098/rspb.2004.2960
http://dx.doi.org/10.1098/rspb.2005.3123
http://dx.doi.org/10.1371/journal.pone.0010784
http://dx.doi.org/10.1371/journal.pone.0010784
http://dx.doi.org/10.1016/j.anbehav.2007.12.004
http://dx.doi.org/10.1098/rsbl.2012.0878
http://dx.doi.org/10.1098/rspb.2012.2772
http://dx.doi.org/10.1098/rspb.2012.2772
http://dx.doi.org/10.1007/s002650050391
http://dx.doi.org/10.1007/s002650050391
http://dx.doi.org/10.1163/156853986X00063
http://dx.doi.org/10.1163/156853986X00063
http://dx.doi.org/10.1073/pnas.1413589112
http://dx.doi.org/10.1073/pnas.1413589112
http://dx.doi.org/10.1098/rsbl.2007.0258
http://dx.doi.org/10.1111/jeb.12793
http://dx.doi.org/10.1111/jeb.12793
http://dx.doi.org/10.1007/s00265-006-0253-6
http://dx.doi.org/10.1007/s00265-006-0253-6
http://dx.doi.org/10.1007/s00265-007-0484-1
http://dx.doi.org/10.1098/rspb.2013.1475
http://dx.doi.org/10.1098/rspb.2009.1614
http://dx.doi.org/10.1038/srep00800
http://dx.doi.org/10.1093/beheco/art109
http://dx.doi.org/10.1093/beheco/art109
http://dx.doi.org/10.1656/058.011.0415
http://dx.doi.org/10.1656/058.011.0415
http://dx.doi.org/10.1007/s00265-012-1323-6
http://dx.doi.org/10.1098/rspb.2009.1156
http://dx.doi.org/10.1006/anbe.1993.1100
http://dx.doi.org/10.1006/anbe.1993.1100
http://dx.doi.org/10.1126/science.1078498
http://dx.doi.org/10.1126/science.1078498
http://dx.doi.org/10.1038/srep15021
http://dx.doi.org/10.1038/308181a0
http://dx.doi.org/10.1038/308181a0
http://dx.doi.org/10.1098/rspb.2012.2573
http://dx.doi.org/10.1016/S0003-3472(86)80274-3
http://dx.doi.org/10.1016/S0003-3472(86)80274-3
http://dx.doi.org/10.1016/0003-3472(95)90062-4
http://dx.doi.org/10.1016/0003-3472(95)90062-4
http://dx.doi.org/10.1046/j.1439-0310.2002.00836.x
http://dx.doi.org/10.1046/j.1439-0310.2002.00836.x
http://dx.doi.org/10.1046/j.1439-0310.2000.00557.x
http://dx.doi.org/10.1046/j.1439-0310.2000.00557.x
http://dx.doi.org/10.1093/beheco/12.5.584
http://dx.doi.org/10.1186/1471-2148-12-41
http://dx.doi.org/10.1098/rsbl.2014.0959
http://dx.doi.org/10.1098/rsbl.2014.0959
http://dx.doi.org/10.1111/eth.12421
http://dx.doi.org/10.1016/j.anbehav.2008.08.032
http://dx.doi.org/10.1098/rspb.2003.2509
http://dx.doi.org/10.1098/rspb.2003.2509
http://dx.doi.org/10.1016/j.anbehav.2009.04.020
http://dx.doi.org/10.1016/j.anbehav.2009.04.020
http://dx.doi.org/10.1037/0735-7036.111.4.370
http://dx.doi.org/10.1006/anbe.1996.0416
http://rstb.royalsocietypublishing.org/

9.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Downloaded from http://rstb.royalsocietypublishing.org/ on January 4, 2016

Schino G, Di Giuseppe F, Visalberghi E. 2009 The
time frame of partner choice in the grooming
reciprocation of Cebus apella. Ethology 115, 70-76.
(doi:10.1111/}.1439-0310.2008.01581.x)

Tiddi B, Aureli F, Schino G. 2010 Grooming for
infant handling in tufted capuchin monkeys: a
reappraisal of the primate infant market. Anim.
Behav. 79, 1115—1123. (doi:10.1016/j.anbehav.
2010.02.008)

Manson JH, Navarrete (D, Silk JB, Perry S. 2004
Time-matched grooming in female primates?

New analyses from two species. Anim. Behav. 67,
493 -500. (doi:10.1016/j.anbehav.2003.05.009)
Fruteau C, van de Waal E, van Damme E, Noé R.
2011 Infant access and handling in sooty
mangabeys and vervet monkeys. Anim. Behav. 81,
153—161. (doi:10.1016/j.anbehav.2010.09.028)
Chancellor RL, Ishell LA. 2009 Female grooming
markets in a population of gray-cheeked mangabeys
(Lophocebus albigena). Behav. Ecol. 20, 79— 86.
(doi:10.1093/beheco/arn117)

Seyfarth RM, Cheney DL. 1984 Grooming, alliances
and reciprocal altruism in vervet monkeys. Nature
308, 541-543. (doi:10.1038/308541a0)

Fruteau C, Voelkl B, van Damme E, No& R. 2009
Supply and demand determine the market value of
food providers in wild vervet monkeys. Proc. Natl
Acad. Sci. USA 106, 12 007-12 012. (doi:10.1073/
pnas.0812280106)

Borgeaud C, Bshary R. 2015 Wild vervet monkeys trade
tolerance and specific coalitionary support for grooming
in experimentally induced conflicts. Curr. Biol. 25,
3011-3016. (doi:10.1016/j.cub.2015.10.016)
Hemelrijk CK. 1994 Support for being groomed in
long-tailed macaques, Macaca fascicularis. Anim.
Behav. 48, 479-481. (doi:10.1006/anbe.1994.1264)
Majolo B, Schino G, Aureli F. 2012 The relative
prevalence of direct, indirect and generalized
reciprocity in macaque grooming exchanges. Anim.
Behav. 83, 763—771. (doi:10.1016/j.anbehav.2011.
12.026)

Carne C, Wiper S, Semple S. 2011 Reciprocation
and interchange of grooming, agonistic support,
feeding tolerance, and aggression in semi-free-
ranging Barbary macaques. Am. J. Primatol. 73,
1127-1133. (doi:10.1002/ajp.20979)

Schino G, di Sorrentino EP, Tiddi B. 2007 Grooming
and coalitions in Japanese macaques (Macaca
fuscata): partner choice and the time frame of
reciprocation. J. Comp. Psychol. 121, 181-188.
(doi:10.1037/0735-7036.121.2.181)

Schino G, Ventura R, Troisi A. 2003 Grooming
among female Japanese macaques: distinguishing
between reciprocation and interchange. Behav. Ecol.
14, 887-891. (doi:10.1093/beheco/arg070)
Balasubramaniam K, Berman C, Ogawa H, Li J. 2011
Using biological markets principles to examine
patterns of grooming exchange in Macaca
thibetana. Am. J. Primatol. 73, 1269—1279. (doi:10.
1002/ajp.20999)

Xia D, Li J, Garber PA, Sun L, Zhu Y, Sun B. 2012
Grooming reciprocity in female Tibetan macaques

134.

135.

136.

137.

138.

139.

140.

141

142.

143.

144.

145.

146.

147.

148.

149.

150.

Macaca Thibetana. Am. J. Primatol. 74, 569—-579.
(doi:10.1002/ajp.21985)

Henzi SP, Lycett JE, Weingrill T. 1997 Cohort size
and the allocation of social effort by female
mountain baboons. Anim. Behav. 54, 1235—1243.
(doiz10.1006/anbe.1997.0520)

Barrett L, Henzi SP, Weingrill T, Lycett JE, Hill RA.
1999 Market forces predict grooming reciprocity in
female baboons. Proc. R. Soc. Lond. B 266, 665—
670. (doi:10.1098/rspb.1999.0687)

Cheney DL, Moscovice LR, Heesen M, Mundry R,
Seyfarth RM. 2010 Contingent cooperation between
wild female baboons. Proc. Natl Acad. Sci. USA 107,
9562—9566. (doi:10.1073/pnas.1001862107)
Leinfelder I, De Vries H, Deleu R, Nelissen M. 2001
Rank and grooming reciprocity among females in a
mixed-sex group of captive hamadryas baboons.
Am. J. Primatol. 55, 25—42. (doi:10.1002/ajp.1036)
Packer C. 1977 Reciprocal altruism in Papio anubis.
Nature 265, 441—443. (doi:10.1038/265441a0)
Frank RE, Silk JB. 2009 Grooming exchange between
mothers and non-mothers: the price of natal
attraction in wild baboons (Papio anubis). Behaviour
146, 889—906. (doi:10.1163/156853908X396656)
Dufour V, Pele M, Neumann M, Thierry B, Call J.
2009 Calculated reciprocity after all: computation
behind token transfers in orang-utans. Biol. Lett. 5,
172-175. (doi:10.1098/rsh1.2008.0644)

Dewaal FBM. 1989 Food sharing and reciprocal
obligations among chimpanzees. J. Hum. Evol. 18,
433-459. (doi:10.1016/0047-2484(89)90074-2)
Hemelrijk CK, Ek A. 1991 Reciprocity and
interchange of grooming and support in captive
chimpanzees. Anim. Behav. 41, 923—935. (doi:10.
1016/50003-3472(05)80630-X)

de Waal FBM. 1997 The chimpanzee’s service
economy: food for grooming. Evol. Hum. Behav. 18,
375-386. (doi:10.1016/51090-5138(97)00085-8)
Mitani JC, Watts DP. 2001 Why do chimpanzees
hunt and share meat? Anim. Behav. 61, 915—924.
(doi:10.1006/anbe.2000.1681)

Watts DP. 2002 Reciprocity and interchange in the
social relationships of wild male chimpanzees.
Behaviour 139, 343-370. (doi:10.1163/
156853902760102708)

Koyama N, Caws C, Aureli F. 2006 Interchange of
grooming and agonistic support in chimpanzees.
Int. J. Primatol. 27, 1293-1309. (d0i:10.1007/
510764-006-9074-8)

Gomes (M, Mundry R, Boesch C. 2009 Long-term
reciprocation of grooming in wild West African
chimpanzees. Proc. R. Soc. B 276, 699—706.
(doiz10.1098/rspb.2008.1324)

Newton-Fisher NE, Lee PC. 2011 Grooming
reciprocity in wild male chimpanzees. Anim. Behav.
81, 439-446. (doi:10.1016/j.anbehav.2010.11.015)
Engelmann JM, Herrmann E, Tomasello M. 2015
Chimpanzees trust conspecifics to engage in low-
cost reciprocity. Proc. R. Soc. B 282, 20142803.
(doiz10.1098/rspb.2014.2803)

Surbeck M, Hohmann G. 2015 Social preferences
influence the short-term exchange of social

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

grooming among male bonobos. Anim. Cogn. 18,
573-579. (doi:10.1007/510071-014-0826-0)

Schino G, Aureli F. 2010 The relative roles of kinship
and reciprocity in explaining primate altruism. £col.
Lett. 13, 45—50. (doi:10.1111/}.1461-0248.2009.
01396.%)

Schino G, Aureli F. 2008 Grooming reciprocation
among female primates: a meta-analysis. Biol. Lett.
4, 9—11. (doi:10.1098/rshl.2007.0506)

Schino G. 2007 Grooming and agonistic support: a
meta-analysis of primate reciprocal altruism. Behav.
Ecol. 18, 115-120. (doi:10.1093/beheco/arl045)
Jaeggi AV, Gurven M. 2013 Reciprocity explains food
sharing in humans and other primates independent
of kin selection and tolerated scrounging: a
phylogenetic meta-analysis. Proc. R. Soc. B 280,
20131615, (doi:10.1098/rspb.2013.1615)
Engelhardt SC, Weladji RB, Holand O, Roed KH,
Nieminen M. 2015 Evidence of reciprocal allonursing
in reindeer, Rangifer tarandus. Ethology 121, 245—
259. (doi:10.1111/eth.12334)

Hart BL, Hart LA. 1992 Reciprocal allogrooming in
impala, Aepyceros melampus. Anim. Behav. 44,
1073-1083. (doi:10.1016/50003-3472(05)80319-7)
Mooring MS, Hart BL. 1997 Reciprocal allogrooming
in wild impala lambs. Ethology 103, 665—680.
(doi:10.1111/j.1439-0310.1997.tb00177.x)

Sakai M, Hishii T, Takeda S, Kohshima S. 2006
Flipper rubbing behaviors in wild bottlenose
dolphins (Tursiops aduncus). Mar. Mamm. Sd. 22,
966—978. (doi:10.1111/j.1748-7692.2006.00082.x)
Hammerstein P. 2003 Why is reciprocity so rare in
social animals? A protestant appeal. In Genetic and
Cultural Evolution of Cooperation, Report of the 90"
Dahlem Workshop, Berlin, Germany, 2328 June
2002 (ed. P Hammerstein), pp. 83-93. Cambridge,
MA: MIT.

Hammerstein P, Noé R. 2016 Biological trade and
markets. Phil. Trans. R. Soc. B 371, 20150101.
(doi:10.1098/rsth.2015.0101)

Taborsky M. 2013 Social evolution: reciprocity there
is. Curr. Biol. 23, R486—R488. (doi:10.1016/j.cub.
2013.04.041)

Eshel 1, Shaked A. 2001 Partnership. J. Theor. Biol.
208, 457—474. (doi:10.1006/jtbi.2000.2232)
Roberts G. 2005 Cooperation through
interdependence. Anim. Behav. 70, 901-908.
(doi:10.1016/j.anbehav.2005.02.006)

Silk JB, House BR. 2016 The evolution of altruistic
social preferences in human groups. Phil.

Trans. R. Soc. B 371, 20150097. (doi:10.1098/rsth.
2015.0097)

de Waal FBM. 2000 Attitudinal reciprocity in food
sharing among brown capuchin monkeys. Anim.
Behav. 60, 253 —261. (doi:10.1006/anbe.2000.1471)
Platt ML, Seyfarth RM, Cheney DL. 2016
Adaptations for social cognition in the primate
brain. Phil. Trans. R. Soc. B 371, 20150096. (doi:10.
1098/rstb.2015.0096)

de Waal FBM, Luttrell LM. 1988 Mechanisms of
social reciprocity in 3 primate species: symmetrical
relationship characteristics or cognition. Ethol.


http://dx.doi.org/10.1111/j.1439-0310.2008.01581.x
http://dx.doi.org/10.1016/j.anbehav.2010.02.008
http://dx.doi.org/10.1016/j.anbehav.2010.02.008
http://dx.doi.org/10.1016/j.anbehav.2003.05.009
http://dx.doi.org/10.1016/j.anbehav.2010.09.028
http://dx.doi.org/10.1093/beheco/arn117
http://dx.doi.org/10.1038/308541a0
http://dx.doi.org/10.1073/pnas.0812280106
http://dx.doi.org/10.1073/pnas.0812280106
http://dx.doi.org/10.1016/j.cub.2015.10.016
http://dx.doi.org/10.1006/anbe.1994.1264
http://dx.doi.org/10.1016/j.anbehav.2011.12.026
http://dx.doi.org/10.1016/j.anbehav.2011.12.026
http://dx.doi.org/10.1002/ajp.20979
http://dx.doi.org/10.1037/0735-7036.121.2.181
http://dx.doi.org/10.1093/beheco/arg070
http://dx.doi.org/10.1002/ajp.20999
http://dx.doi.org/10.1002/ajp.20999
http://dx.doi.org/10.1002/ajp.21985
http://dx.doi.org/10.1006/anbe.1997.0520
http://dx.doi.org/10.1098/rspb.1999.0687
http://dx.doi.org/10.1073/pnas.1001862107
http://dx.doi.org/10.1002/ajp.1036
http://dx.doi.org/10.1038/265441a0
http://dx.doi.org/10.1163/156853908X396656
http://dx.doi.org/10.1098/rsbl.2008.0644
http://dx.doi.org/10.1016/0047-2484(89)90074-2
http://dx.doi.org/10.1016/S0003-3472(05)80630-X
http://dx.doi.org/10.1016/S0003-3472(05)80630-X
http://dx.doi.org/10.1016/S1090-5138(97)00085-8
http://dx.doi.org/10.1006/anbe.2000.1681
http://dx.doi.org/10.1163/156853902760102708
http://dx.doi.org/10.1163/156853902760102708
http://dx.doi.org/10.1007/s10764-006-9074-8
http://dx.doi.org/10.1007/s10764-006-9074-8
http://dx.doi.org/10.1098/rspb.2008.1324
http://dx.doi.org/10.1016/j.anbehav.2010.11.015
http://dx.doi.org/10.1098/rspb.2014.2803
http://dx.doi.org/10.1007/s10071-014-0826-0
http://dx.doi.org/10.1111/j.1461-0248.2009.01396.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01396.x
http://dx.doi.org/10.1098/rsbl.2007.0506
http://dx.doi.org/10.1093/beheco/arl045
http://dx.doi.org/10.1098/rspb.2013.1615
http://dx.doi.org/10.1111/eth.12334
http://dx.doi.org/10.1016/S0003-3472(05)80319-7
http://dx.doi.org/10.1111/j.1439-0310.1997.tb00177.x
http://dx.doi.org/10.1111/j.1748-7692.2006.00082.x
http://dx.doi.org/10.1098/rstb.2015.0101
http://dx.doi.org/10.1016/j.cub.2013.04.041
http://dx.doi.org/10.1016/j.cub.2013.04.041
http://dx.doi.org/10.1006/jtbi.2000.2232
http://dx.doi.org/10.1016/j.anbehav.2005.02.006
http://dx.doi.org/10.1098/rstb.2015.0097
http://dx.doi.org/10.1098/rstb.2015.0097
http://dx.doi.org/10.1006/anbe.2000.1471
http://dx.doi.org/10.1098/rstb.2015.0096
http://dx.doi.org/10.1098/rstb.2015.0096
http://rstb.royalsocietypublishing.org/

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Downloaded from http://rstb.royalsocietypublishing.org/ on January 4, 2016

Sociobiol. 9, 101-118. (d0i:10.1016/0162-
3095(88)90016-7)

Alexander RD. 1987 The biology of moral systems.
New York, NY: De Gruyter.

Nowak MA, Sigmund K. 1998 The dynamics of
indirect reciprocity. J. Theor. Biol. 194, 561-574.
(doi:10.1006/jthi.1998.0775)

Nowak MA, Sigmund K. 1998 Evolution of indirect
reciprocity by image scoring. Nature 393, 573 -577.
(doi:10.1038/31225)

Nowak MA, Sigmund K. 2005 Evolution of indirect
reciprocity. Nature 437, 1291-1298. (doi:10.1038/
nature04131)

Leimar 0, Hammerstein P. 2001 Evolution of
cooperation through indirect reciprocity. Proc. R.
Soc. Lond. B 268, 745—753. (doi:10.1098/rspb.
2000.1573)

Ohtsuki H, Iwasa Y. 2004 How should we define
goodness? Reputation dynamics in indirect
reciprocity. J. Theor. Biol. 231, 107-120. (doi:10.
1016/j.jtbi.2004.06.005)

Ohtsuki H, Iwasa Y. 2006 The leading eight: social
norms that can maintain cooperation by indirect
reciprocity. J. Theor. Biol. 239, 435-444. (doi:10.
1016/j.jtbi.2005.08.008)

Brandt H, Ohtsuki H, Iwasa Y, Sigmund K. 2007
Survey of indirect reciprocity. In Mathematics for
ecology and environmental sciences (eds Y Takeuchi,
Y Iwasa, K Sato), pp. 21-49. (doi:10.1007/978-3-
540-34428-5_3)

Peake TM, Matessi G, McGregor PK, Dabelsteen T.
2005 Song type matching, song type switching and
eavesdropping in male great tits. Anim. Behav. 69,
1063 —1068. (doi:10.1016/j.anbehav.2004.08.009)
Wedekind C, Milinski M. 2000 Cooperation through
image scoring in humans. Science 288, 850—852.
(doi:10.1126/science.288.5467.850)

Roberts G. 1998 Competitive altruism: from
reciprocity to the handicap principle. Proc. R. Soc.
Lond. B 265, 427-431. (d0i:10.1098/rspb.
1998.0312)

Sylwester K, Roberts G. 2013 Reputation-hased
partner choice is an effective alternative to indirect
reciprocity in solving social dilemmas. Evol. Hum.
Behav. 34, 201-206. (doi:10.1016/j.evolhumbehav.
2012.11.009)

Nowak MA. 2006 Five rules for the evolution of
cooperation. Science 314, 1560—1563. (doi:10.
1126/science.1133755)

Dunbar RIM, Sharman M. 1984 Is social grooming
altruistic? Z. Tierpsychol. 64, 163—173.

Hawlena H, Bashary D, Abramsky Z, Krasnov BR. 2007
Benefits, costs and constraints of anti-parasitic
grooming in adult and juvenile rodents. Fthology 113,
394—402. (doi:10.1111/).1439-0310.2007.01332.X)
Christe P, Richner H, Oppliger A. 1996 Of great tits
and fleas: sleep baby sleep. Anim. Behav. 52,
1087-1092. (doi:10.1006/anbe.1996.0256)

Giorgi MS, Arlettaz R, Christe P, Vogel P. 2001 The
energetic grooming costs imposed by a parasitic
mite (Spinturnix myoti) upon its bat host (Myotis
myotis). Proc. R. Soc. Lond. B 268, 2071—2075.
(doi:10.1098/rspb.2001.1686)

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Raveh A, Kotler BP, Abramsky Z, Krasnov BR. 2011
Driven to distraction: detecting the hidden costs of
flea parasitism through foraging behaviour in
gerbils. Ecol. Lett. 14, 47-51. (doi:10.1111/j.1461-
0248.2010.01549.x)

Viblanc VA, Mathien A, Saraux C, Viera VM,
Groscolas R. 2011 It costs to be clean and fit:
energetics of comfort behavior in breeding — fasting
penguins. PLoS ONE 6, €21110. (doi:10.1371/
journal.pone.0021110)

Hart BL, Hart LA, Mooring MS, Olubayo R. 1992
Biological basis of grooming behavior in antelope:
the body-size, vigilance and habitat principles.
Anim. Behav. 44, 615—631. (doi:10.1016/50003-
3472(05)80290-8)

Mooring MS, Hart BL. 1995 Costs of allogrooming in
impala: distraction from vigilance. Anim. Behav. 49,
1414-1416. (doi:10.1006/anbe.1995.0175)
Heitman TL, Koski KG, Scott ME. 2003 Energy
deficiency alters behaviours involved in transmission
of Heligmosomoides polygyrus (Nematoda) in mice.
Can. J. Zool. 81, 1767 —1773. (doi:10.1139/203-168)
Stevens JR, Cushman FA, Hauser MD. 2005 Evolving
the psychological mechanisms for cooperation.
Annu. Rev. Ecol. Evol. Syst. 36, 499—518. (doi:10.
1146/annurev.ecolsys.36.113004.083814)

Mcnab BK. 1973 Energetics and distribution of
vampires. J. Mammal. 54, 131—-144. (doi:10.2307/
1378876)

(lutton-Brock T. 2002 Breeding together: kin
selection and mutualism in cooperative vertebrates.
Science 296, 69—72. (doi:10.1126/science.296.5565.
69)

Yu Y, Xiang ZF, Yao H, Grueter CC, Li M. 2013
Female snub-nosed monkeys exchange grooming
for sex and infant handling. PLoS ONE 8, e74822.
(doiz10.1371/journal.pone.0074822)

Taborsky M. 1984 Broodcare helpers in the cichlid
fish Lamprologus brichardi: their costs and benefits.
Anim. Behav. 32, 1236—1252. (doi:10.1016/50003-
3472(84)80241-9)

Heg D, Bachar Z, Brouwer L, Taborsky M. 2004
Predation risk is an ecological constraint for helper
dispersal in a cooperatively breeding cichlid.

Proc. R. Soc. Lond. B 271, 2367 —2374. (doi:10.
1098/rspb.2004.2855)

Brouwer L, Heg D, Taborsky M. 2005 Experimental
evidence for helper effects in a cooperatively
breeding cichlid. Behav. Ecol. 16, 667 —673. (doi:10.
1093/beheco/ari042)

Gadagkar R. 2016 Evolution of social behaviour in
the primitively eusocial wasp Ropalidia marginata:
do we need to look beyond kin selection? Phil.
Trans. R. Soc. B 371, 20150094. (doi:10.1098/rsth.
2015.0094)

Hesse S, Anaya-Rojas JM, Frommen JG, Thiinken T.
2015 Kinship reinforces cooperative predator
inspection in a cichlid fish. J. Evol. Biol. 28,
2088—-2096. (doi:10.1111/jeb.12736)

Schonmann RH, Boyd R. 2016 A simple rule for the
evolution of contingent cooperation in large groups.
Phil. Trans. R. Soc. B 371, 20150099. (doi:10.1098/
rstb.2015.0099)

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212

213.

214.

215.

216.

Hatchwell BJ. 2009 The evolution of cooperative
breeding in birds: kinship, dispersal and life history.
Phil. Trans. R. Soc. B 364, 3217—-3227. (doi:10.
1098/rsth.2009.0109)

Kimmerli R, Gardner A, West SA, Griffin AS. 2009
Limited dispersal, budding dispersal, and
cooperation: an experimental study. Evolution 63,
939-949. (doi:10.1111/j.1558-5646.2008.00548.x)
Koenig WD, Dickinson JL (eds). 2016 Cooperative
breeding in vertebrates. Studies of ecology, evolution,
and behavior. Cambridge, UK: Cambridge University
Press.

Bourke A. 2011 Principles of social evolution. Oxford,
UK: Oxford University Press.

Hatchwell BJ, Gullett PR, Adams MJ. 2014 Helping
in cooperatively breeding long-tailed ftits: a test of
Hamilton’s rule. Phil. Trans. R. Soc. B 369,
20130565. (doi:10.1098/rsth.2013.0565)

Bourke AFG. 2014 Hamilton’s rule and the causes
of social evolution. Phil. Trans. R. Soc. B 369,
20130362. (doi:10.1098/rsth.2013.0362)

Taylor PD. 1992 Altruism in viscous populations: an
inclusive fitness model. Evol. Ecol. 6, 352—356.
(doi:10.1007/BF02270971)

Queller DC. 1994 Genetic relatedness in viscous
populations. Evol. Ecol. 8, 70—73. (d0i:10.1007/
BF01237667)

Lehmann L, Rousset F. 2010 How life history and
demography promote or inhibit the evolution of
helping behaviours. Phil. Trans. R. Soc. B 365,
2599-2617. (doi:10.1098/rsth.2010.0138)

Ale SB, Brown JS, Sullivan AT. 2013 Evolution of
cooperation: combining kin selection and reciprocal
altruism into matrix games with social dilemmas.
PLoS ONE 8, e63761. (doi:10.1371/journal.pone.
0063761)

Milinski M, Wedekind C. 1998 Working memory
constrains human cooperation in the prisoner’s
dilemma. Proc. Natl Acad. Sci. USA 95, 13 755—
13758. (doi:10.1073/pnas.95.23.13755)

Brosnan SF, Salwiczek L, Bshary R. 2010 The
interplay of cognition and cooperation. Phil.

Trans. R. Soc. B 365, 2699—2710. (doi:10.1098/rsth.
2010.0154)

Bshary R. 2002 Biting cleaner fish use altruism to
deceive image-scoring dlient reef fish. Proc. R. Soc. Lond.
B 269, 2087-2093. (doi:10.1098/rsph.2002.2084)
Bshary R, Grutter AS. 2006 Image scoring and
cooperation in a cleaner fish mutualism. Nature
441, 975-978. (doi:10.1038/nature04755)

Stevens JR, Hauser MD. 2004 Why be nice?
Psychological constraints on the evolution of
cooperation. Trends Cogn. Sci. 8, 60—65. (doi:10.
1016/j.tics.2003.12.003)

Stevens JR, Volstorf J, Schooler LJ, Rieskamp J. 2011
Forgetting constrains the emergence of cooperative
decision strategies. Front. Psychol. 1, 235. (doi:10.
3389/fpsyg.2010.00235)

Moreira J, Vukov J, Sousa C, Santos FC, d’Almeida
AF, Santos MD, Pacheco JM. 2013 Individual
memory and the emergence of cooperation. Anim.
Behav. 85, 233-239. (doi:10.1016/j.anbehav.2012.
10.030)


http://dx.doi.org/10.1016/0162-3095(88)90016-7
http://dx.doi.org/10.1016/0162-3095(88)90016-7
http://dx.doi.org/10.1006/jtbi.1998.0775
http://dx.doi.org/10.1038/31225
http://dx.doi.org/10.1038/nature04131
http://dx.doi.org/10.1038/nature04131
http://dx.doi.org/10.1098/rspb.2000.1573
http://dx.doi.org/10.1098/rspb.2000.1573
http://dx.doi.org/10.1016/j.jtbi.2004.06.005
http://dx.doi.org/10.1016/j.jtbi.2004.06.005
http://dx.doi.org/10.1016/j.jtbi.2005.08.008
http://dx.doi.org/10.1016/j.jtbi.2005.08.008
http://dx.doi.org/10.1007/978-3-540-34428-5_3
http://dx.doi.org/10.1007/978-3-540-34428-5_3
http://dx.doi.org/10.1016/j.anbehav.2004.08.009
http://dx.doi.org/10.1126/science.288.5467.850
http://dx.doi.org/10.1098/rspb.1998.0312
http://dx.doi.org/10.1098/rspb.1998.0312
http://dx.doi.org/10.1016/j.evolhumbehav.2012.11.009
http://dx.doi.org/10.1016/j.evolhumbehav.2012.11.009
http://dx.doi.org/10.1126/science.1133755
http://dx.doi.org/10.1126/science.1133755
http://dx.doi.org/10.1111/j.1439-0310.2007.01332.x
http://dx.doi.org/10.1006/anbe.1996.0256
http://dx.doi.org/10.1098/rspb.2001.1686
http://dx.doi.org/10.1111/j.1461-0248.2010.01549.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01549.x
http://dx.doi.org/10.1371/journal.pone.0021110
http://dx.doi.org/10.1371/journal.pone.0021110
http://dx.doi.org/10.1016/S0003-3472(05)80290-8
http://dx.doi.org/10.1016/S0003-3472(05)80290-8
http://dx.doi.org/10.1006/anbe.1995.0175
http://dx.doi.org/10.1139/z03-168
http://dx.doi.org/10.1146/annurev.ecolsys.36.113004.083814
http://dx.doi.org/10.1146/annurev.ecolsys.36.113004.083814
http://dx.doi.org/10.2307/1378876
http://dx.doi.org/10.2307/1378876
http://dx.doi.org/10.1126/science.296.5565.69
http://dx.doi.org/10.1126/science.296.5565.69
http://dx.doi.org/10.1371/journal.pone.0074822
http://dx.doi.org/10.1016/S0003-3472(84)80241-9
http://dx.doi.org/10.1016/S0003-3472(84)80241-9
http://dx.doi.org/10.1098/rspb.2004.2855
http://dx.doi.org/10.1098/rspb.2004.2855
http://dx.doi.org/10.1093/beheco/ari042
http://dx.doi.org/10.1093/beheco/ari042
http://dx.doi.org/10.1098/rstb.2015.0094
http://dx.doi.org/10.1098/rstb.2015.0094
http://dx.doi.org/10.1111/jeb.12736
http://dx.doi.org/10.1098/rstb.2015.0099
http://dx.doi.org/10.1098/rstb.2015.0099
http://dx.doi.org/10.1098/rstb.2009.0109
http://dx.doi.org/10.1098/rstb.2009.0109
http://dx.doi.org/10.1111/j.1558-5646.2008.00548.x
http://dx.doi.org/10.1098/rstb.2013.0565
http://dx.doi.org/10.1098/rstb.2013.0362
http://dx.doi.org/10.1007/BF02270971
http://dx.doi.org/10.1007/BF01237667
http://dx.doi.org/10.1007/BF01237667
http://dx.doi.org/10.1098/rstb.2010.0138
http://dx.doi.org/10.1371/journal.pone.0063761
http://dx.doi.org/10.1371/journal.pone.0063761
http://dx.doi.org/10.1073/pnas.95.23.13755
http://dx.doi.org/10.1098/rstb.2010.0154
http://dx.doi.org/10.1098/rstb.2010.0154
http://dx.doi.org/10.1098/rspb.2002.2084
http://dx.doi.org/10.1038/nature04755
http://dx.doi.org/10.1016/j.tics.2003.12.003
http://dx.doi.org/10.1016/j.tics.2003.12.003
http://dx.doi.org/10.3389/fpsyg.2010.00235
http://dx.doi.org/10.3389/fpsyg.2010.00235
http://dx.doi.org/10.1016/j.anbehav.2012.10.030
http://dx.doi.org/10.1016/j.anbehav.2012.10.030
http://rstb.royalsocietypublishing.org/

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

Downloaded from http://rstb.royalsocietypublishing.org/ on January 4, 2016

de Waal FBM, Berger ML. 2000 Payment for labour
in monkeys. Nature 404, 563. (doi:10.1038/
35007138)

Schino G, Aureli F. 2009 Reciprocal altruism in
primates: partner choice, cognition, and emotions.
Adv. Study Behav. 39, 45-69. (doi:10.1016/50065-
3454(09)39002-6)

Viana DS, Gordo |, Sucena E, Moita MA. 2010
Cognitive and motivational requirements for the
emergence of cooperation in a rat social game. PLoS
ONE 5, €8483. (doi:10.1371/journal.pone.0008483)
Larose K, Dubois F. 2011 Constraints on the
evolution of reciprocity: an experimental test with
zebra finches. Ethology 117, 115—123. (doi:10.
1111/j.1439-0310.2010.01850.x)

Volstorf J, Rieskamp J, Stevens JR. 2011 The good,
the bad, and the rare: memory for partners in social
interactions. PLoS ONE 6, €18945. (doi:10.1371/
journal.pone.0018945)

McPherson M, Smith-Lovin L, Cook JM. 2001 Birds
of a feather: homophily in social networks. Annu.
Rev. Sociol. 27, 415—444. (doi:10.1146/annurev.soc.
27.1.415)

Schiirch R, Rothenberger S, Heg D. 2010 The
building-up of social relationships: behavioural
types, social networks and cooperative breeding in a
cichlid. Phil. Trans. R. Soc. B 365, 4089—4098.
(doi:10.1098/rsth.2010.0177)

Croft DP, James R, Krause J. 2008 Exploring animal social
networks. Princeton, NJ: Princeton University Press.
Sih A, Hanser SF, McHugh KA. 2009 Social network
theory: new insights and issues for behavioral
ecologists. Behav. Ecol. Sociobiol. 63, 975—988.
(doi:10.1007/500265-009-0725-6)

Darch SE, West SA, Winzer K, Diggle SP. 2012 Density-
dependent fitness benefits in quorum-sensing
bacterial populations. Proc. Nat! Acad. Sci. USA 109,
8259-8263. (doi:10.1073/pnas.1118131109)

West SA, Diggle SP, Buckling A, Gardner A, Griffins
AS. 2007 The social lives of microbes. Annu. Rev.
Ecol. Evol. Syst. 38, 53—77. (doi:10.1146/annurev.
ecolsys.38.091206.095740)

Williams P, Winzer K, Chan WC, Camara M. 2007
Look who's talking: communication and quorum
sensing in the bacterial world. Phil. Trans. R. Soc. B
362, 1119-1134. (doi:10.1098/rstb.2007.2039)
Diggle SP, Griffin AS, Campbell GS, West SA. 2007
Cooperation and conflict in quorum-sensing
bacterial populations. Nature 450, 411-414.
(doi:10.1038/nature06279)

Rumbaugh KP, Diggle SP, Watters CM, Ross-Gillespie
A, Griffin AS, West SA. 2009 Quorum sensing and

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242,

243

the social evolution of bacterial virulence.

Curr. Biol. 19, 341-345. (doi:10.1016/j.cub.2009.
01.050)

Cordero OX, Ventouras LA, DeLong EF, Polz MF. 2012
Public good dynamics drive evolution of iron
acquisition strategies in natural bacterioplankton
populations. Proc. Nat/ Acad. Sci. USA 109, 20 059—
20 064. (doi:10.1073/pnas.1213344109)

Dandekar AA, Chugani S, Greenberg EP. 2012
Bacterial quorum sensing and metabolic incentives
to cooperate. Science 338, 264—266. (doi:10.1126/
science.1227289)

Pitcher TJ. 1992 Who dares, wins: the function and
evolution of predator inspection behaviour in
shoaling fish. Netherlands J. Zool. 42, 371-391.
(doi:10.1163/156854291X00397)

Boesch C, Boesch H. 1989 Hunting behavior of wild
chimpanzees in the Tai National Park. Am. J. Phys.
Anthrapol. 78, 547 —573. (doi:10.1002/ajpa.
1330780410)

McNamara JM, Gasson CE, Houston Al. 1999
Incorporating rules for responding into evolutionary
games. Nature 401, 368—371. (doi:10.1038/43869)
Noe R. 2006 Cooperation experiments: coordination
through communication versus acting apart
together. Anim. Behav. 71, 1-18. (doi:10.1016/j.
anbehav.2005.03.037)

Mendres KA, de Waal FBM. 2000 Capuchins do
cooperate: the advantage of an intuitive task.
Anim. Behav. 60, 523—529. (doi:10.1006/anbe.
2000.1512)

Schuster R. 2002 Cooperative coordination as a
social behavior: experiments with an animal model.
Human Nature 13, 47-83. (d0i:10.1007/s12110-
002-1014-5)

Wiltermuth SS, Heath C. 2009 Synchrony and
cooperation. Psychol. Sci. 20, 1-5. (doi:10.1111/j.
1467-9280.2008.02253.x)

Harris AC, Madden GJ. 2002 Delay discounting and
performance on the prisoner’s dilemma game.
Psychol. Rec. 52, 429-440.

Dugatkin LA. 1997 Cooperation among animals: an
evolutionary perspective. New York, NY: Oxford
University Press.

Noe 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. (doi:10.1007/
BF00167053)

Noe R, Hammerstein P. 1995 Biological markets.
TREE 10, 336—339. (doi:10.1016/50169-5347(00)
89123-5)

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

Binmore K. 2010 Bargaining in biology? J. Evol. Biol.
23, 1351-1363. (doi:10.1111/}.1420-9101.2010.
02011.x)

Byme RW. 2007 Ape sodiety: trading favours.

Curr. Biol. 17, R775—R776. (doi:10.1016/j.cub.2007.06.
064)

Madden JR, Clutton-Brock TH. 2009 Manipulating
grooming by decreasing ectoparasite load causes
unpredicted changes in antagonism. Proc. R. Soc. B
276, 1263—1268. (doi:10.1098/rsph.2008.1661)
Gaston AJ. 1978 The evolution of group territorial
behavior and cooperative breeding. Am. Nat. 112,
1091-1100. (doi:10.1086/283348)

McNamara JM, Barta Z, Fromhage L, Houston Al.
2008 The coevolution of choosiness and
cooperation. Nature 451, 189—192. (doi:10.1038/
nature06455)

Corning PA, Szathmary E. 2015 ‘Synergistic
selection”: a Darwinian frame for the evolution of
complexity. J. Theor. Biol. 371, 45-58. (doi:10.
1016/j.jtbi.2015.02.002)

Maynard SJ. 1982 The evolution of social behaviour
— a dlassification of models. In Current Problems in
Sociobiology (eds The King's College Sociobiology
Group), pp. 28—44. Cambridge, UK: Cambridge
University Press.

Taborsky M. 2009 Reproductive skew in cooperative
fish groups: virtue and limitations of alternative
modeling approaches. In Reproductive skew in
vertebrates: proximate and ultimate causes (eds R
Hager, (B Jones), pp. 265—304. Cambridge, UK:
Cambridge University Press.

Riehl C. 2013 Evolutionary routes to non-kin
cooperative breeding in birds. Proc. R. Soc. B 280,
20132245. (doi:10.1098/rspb.2013.2245)

Johnstone RA, Hinde CA. 2006 Negotiation over
offspring care: how should parents respond to each
other’s efforts? Behav. Ecol. 17, 818—827. (doi:10.
1093/beheco/arl009)

Johnstone RA, Rodrigues, AMM. 2016 Cooperation
and the common good. Phil. Trans. R. Soc. B 371,
20150086. (doi:10.1098/rsth.2015.0086)

Leigh E. 2010 The evolution of mutualism. J. Evol.
Biol. 23, 2507—-2528. (doi:10.1111/j.1420-9101.
2010.02114.x)

West S, Griffin A, Gardner A. 2007 Social semantics:
altruism, cooperation, mutualism, strong reciprocity
and group selection. J. Evol. Biol. 20, 415-432.
(doi:10.1111/j.1420-9101.2006.01258.x)

Brown JL. 1983 Cooperation: a biologist's dilemma.
Adv. Stud. Behav. 13, 1-37. (doi:10.1016/50065-
3454(08)60284-3)


http://dx.doi.org/10.1038/35007138
http://dx.doi.org/10.1038/35007138
http://dx.doi.org/10.1016/S0065-3454(09)39002-6
http://dx.doi.org/10.1016/S0065-3454(09)39002-6
http://dx.doi.org/10.1371/journal.pone.0008483
http://dx.doi.org/10.1111/j.1439-0310.2010.01850.x
http://dx.doi.org/10.1111/j.1439-0310.2010.01850.x
http://dx.doi.org/10.1371/journal.pone.0018945
http://dx.doi.org/10.1371/journal.pone.0018945
http://dx.doi.org/10.1146/annurev.soc.27.1.415
http://dx.doi.org/10.1146/annurev.soc.27.1.415
http://dx.doi.org/10.1098/rstb.2010.0177
http://dx.doi.org/10.1007/s00265-009-0725-6
http://dx.doi.org/10.1073/pnas.1118131109
http://dx.doi.org/10.1146/annurev.ecolsys.38.091206.095740
http://dx.doi.org/10.1146/annurev.ecolsys.38.091206.095740
http://dx.doi.org/10.1098/rstb.2007.2039
http://dx.doi.org/10.1038/nature06279
http://dx.doi.org/10.1016/j.cub.2009.01.050
http://dx.doi.org/10.1016/j.cub.2009.01.050
http://dx.doi.org/10.1073/pnas.1213344109
http://dx.doi.org/10.1126/science.1227289
http://dx.doi.org/10.1126/science.1227289
http://dx.doi.org/10.1163/156854291X00397
http://dx.doi.org/10.1002/ajpa.1330780410
http://dx.doi.org/10.1002/ajpa.1330780410
http://dx.doi.org/10.1038/43869
http://dx.doi.org/10.1016/j.anbehav.2005.03.037
http://dx.doi.org/10.1016/j.anbehav.2005.03.037
http://dx.doi.org/10.1006/anbe.2000.1512
http://dx.doi.org/10.1006/anbe.2000.1512
http://dx.doi.org/10.1007/s12110-002-1014-5
http://dx.doi.org/10.1007/s12110-002-1014-5
http://dx.doi.org/10.1111/j.1467-9280.2008.02253.x
http://dx.doi.org/10.1111/j.1467-9280.2008.02253.x
http://dx.doi.org/10.1007/BF00167053
http://dx.doi.org/10.1007/BF00167053
http://dx.doi.org/10.1016/S0169-5347(00)89123-5
http://dx.doi.org/10.1016/S0169-5347(00)89123-5
http://dx.doi.org/10.1111/j.1420-9101.2010.02011.x
http://dx.doi.org/10.1111/j.1420-9101.2010.02011.x
http://dx.doi.org/10.1016/j.cub.2007.06.064
http://dx.doi.org/10.1016/j.cub.2007.06.064
http://dx.doi.org/10.1098/rspb.2008.1661
http://dx.doi.org/10.1086/283348
http://dx.doi.org/10.1038/nature06455
http://dx.doi.org/10.1038/nature06455
http://dx.doi.org/10.1016/j.jtbi.2015.02.002
http://dx.doi.org/10.1016/j.jtbi.2015.02.002
http://dx.doi.org/10.1098/rspb.2013.2245
http://dx.doi.org/10.1093/beheco/arl009
http://dx.doi.org/10.1093/beheco/arl009
http://dx.doi.org/10.1098/rstb.2015.0086
http://dx.doi.org/10.1111/j.1420-9101.2010.02114.x
http://dx.doi.org/10.1111/j.1420-9101.2010.02114.x
http://dx.doi.org/10.1111/j.1420-9101.2006.01258.x
http://dx.doi.org/10.1016/S0065-3454(08)60284-3
http://dx.doi.org/10.1016/S0065-3454(08)60284-3
http://rstb.royalsocietypublishing.org/

	Correlated pay-offs are key to cooperation
	Introduction
	Cooperation for mutual fitness benefits
	Correlated pay-offs
	What is reciprocity, and when should it be evolutionarily stable?
	Generalized reciprocity
	Direct reciprocity
	Indirect reciprocity

	Which conditions select for reciprocity?
	What factors constrain different types of reciprocity?
	Cognitive ability
	Time lag between cooperative acts

	Trading and the reciprocal exchange of commodities
	The importance of context for the evolution of cooperation
	Conclusion
	Competing interests
	Funding
	Acknowledgements
	References


