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While it is broadly true that all sexually reproducing organisms have a “social life” (Trivers, 1985),
social behavior outside courting and mating is not the modal animal lifestyle. Nevertheless, there
is remarkable phylogenetic breadth and evolutionary convergence of the diverse forms of social
behavior (e.g., Wilson, 1975), perhaps helping explain why it has captured the enduring attention
of the curious. Social behavior is especially puzzling from an evolutionary perspective in at least
two ways. The first reflects a Public Goods or Tragedy of the Commons dilemma (e.g., Rankin
et al., 2007): although social individuals can benefit from the underlying cooperation among
group members, they are nonetheless susceptible to exploitation. The second perspective, arguably
attracting far greater attention, concerns reproductive altruism—the question why individuals
might forgo personal reproduction in order to assist the reproductive output of others. These
two issues are not mutually exclusive: social systems that involve reproductive altruism are also
vulnerable to commons tragedies. Nor are they particular to a given taxonomic group.
An enviably strong theoretical framework guides much of our broad understanding of the
evolutionary significance of these and other issues in social behavior, so the devil is in the detail—
to identify the nature of proximate and ultimate processes responsible for the evolution and
maintenance of all manifestations of social behavior. Yet the empirical insights that derive from
such investigations seem to be too frequently informed by taxonomically constrained traditions
and, as a consequence, advances in the field are surprisingly patchy across different taxa. There are
at least three sources of this unevenness: historical contingencies; logistical challenges with data
collection; and different evolutionary processes. All are apparent in studies of the evolutionary
significance of social behavior. My intention here is to highlight that unevenness, and to encourage
a taxonomically more inclusive research agenda, which will guarantee that the conceptual models
that attend to the detail are challenged for taxonomic generality. Embracing studies across diverse
species, from the “model species” to the bizarre, and ensuring that these empirical insights cut
across major taxonomic boundaries will help achieve this goal. For example, our understanding
of cooperative breeding in vertebrates is overwhelmingly informed by studies of mammals and
birds (despite only 8% of avian species being cooperative breeders, Jetz and Rubenstein, 2011),
and of social behavior in invertebrates by studies of insects. This taxonomic imbalance potentially
creates a distorted picture by overshadowing investigations of social behavior in other taxa, such
as reptiles (e.g., While et al., 2009; Clark et al., 2012), marine invertebrates (e.g., Duffy et al.,
2000) or spiders (e.g., Whitehousel and Lubin, 2005; Yip and Rayor, 2014). Such taxonomic
unevenness is not restricted to studies of social evolution: past research into sexual selection
through female choice was overwhelmingly dominated by studies of birds, while sexual selection
through sperm competition was dominated by studies of insects. The taxonomic divide is less
apparent in contemporary studies of sexual selection, although there is an emerging risk of theory
being challenged by only a few “model species” (Zuk et al., 2014).
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REPRODUCTIVE ALTRUISM

reviews of cooperative breeding often retaining a taxonomic
focus (but see Russell and Lummaa, 2009; Bourke, 2014; English
et al., 2015). Field experiments of insects are often logistically
less challenging than for vertebrates, but the insights are no
less transferable (e.g., Cockburn et al., 2008; Leadbeater et al.,
2011; Schwarz et al., 2011). For example, field experiments
on primitively social wasps successfully identified the role of
key ecological selection pressures favoring extended care and
additional careers (e.g., Field et al., 2000; Field and Brace,
2004). Species that adjust their social behavior facultatively
are also ideal for helping us understand the ecological and
genetic influences on the evolution of social behavior (e.g., Field
et al., 2010; Hatchwell et al., 2013; Rehan et al., 2014; Kapheim
et al., 2015b). Jeremy Field and colleagues revealed, through
clever field transplant experiments, that eusocial behavior in
the sweat bee Halictus rubicundus is more likely if there is
more time available for offspring production (Field et al., 2010).
These results lend support to the view that iteroparity, rather
than semelparity, is the predominant pattern for insects with
subsocial behavior (Trumbo, 2013), which is typically regarded
as a precursor to eusociality (e.g., Queller and Strassmann, 1998).
Maintaining a strong taxonomic focus may also obscure broader
patterns. Interestingly, Ben Hatchwell and colleagues long-term
study of the facultatively cooperative breeding long-tailed tit
Aegithalos caudatus reveals a negative correlation between
breeding season length and the number of helpers in the social
group (Hatchwell et al., 2013). This apparent inconsistency may
derive from the temporal scale of iteropary that reflects different
life-cycles: Halictus “non-helpers” breed in the same season as the
social bees, but long-tailed tits may be “non-helpers” in order to
improve the likelihood of surviving to breed the following season.
The heuristic value of inclusive fitness theory in helping
explain the evolution of social behavior, and a raft of other
biological adaptations, is widely recognized (e.g., Abbot et al.,
2011; Bourke, 2011a,b, 2014). In particular, support comes from
many empirical studies of social insects that use genetic and
demographic data to test directly Hamilton’s Rule (Bourke, 2014),
especially when applied to conflicts of interest within social insect
societies (Bourke, 2011a; see also Rubenstein, 2012). Perhaps
the number of studies might be greater, if there was broader
clarity of how inclusive fitness can be measured (see Nonacs
and Richards, 2015). But arguably more importantly, Andrew
Bourke documents the success of Hamilton’s Rule in providing
a unifying, cross-taxa framework for identifying the ecological,
demographic and physiological processes that are likely to favor
various forms of social behavior, including when cooperative
behavior is (e.g., Schneider and Bilde, 2008) or is not necessarily
restricted to interactions between kin (e.g., Clutton-Brock, 2002;
Riehl, 2013).

Darwin (1859) did not explicitly state the challenge of explaining
reproductive altruism, but he certainly recognized the problem
that workers “often differ widely in instinct and in structure
from both the males and fertile females, and yet, from being
sterile, they cannot propagate their kind.” For Darwin, the
“difficulty, which at first appeared . . . fatal to my whole theory”
was how the sterile workers “could have transmitted successively
acquired modifications of structure or instinct to its progeny.”
Darwin’s Difficulty of Sterile Castes is often interpreted as that of
“reproductive altruism” (see Herbers, 2009), but it is clear that he
was concerned how selection acts on any trait (including caring
for others’ offspring) in an organism that does not reproduce (see
Ratnieks et al., 2011). The broad solution to his problem emerged
some 100 years later.
Following Hamilton (1964a,b, 1972), the role of inclusive
fitness, which includes the direct and indirect components
of natural selection, has dominated our understanding of
the evolution of reproductive altruism, and of sociality more
generally (see the Special Issue in Biology Letters, Herbers,
2013). Historically, the genetic component of this conceptual
framework attracted far greater interest in empirical studies
of social insects than in other taxa (see also Herbers, 2013).
Perhaps this is hardly surprising, given the apparently exquisite
link between the sex-determining mechanism of hymenopterans,
which predisposes a high degree of relatedness between sisters,
and the frequency with which eusociality has evolved within
that taxon. This meant that, initially, the primary focus of
research in social insects, and especially the hymenoptera, was on
the underlying genetic conditions, and in particular the degree
of relatedness between cooperating individuals. In contrast,
research into the costs and benefits component of Hamilton’s
Rule was a far greater focus for studies of cooperative breeding
in vertebrates (see Cockburn, 1998; but see Hatchwell et al.,
2014). The taxonomic divide is less apparent now, especially
since it became clear that haplodiploidy is not the primary
driver of eusociality in the hymenoptera (Gadagkar, 1991),
with maternal care and nest defense more likely candidates
(see Ross et al., 2013). Nowadays, differences of perspective
more obviously reflect the important taxonomic difference in
the nature of cooperative behaviors: investigating direct direct
fitness and cost/benefit issues are important where no permanent
caste division occurs, while genetic considerations become more
important in species in which the allocation to a particular caste
is permanent. Thus, vertebrate “helpers,” capable of breeding,
typically characterize the former, while studies of social insects
have tended to focus on the highly eusocial species that
characterize the latter (e.g., Jetz and Rubenstein, 2011; Bourke,
2014).
Nevertheless, the similarities between cooperatively breeding
vertebrates and the primitively social bees and wasps often
remain overlooked, despite the successful application of
reproductive skew models (see Nonacs and Hager, 2011)
as a shared conceptual framework. Empirical research into
the evolution of cooperative breeding in vertebrates and
invertebrates still seems to proceed largely independently, with

Frontiers in Ecology and Evolution | www.frontiersin.org

MATING SYSTEMS
Indeed, Hamilton’s Rule should focus attention on the ecological
and life-history traits that influence the elements of the
inequality, rb–c > 0. For example, theoretical modeling has
long highlighted how mating systems can have an impact on
relatedness (e.g., Crozier and Pamilo, 1996), but subsequent
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there is likely to be strong opposing selection as a female mating
strategy. Further, the relationship between polyandry (or multiple
mating) and mixed parentage is not necessarily straightforward,
especially if there is an element of cryptic female choice (e.g., Den
Boer et al., 2010; Pryke et al., 2010; Boomsma, 2013; Kvarnemo
and Simmons, 2013). Indeed, the term promiscuous, frequently
used in the context of polyandry and social behavior, may be
unhelpful as it conflates the nature (discriminating or not) with
the frequency of mating (Elgar et al., 2013), thereby obscuring
the importance of female and male mating strategies in the
evolution of mating systems (e.g., Leggett et al., 2012). In any
event, monandry is unlikely to have evolved as a mechanism to
promote social behavior, and as Boomsma (2013) wisely counsels,
we require a much richer understanding of the interplay between
female mating and parental care strategies across the taxonomic
spectrum.
These phylogenetic analyses also highlight the multiple losses
of cooperative or social breeding in diverse species (e.g., Danforth
et al., 2003, 2013; Hughes et al., 2008; Cornwallis et al., 2010).
Investigations of the evolutionary loss of social behavior could
provide significant insights, but remarkably this has not been
a fashionable field of investigation (see Kranz et al., 2002;
Beauchamp, 2004; Liebert et al., 2005; Jiricny et al., 2014). As
already mentioned above, studies of facultative reproductive
altruism are likely to be helpful, as it is possible to investigate
simultaneously the factors favoring a loss or gain in social
behavior.

empirical investigations seem to have focused more on the
outcome for sex allocation, perhaps following Trivers and
Hare (1976). Koos Boomsma (2007, 2009, 2013) noted that
the evolution of sterile castes is more likely to occur under
monandry, since this ensures high levels of within-group
relatedness. This view seems to have galvanized a taxonomically
integrated investigation, as support is provided by inter-specific
comparative studies of insects, birds, and mammals. Hughes
et al. (2008) used ancestral state reconstruction to show that
monandry was the ancestral state in eight independent lineages
leading to the evolution of eusociality in the hymenoptera.
Similarly, the non-cooperative breeding ancestors of cooperative
breeding birds typically had lower levels of polyandry than noncooperative ancestors of non-cooperative breeders (Cornwallis
et al., 2010). Lukas and Clutton-Brock (2012) also report that
the evolution of cooperative breeding in mammals was confined
to socially monogamous species, whose offspring are likely to
be close kin since socially monogamous species are typically
not polyandrous. The consistency of these patterns across these
major taxonomic groups is impressive, especially because each
study used slightly different methods, reflecting in part the
different logistical challenges of data collection in different
taxonomic groups. For example, Hughes et al. (2008) inferred
the mating system of species from genetic data, while Lukas
and Clutton-Brock (2012) inferred it primarily from behavioral
data. Cornwallis et al. (2010) obtained a continuous measure
of polyandry, inferred from genetic data, whereas Hughes
et al. (2008) distinguished between monandry and polyandry
according to whether the female mated with fewer or more
than two males respectively. The patterns for vertebrates are
interesting because the mating system is expected to specifically
influence the evolution of eusociality (Boomsma, 2007), which
Hughes et al. (2008) tested by comparing species in which
workers are totipotent (can reproduce) or not. It is, perhaps,
intriguing that such relaxed definitions of monogamy yield
significant patterns, because even low levels of polyandry will
substantially reduce the levels of within-brood relatedness (but
see Boomsma and d’Ettorre, 2013).
Perhaps more intriguing, is the absence (or at least very low
levels) of polyandry in the ancestors of species with reproductive
altruism. The ubiquity of polyandry across multicellular animals
suggests that it is the ancestral state, allowing females to
exercise strategic, non-random mating decisions to improve
their reproductive success (Kvarnemo and Simmons, 2013).
Indeed, studies of eusocial insects were amongst the first to
identify the benefits of polyandry (e.g., Schmid-Hempel and
Crozier, 1999). However, polyandry reduces male fitness through
shared paternity, and thus creates a sexual conflict (Arnqvist
and Rowe, 2005; Parker and Birkhead, 2013), with maleimposed monandry a widespread, and probably more common,
consequence. Monogamy in many parasitoid wasps appears to be
male induced (e.g., Leonard and Boake, 2008; Ablard et al., 2011),
and in other species is favored when local mating patchiness
increases (e.g., Boulton and Shuker, 2015). If monandry is a
significant pre-condition of cooperative and eusocial behavior
under certain circumstances (see Leggett et al., 2012; Nonacs,
2014), then it would be interesting to know why it occurs, given
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PHYLOGENIES, GENOMICS AND
INSIGHTS INTO SOCIAL EVOLUTION
Comparative analyses have been a powerful analytic tool for
studies of social evolution, and the current armory of molecular
genetic techniques provide further exciting opportunities to
address a range of issues (Evans and Wheeler, 2001; Page and
Amdam, 2007; Danforth et al., 2013). For example, differences
in gene expression and DNA methylation across different
castes in social insects are providing remarkable insights into
how the interplay between genes and environment cause both
caste differentiation and subsequent behavioral plasticity (see
Linksvayer et al., 2012; Libbrecht et al., 2013; Yan et al., 2015).
Linking population-wide variation in social behavior (Kocher
et al., 2015) with genomics may provide rich insights into the
separate and combined influences of genetic and environmental
factors on social behavior (Kocher et al., 2013), and their
consequences for other life history attributes. Inter-specific
comparisons of the genome sequences of bees with varying
complexity of social behavior reveal that while independent
evolutionary transitions to eusociality have different genetic
underpinnings, they nonetheless increase in the complexity of
gene networks (Kapheim et al., 2015a). A fascinating comparative
transcriptome-wide analysis of single representatives of bees,
ants and wasps reveals that the convergent evolution of caste
determination across these lineages involves similar metabolic
pathways and molecular functions, but not exactly the same genes
(Berens et al., 2015). The importance of social communication
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is highlighted by Zhou et al. (2015), whose comparison of
the chemoreceptor genomes of a solitary wasp, a facultatively
eusocial halictid bee and several species of ants revealed positive
selection on these chemoreceptor genes.
The recent publication of almost 50 avian genomes,
representing at least one species of all avian orders (see Jarvis
et al., 2014; Zhang et al., 2014), will likely ensure that we can
similarly draw on a rich diversity of avian species, rather than
focus on a few model systems.

in profoundly cooperative relationships, but none the less find
themselves constantly tempted to cheat” (Seger, 1991, p. 338).
An extensive body of game theory examines the cooperative
resolution of public goods, prisoner’s dilemma, and other
social games (extensively reviewed in Sigmund, 2010)—far
exceeding the number of empirical tests beyond laboratory
games involving university students of psychology or business
studies. The temptation to cheat occurs in social systems with or
without reproductive altruism, and there are both vertebrate and
invertebrate examples of behaviors in the former social systems
that have evolved apparently in response to these conflicts (e.g.
Mulder and Langmore, 1993; Wenseleers and Ratnieks, 2006;
Ratnieks and Wenseleers, 2008; Zanette et al., 2012; Fischer
et al., 2014). The underlying mechanisms that allow individuals
to recognize “cheating” events and respond appropriately have
been well documented in social insects, but seem to be less
well understood in vertebrate systems. Arguably, more complex
mechanisms of recognizing and responding to cheating are
expected among those inter-specific cooperative, or mutualistic,
associations that involve social behavior (Raihani et al., 2012)—
such as between ants and the larvae of lycaenid butterflies
(e.g., Pierce et al., 2002) or associations involving cleaner fish
(Vail et al., 2013). Particularly interesting are those inter-specific
systems—from “slave-making ants” (e.g., Buschinger, 2009) to
microbes (e.g., Lopez et al., 2011) in which the exploited species
is unable to detect or respond to the exploiting species.
Interestingly, microorganisms are emerging as especially
tractable model systems to test theoretical accounts of public
goods games. The behavior of these organisms has strikingly
similar social functions with that of invertebrates and vertebrates,
including group hunting, social communication, creation of
domiciles and specialized roles (see Crespi, 2001). These
systems have provided remarkable accounts of the conflicts and
confluences of interest in social organizations (e.g., Jiricny et al.,
2010; Strassmann and Queller, 2011; Cordero et al., 2012; Popat
et al., 2012; Ghoul et al., 2014; Oliveira et al., 2014), providing
insights into the evolution of multicellularity (e.g., Michod and
Roze, 2001; Grosberg and Strathmann, 2007; Biernaskie and
West, 2015; Levin et al., 2015), and revealing intriguing practical
implications (e.g., Leggett et al., 2014; Webster, 2014).

COOPERATION BEYOND REPRODUCTION
My focus thus far has been on the varying manifestations of
reproductive altruism, perhaps reflecting the majority interest
in this form of social behavior. Indeed, the term social insect
seems to have a rather specific meaning—namely those species
that exhibit varying levels of reproductive altruism—despite
the diversity of social behaviors among insects and other
invertebrates that fall outside the traditional classifications that
emphasize parent-offspring interactions (e.g., Wilson, 1971,
1975; Choe and Crespi, 1997; Costa, 2006; Székely et al.,
2010). While these aggregations can have defensive properties
(Costa, 2006), they may also involve subtle levels of cooperation
over foraging: for example, aggregations of many insect larvae
comprise leaders and followers, with the former initiating
movement of the group from their roosting to foraging sites.
Leadership behavior occurs in diverse social organizations across
the taxonomic spectrum, and is thought to improve the efficiency
of group decision-making (Conradt and Roper, 2007; King
and Cowlishaw, 2009). Drawing on insights from across these
social organizations has proved helpful. Leadership in some
species is despotic (e.g., King et al., 2008), suggesting the
benefits of leadership may come at a cost to followers. However,
consensual leadership in social insects benefits the following
workers, through the collective success of the colony (e.g. Seeley,
2010). The latter highlights how our understanding of consensual
leadership requires consideration of the benefits of leadership to
followers. For example, leaders of foraging aggregations of the
steel-blue sawfly Perga affinis do not have higher growth rates
than followers, but individual sawflies in experimental groups
comprising leaders and followers have higher growth rates than
those in groups of either only leaders or only followers (Hodgkin
et al., 2014).
Social behavior involves cooperation, which is inevitably
vulnerable to exploitation. For example, the benefits that
individuals in a group obtain from their collective foraging
activities will be diminished if some individuals do not forage
but rather depend on the searching skills of others (Barnard
and Sibly, 1981). Similarly, the early detection of predators may
depend on the corporate vigilance of individuals in the group, but
an individual could benefit more by spending less time vigilant,
and thus more time foraging, without substantially reducing
the likelihood that the group detects the predator (see Elgar,
1989). More complex social systems are similarly vulnerable to
exploitation, as Jon Seger so eloquently observed: “insect sociality
. . . portrays an almost melodramatically volatile politics, in
which individuals attempt to gain advantage by taking part
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COMMUNICATION, SIGNALS AND
CONTROL
Communication is crucial for cooperative relationships. Broadly,
social communication can provide information about individual
or group identity, and/or about fitness-relevant traits, such as
fertility. At the very least, individuals must produce and perceive
signals that identify themselves to appropriate partners. Our
understanding of the role of these signals in social behavior varies
across taxa. Chemical signals involved in the communication
systems of social insects, especially involving individual or colony
recognition, have been investigated very extensively (van Zweden
and d’Ettorre, 2010; Sturgis and Gordon, 2012; Richard and
Hunt, 2013), with varying degrees of experimental rigor (van
Wilgenburg and Elgar, 2013). In contrast, fewer studies have
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investigated how cooperative behavior in vertebrates is similarly
facilitated by either olfactory (e.g., Mateo, 2003; Charpentier
et al., 2010; Le Vin et al., 2010; Krause et al., 2012; Leclaire
et al., 2013) or vocal (e.g., Rendall et al., 1996; Sharp et al.,
2005; McDonald and Wright, 2011; Keen et al., 2013) recognition
cues.
For social insects, arguably the most crucial impact that
pheromones can have on fitness-relevant traits is their role in the
reproductive division of labor (see Oi et al., 2015a). It is widely
understood that queen derived pheromones effectively suppress
worker reproduction, and the identity of these pheromones
has been identified in several species (e.g., Van Oystaeyen
et al., 2014; Oi et al., 2015a). However, there is some lively
debate whether these pheromones represent queen control of
worker reproduction, against the interests of the workers, or
a signal informing the workers of queen’s reproductive state
and thus colony health (Oi et al., 2015a). These “alternative”
positions may, in fact, represent explanations at different levels
of analysis (Peso et al., 2015): the strong association between the
presence of queen derived pheromone and little, or no, worker
reproduction is consistent with the view that, at the proximate
level, the pheromone controls the behavior of the workers.
However, at the ultimate level, a pheromone that represents
a signal against the interests of the receiver will exert strong
selection on the receiver to avoid that control. One outcome
of the resulting co-evolutionary arms race is a proliferation
of diverse “worker control” pheromones—as selection favors
modified queen pheromone to counteract selection on worker
“resistance” (Peso et al., 2015). Such a diversity of pheromones
is not apparent (Holman et al., 2013; van Zweden et al., 2013;
Van Oystaeyen et al., 2014; Oi et al., 2015b), suggesting that the
pheromone is more likely an honest signal of queen fertility, and
the workers respond accordingly.
One surprisingly neglected component of communication
concerns the reception capacity of receivers (Gill et al., 2013).
Typically, studies of signaling and communication evolution
focus on the signal and how it might reflect attributes of
the signaler. But communication involves both signalers and
receivers, with theory predicting co-evolution between the two.
Thus, features of the receiver exert selection on the design
of the signal and features of the signal exert selection on the
ability of the receiver to detect it, with the latter manifested
in the structure of the receptors and/or receptor organs (e.g.,

Endler, 1993). Perhaps social evolution, with its greater reliance
on communication, also requires the evolution of increasingly
sensitive sensory receptors. For example, the sensory structures
of facultatively social species may vary with the complexity of the
social organization.
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