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Abstract — Bees are excellent models for studying the evolution of sociality. While most species are solitary,
many form social groups. The most complex form of social behavior, eusociality, has arisen independently four
times within the bees. Subsequent elaborations of the reproductive division of labor inherent to eusociality have
led to the evolution of some of the most highly advanced forms of eusociality documented. Likewise, many
reversals back to solitary behavior also create substantial variation in sociality within the bees. These replicated,
independent origins and losses enable a comparative approach that facilitates the search for common
mechanisms underlying transitions from solitary to group living. In this review, we discuss the extensive
behavioral variation found within the bees and highlight how the comparative method has improved our
understanding of social evolution. Finally, we discuss potential difficulties with this approach and outline

promising avenues for future research.

comparative method / evolution / communal / semisocial / eusocial / genetics / genomics

1. INTRODUCTION

The study of social evolution comprises two
central questions: the first concerned with the
origins of social behavior and the second with
its maintenance in social groups. An under-
standing of the factors associated with the
origins and losses of sociality requires a
comparative approach that examines evolution-
ary transitions in social behavior throughout the
phylogeny, while studies of single species can
greatly inform our understanding of some of the
processes maintaining social traits such as
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reproductive division of labor. In this review,
we focus on understanding the first of these
questions: the evolutionary origins of sociality.
We argue that comparative methods can greatly
inform our understanding of both proximate
mechanisms and ultimate causes of social
behavior, and that bees are an ideal group for
these types of studies.

Though social behavior occurs in a wide
variety of contexts when two conspecific ani-
mals interact, in the context of social evolution
its use is more often restricted to the coopera-
tive, non-agonistic and non-sexual interactions
among conspecifics sharing a common nest in
which offspring are reared. Defining sociality in
this way encourages us to address questions of
why and how animals form cooperative groups.
Though social group formation may bring
benefits to individuals and have many underly-
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ing explanations, social behavior often entails
forfeiting of personal reproduction. It is this
individual altruism associated with cooperative
group formation that has been viewed as an
evolutionary paradox.

Eusociality is arguably the most derived form
of social behavior with behaviorally discrete
reproductive castes (i.e., forfeiting of reproduc-
tion by workers but not queens), and has held
special prominence among evolutionary biologists
because it represents one of the major transitions
of life: from a solitary lifestyle to a coordinated
group cooperating to reproduce (Maynard Smith
and Szathmary 1997). Inclusive fitness remains
the central theoretical paradigm for understanding
social evolution and the transition to eusociality
(Hamilton 1964; cf. Nowak et al. 2010).

Though eusociality is taxonomically rare (ca.
2 % of insect species are eusocial, Wilson
1990), organisms that have achieved this higher
level of organization frequently meet great
ecological success, with ecusocial species
representing approximately 50 % of the world’s
insect biomass (Wilson 1971). Eusociality has
been best described in the insect order
Hymenoptera, and especially in the bees where
multiple origins of eusociality have occurred
independently (Figure 1). For this reason, bees
are excellent models for studying social evolu-
tion within a comparative context.

Here we present an overview of social
diversity in bees, explore how a comparative
approach has aided our understanding of the
why and how of social evolution, and then
discuss current problems in this approach and
promising directions for future research.

1.1. Diversity of social behavior in bees

Social behavior is commonly categorized
into six major social types: solitary (lacking
social behavior), subsocial (those with extended
parental care), communal, semisocial, quasisocial
(the latter three collectively called parasocial), and
eusocial (Table I). The term ‘eusocial’ was first
proposed by Susan Batra to describe the social
behavior of some halictine bees (Batra 1966b).
Wilson (1971) expanded the definition of eusoci-
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ality to describe all societies with three main
characteristics: overlapping generations, coopera-
tive brood care, and a reproductive division of
labor with effectively sterile worker castes.
Michener (1974) further subdivided eusociality
into ‘primitive’ and ‘advanced’. These terms were
designed to emphasize the differences among
types of eusocial societies: those with high
degrees of morphological differentiation between
queens and workers (‘advanced’, e.g., Apis
mellifera), and those with less clearly differenti-
ated castes based primarily on size (‘primitive’,
e.g., paper wasps or halictid bees). The many
forms of social behavior that have evolved within
bees arguably reflect greater social lability than in
any other group in the Hymenoptera (Table II).
Many species of solitary bee nest in aggre-
gations where each female constructs her own
nest in close proximity to other females’ nests.
This leads to the grouping of nests into an
aggregation, and is often characteristic of many
ground nesting bees, including members of
most of the major bee families/subfamilies:
Andrenidae, Apidae (including the Anthophorinae
and the Apinae), Colletidae, Halictidae, and
Mellitidae (Knerer and Plateaux-Quenu 1966;
Wilson 1971; Michener 1974; Stark 1992;
Plateaux-Quenu 1993a; Rehan et al. 2010). One
explanation for aggregated nesting may be limited
distribution of suitable substrate in which to
construct a nest; another is hypothesized to be
defense against parasites through the selfish herd,
though the data are equivocal on this point (Batra
1966b; Michener 1969; Wilson 1971; Rosenheim
1990). While not strictly social, aggregated nesting
requires tolerance of neighbors as well as
recognition of own versus conspecific nests,
traits that may be precursors to the highly
cooperative behavior and refined nestmate dis-
crimination abilities described in eusocial bees
(Michener 1974; Spessa et al. 2000; Nowak et
al. 2010; Cardinal and Danforth 2011).
Parasocial colonies, consisting of adults
generally from a single generation, have been
described extensively in the bees. One example
of a parasocial lifestyle, communal nesting,
occurs when a number of females provision
and lay their own eggs (e.g., without castes) in a
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Figure 1. The evolution of major eusocial, extant clades in bees, other Hymenoptera and Isoptera (termites).
Clades not shown are solitary or parasocial. Asterisks indicate independent origins of primitive eusociality.
Colors indicate the forms of sociality that occur within each group and the lengths of the bars indicate the
temporal range at which each gain or loss has been estimated. Dates and references are documented in

Table I1.

shared nest. Communality is taxonomically
widespread, and has been documented in the
Mellitidae, Halictidae, Andrenidae, Apidae,
Colletidae, and Megachilidae. Other types of
parasocial behavior have also been character-
ized, such as associations between multiple
females during the breeding season with some
degree of reproductive division of labor (Knerer
and Plateaux-Quenu 1966; Batra 1966a; Stark
1992; Plateaux-Quenu 1993a; Ulrich et al.
2009; Rehan et al. 2010). Parasocial associa-
tions have been documented in several tribes
within Apidae (Xylocopini, Allodapini, Ceratinini,
and Euglossini), Halictidae (Halictinae), and
Colletidae (Hyalinae) (Spessa et al. 2000;
Cardinal and Danforth 2011; Danforth et al.
2013). Often these interactions involve cooperative
founding of nests by two or more females (e.g.,
Halictus scabiosae, Batra 1966a; Wilson and
Holldobler 2005; Ulrich et al. 2009), or a division
of labor where some females guard the nest while

others forage and lay eggs (e.g., Xylocopini/
Xylocopa sulcatipes, Stark 1992; Schwarz et al.
2011; Ceratinini/Ceratina spp., Rehan et al. 2009).

Only a small proportion of bee species (ca.
6 %, Danforth 2007) are eusocial with a clear
division of labor established and maintained by
one or a few reproductive individuals (Figure 1;
Table II). Unlike the parasocial colonies de-
scribed above, eusocial nests consist of distin-
guishable reproductive castes that cooperate in
brood care. These castes are composed of adult
individuals from two overlapping generations
that are both potentially able to reproduce
(typically mothers and daughters).

Some lineages, such as the honey bees and
stingless bees, represent highly derived forms of
eusociality where large colony sizes, morpho-
logical caste dimorphism, and a developmental-
ly determined reproductive division of labor are
well established. Based on the current phylog-
eny, no reversals to a solitary life history can be
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Table 1. Definitions of social behavior in the literature.
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Alloparental Reproductive Overlapping Further descriptors

References

care division of  adult
labor generations
Solitary - - - May nest in Michener 1969
aggregations
Subsocial - - - Extended parental Michener 1969
care
Parasocial Communal - - - Females share Michener 1969
nesting area
Quasisocial + - + Michener 1969
Semisocial + + - Michener 1969
Social + - - Any group living Costa &
species with Fitzgerald 1996;
“reciprocal Wilson 1971
communication of a
cooperative nature”
Eusocial  Primitively + + + Reproductive and non- Michener 1969
eusocial reproductive castes
are morphologically
indistinguishable
Workers typically Wilson 1971
capable of mating
Advanced + + + High degree of Michener 1969
or highly morphological
eusocial variation between
castes
Workers typically Wilson 1971
incapable of mating
Facultatively + + + The reproductive Crespi & Yanega
eusocial caste is totipotent 1995
and/or capable of
surviving on its own
Obligately + + + Both castes are Crespi & Yanega
eusocial mutually dependent 1995

on each other

Modified from Michener (1974)

inferred among these extant, highly eusocial
lineages (Schwarz et al. 2007). This suggests
that these species may have crossed an evolu-
tionary ‘point of no return’ (Wilson and
Holldobler 2005) which may entail the loss of
reproductive capabilities in workers.

Other bee lineages, such as halictids and
xylocopines, have seemingly less-derived forms
of eusocial behavior with smaller colony sizes.
Colonies are often annual and founded solitarily by
the queen: they become eusocial as their ontoge-
netic end-point. These species lack (or have lower
levels of) morphological caste dimorphism, and
workers have the ability to mate and lay fertilized,

@ Springer

female-destined eggs. In halictids and xylocopines,
reversions from eusociality back to solitary life
histories are widespread. This often results in a
great deal of variation in social structure within and
between species (Figure 1; e.g., Halictinae and
Xylocopinae, Wcislo and Danforth 1997; Schwarz
et al. 2007). Allodapines, in contrast, seem not to
exhibit reversions to a solitary lifestyle (Chenoweth
et al. 2007).

Based on our current understanding of the
phylogenetic relationships within the bees,
eusociality appears to have arisen four times
independently (twice in Apidae and twice in
Halictidae) with many subsequent modifications
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(Table II; Figure 1). The evolution of complex
or so-called advanced eusocial behavior oc-
curred twice in the corbiculates (in Apini and
Meliponini) and perhaps once in the Allodapini,
where at least one species shows signatures of
morphological caste specialization (see below
for discussion of definitions; Brady et al. 2006;
Cardinal and Danforth 2011; Rehan et al. 2012;
Gibbs et al. 2012).

The role, if any, of communality in the
evolution of eusociality remains unclear. The
current view is that communality represents an
evolutionary dead-end (Paxton et al. 1996;
Tierney et al. 2008), yet given the widespread
taxonomic distribution of communality, many
eusocial lineages also appear to harbor commu-
nal taxa within the same clade as either a
derived or ancestral state. However, there are
many lineages with solitary and communal
species but lacking eusocial species (Michener
1974), suggesting that communal behavior is
not sufficient for the transition to eusociality.
Behavioral data on additional species sister to
eusocial lineages will help to reveal the evolu-
tionary origins of communality. If communality
is ancestral to eusocial species, this would
suggest that communal behavior represents a
pre-adaptation to eusociality rather than simply
a behavioral side road and stable end-state of
social organization. The role, if any, of other
forms of parasocial organization in the evolu-
tion of eusociality is even less clear because of a
paucity of data.

1.2. Comparative methods and the search
for mechanism

The comparative method as a means of
hypothesis testing in biology was statistically
formalized in the 1970s to help interpret variation
in social and sexual behavior among vertebrates,
particularly primates (for review, see Davies et al.
2012). These early studies searched for statistical
associations between one or more traits and social
organization (e.g., the relationship between canine
length in male primates and social group structure,
Harvey et al. 1978). Though accounting for
allometric relationships within the data, these early
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approaches attempted to account for phylogenetic
non-independence using an ad hoc approach: by
undertaking analyses at various taxonomic levels
(e.g., species, genus, and family). Subsequently,
these methods have been refined to better account
for phylogenetic non-independence using a robust
statistical framework well suited to hypothesis-
testing in which traits are mapped directly onto a
phylogeny that is generated independently of those
traits, usually using DNA sequence data (e.g.,
phylogenetically independent contrasts, see
Harvey and Pagel 1991; phylogenetic generalized
least squares models, see Grafen 1989). These
methods can be used to test for associations among
traits while explicitly controlling for phylogenetic
relationships (e.g., cooperative breeding in birds,
Székely et al. 2013).

The repeated gains and losses of sociality in
bees make them an ideal system for using
comparative methods to study the evolution of
social behavior. The multiple independent origins
and subsequent reversals represent independent
replicates that can be used to test hypotheses
related to both proximate mechanisms and ulti-
mate factors favoring transitions in sociality. Our
current understanding regarding the number of
origins of sociality and transitions among social
forms are based on a rigorous analysis of bee
phylogenies onto which social traits have been
mapped. Furthermore, the phylogeny of bees is
relatively well resolved (Danforth et al. 2013),
creating a statistically robust framework in which
to conduct these tests.

One particular group of bees, the halictids, has
been the focus of many comparative studies. Two
of'the four origins of sociality in bees occur within
this group. Coupled with many subsequent losses,
this has resulted in a vast amount of variation in
social behavior among closely related species.
This variation is even known to occur within
single species, with females of these taxa
exhibiting both eusocial and secondarily solitary
behavior (Augochlorella aurata, Packer 1990;
Halictus rubicundus, Yanega 1988; Eickwort et
al. 1996; Lasioglossum albipes, Plateaux-Quenu
1993b; Plateaux-Quenu et al. 2000; Lasioglossum
baleicum, Cronin and Hirata 2003; Lasioglossum
calceatum, Sakagami and Munakata 1972;
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Megalopta genalis, Wcislo et al. 2004). In this
group, comparative approaches have identified a
number of factors that appear to be associated
with eusociality, including: the proportion of
females in the first brood, proportion of unmated
workers, proportion of workers with undeveloped
ovaries, mean number of workers per colony,
increased contact between adults and developing
brood, and size dimorphism between queens and
workers (Breed 1976; Packer and Knerer 1985;
Packer 1991).

1.2.1. Comparative ecological approaches

A number of ecological factors have been
proposed as selective forces favoring social
living not only in bees but also in a range of
other social taxa. Directly or indirectly, these
ecological factors relate to reduced dispersal,
improved defense against parasites (interspecif-
ic and intraspecific), facilitation of nest con-
struction, and provisioning of offspring as
routes to enhanced reproductive output of a
nest. Within the inclusive fitness framework of
Hamilton (1964), these contribute to the benefit
(b) and cost (c) variables of Hamilton’s rule
(rb/c>1). Though many of these ecological
factors have been examined in only one or a
few species thus far, we feel that a discussion of
these factors is critical to our understanding of
the evolution of sociality and hope to encourage
future work that examines their role in a
comparative framework when possible.

Variation in sociality with respect to geo-
graphic patterns may give hints at some of the
relevant ecological factors, and many such
patterns have been documented in recent years,
though the overall picture is not clear. Several
studies have identified gradients of sociality that
seem to be associated with altitudinal and
latitudinal clines (reviewed in Purcell 2011). In
most cases, species exhibit higher degrees of
sociality at lower altitudes and latitudes. For
example, many halictid bee species do not
produce workers at high altitudes and latitudes
(e.g., H. rubicundus, Yanega 1988; Soucy and
Danforth 2002; Soro et al. 2010; 4. aurata,
Packer 1990; L. baleicum, Yanega 1988; Cronin
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and Hirata 2003; L. calceatum, Sakagami and
Munakata 1972). However, some taxa show the
opposite pattern, with greater caste differentia-
tion occurring at higher altitudes and latitudes
(e.g., H. ligatus, Richards and Packer 1996). In
addition, the proportion of social species in bee
communities tends to increase at high elevations
(Hoiss et al. 2012). Similarly, in Bombus,
queen—worker caste dimorphism and the num-
ber of first-brood workers tends to increase at
higher latitudes (Laverty and Plowright 1985).
Furthermore, in the ants, species in 17 out of 19
genera and five out of six subfamilies tend to
have larger colony sizes at high latitudes
(Kaspari and Vargo 1995, but see Purcell
2011). Future work examining the distribution
of solitary and social species across environ-
mental gradients could greatly illuminate our
understanding of how and why different taxa
appear to respond in opposite ways to these
environmental variables.

Importantly, altitude and latitude also corre-
late with many ecological variables, including:
climate, predation, resource availability, and
parasites and pathogens. These factors may also
help to explain the variation in social behavior
across these physical gradients as well as
differences among species in these patterns.
However, disentangling their relative impor-
tance remains a challenge (see Bourke 2011;
Purcell 2011 for recent reviews). For example,
temperature is strongly correlated with altitude
and latitude, with shorter growing seasons
found at higher elevations and latitudes.
Shorter growing seasons can limit the amount
of time available for social species to produce
worker and reproductive broods, and may be
associated with shifts to alternative life histo-
ries in regions with shorter seasons (e.g.,
social parasitism in Bombus (Alpinobombus)
hyperboreus, Alford 1975; reversions to soli-
tary behavior in halictids, Sakagami and
Munakata 1972; Yanega 1988; Packer 1990;
Soucy and Danforth 2002; Cronin and Hirata
2003; Soro et al. 2010). In regions with shorter
growing seasons, there may simply be insufficient
time to complete the production of a worker
and a sexual brood.
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Alternatively, environmental variability might
select for group life as a way to buffer against
harsh or extreme periods, just as it selects for
extended parental care in insects in general (Wong
etal. 2013). In some ant, termite, and social spider
species, rainfall is positively correlated with
sociality (Riechert et al. 1986; Picker et al. 2007
Murphy and Breed 2007; Purcell 2011). However,
the highly eusocial allodapine bee species
Exoneurella tridentata, appears to have evolved
sociality in very harsh, xeric conditions (Dew et
al. 2011), and in years with harsh weather
conditions colonies of H. ligatus showed an
increase in sociality (i.e., higher levels of queen—
worker dimorphism and decreased worker
cheating; Richards and Packer 1996). In a similar
vein, communality among the bees may also be
associated with more arid environments
(Australia, SW USA) because of restricted oppor-
tunities for fossorial nesting (Wcislo and Tierney
2009), though more rigorous comparative studies
are needed to support this view. Similar patterns
have also been documented in social vertebrates.
In mole-rats, the degree of sociality increases as
resource abundance decreases and variability in
rainfall increases (Faulkes et al. 1997; O’Riain
and Faulkes 2008). Furthermore, cooperative
breeding increases in African starling taxa that
are associated with semi-arid environments and/or
with high variability in rainfall (Rubenstein and
Lovette 2007). Associations can also be examined
by searching for a correlation between sociality
and each of these environmental factors (e.g.,
rainfall, environmental variability, etc.) while
explicitly controlling for phylogenetic signal (as
in Rubenstein and Lovette 2007).

Variability in resource abundance may also
favor non-dispersal and increased group sizes
(Stacey and Ligon 1991). Evidence for this
comes from social vertebrates where experi-
mental manipulation of food resources can lead
to an increase in cooperative breeding in carrion
crows (Baglione et al. 2006). In Seychelles
warblers, an increase in helping is observed when
nests occur in a territory where food resources are
high and vacant territories are of low quality
(Komdeur 1992). The corollary of resource
abundance is habitat saturation, which may also
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play a role in favoring sociality. For example, low
availability of vacant nesting sites or territories can
select for non-dispersal (Emlen 1982). This has
been documented in allodapine bees where
Exoneura nigrescens females remain in their natal
nests at higher frequencies when additional
nesting sites are experimentally removed (Langer
et al. 2004); but see Bull and Schwarz 1996 for an
opposing result in Exoneura bicolor.

Pressures from parasites and predators have
also been proposed to favor social groups
because groups are thought to be better
protected from both heterospecifics (Lin and
Michener 1972; Evans 1977) and conspecifics
(cheaters). Xylocopa suclatipes is a socially
polymorphic species with a proportion of nests
containing a secondary female that guards the
nest; the presence of the guard bee significantly
reduced the frequency of nest usurpation by a
conspecific female when the habitat was satu-
rated (limited nest-site availability; Stark 1992).

Finally, group living may increase foraging
efficiency or it may increase the predictability
of available resources because multiple foragers
can decrease the variance in the amount of food
gathered on a daily basis (Wenzel and Pickering
1991; Stevens et al. 2007). This latter idea,
encapsulated in the Central Limit Theorem
(Gillespie 1977), may further help to buffer the
colony against harsh and/or variable environ-
ments and also divides the foraging load over a
number of individuals, perhaps reducing the
cost of foraging for any single female. The only
direct test of this hypothesis for a bee species that
straddles the sociality spectrum, H. rubicundus,
supports the idea that solitary mothers invest more
in foraging than social mothers (Field et al. 2012)
but does not explicitly address variance in
resource income in social versus solitary nests.

Importantly, life history traits often interact
directly with ecological factors, and some of these
might serve as pre-adaptations to the evolution of
eusociality (Andersson 1984). These include traits
such as having a nest to defend and an increased
dependence of offspring on parents (e.g., progres-
sive provisioning). At a very simplistic level, short
adult lifespan coupled with long juvenile devel-
opment is likely to constrain the evolution of



Comparative approaches to sociality

sociality because it limits the opportunity for
mother and daughter to overlap. Extended
lifespan of an adult sweat bee foundress over
two winters may lead to a eusocial nest in
otherwise solitary species (e.g., Lasioglossum
fratellum, Field 1996). Extended offspring depen-
dence on adult provisioning or protection can,
however, favor group living through assured
fitness returns (Gadagkar 1990), as seen in hover
wasps (Field et al. 2000), halictid bees (Smith et
al. 2003), and allodapine bees (Schwarz et al.
2011). Assured fitness returns may also favor the
transition to sociality in bees, though we know of
no direct tests for its role in this group.

Clearly much more work is needed to assess
differences among solitary and social species to
determine if these geographical and ecological
patterns are strongly correlated with sociality.
We have highlighted a number of factors
thought to play a role in the evolution of social
behavior, and pointed to areas of research where
comparative methods can be employed to
search for these associations while controlling
for phylogeny. More studies examining these
factors in additional bee species are necessary in
order to facilitate these comparisons. Finally,
mapping of life history traits considered to be
pre-adaptations to sociality onto the current
phylogeny will help to determine which, if
any, of these traits correlate with social behavior
after explicitly controlling for phylogenetic
relationships. Furthermore, recent advances in
comparative phylogenetic methods, particularly
in Bayesian analytical techniques, now allow
users to account for phylogenetic uncertainty,
making these tests more robust and applicable
to a wide range of species (Pagel and Meade
2006, 2013).

1.2.2. Comparative genomic approaches

Our understanding of some of the ultimate
factors associated with the evolution of social
behavior has improved greatly over the past
50 years. Kin and multilevel selection theory
can, at least in part, explain the persistence of a
sterile worker caste in highly eusocial insect
societies, using either an inclusive fitness or
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population genetic perspective, respectively.
However, we still lack a clear understanding of
the proximate genetic mechanisms underlying
social behavior.

Comparative genomic methods can improve
our understanding of some of these genetic
mechanisms. However, it must be emphasized
that most of these approaches operate on the
assumption that there is a common genetic
toolkit underlying reproductive division of labor
in social insects (Toth and Robinson 2007). For
example, the reproductive ground plan hypothesis
posits that the molecular pathways associated
with nest founding and offspring provisioning
in a solitary ancestor were coopted to establish
the division of labor in eusocial societies
(West-Eberhard 2003).

Current evidence indicates that this may indeed
be the case. ‘Functional’ genomic approaches
have compared differences in gene expression
associated with task specialization between nurse
and forager worker honey bees to differences in
gene expression between foundresses and
established queens in paper wasp females (Toth
and Robinson 2007; Toth et al. 2007; Toth et al.
2010). These results suggest that the molecular
pathways associated with task specialization in
honey bees have indeed evolved from ancestral
Hymenoptera gene networks associated with nest
founding and brood care. Further evidence comes
from the examination of juvenile hormone (JH) in
the facultatively eusocial halictid, Megalopta
genalis (Wcislo et al. 2004; Smith et al. 2012).
JH is associated with ovarian development in
solitary insects but with dominance status and
reproductive division of labor in social insects,
leading to the prediction that JH might
represent a mechanism for decoupling repro-
duction and parental care (West-Eberhard
2003). Measurements of juvenile hormone in
reproductive and non-reproductive M. genalis
females suggest that this may indeed be the
case (Smith et al. 2012). However, transcriptomic
approaches in Polistes canadensis and in
several ant species have also suggested that
reproductive division of labor might be associ-
ated with the evolution of novel genes (Gadau
et al. 2012; Ferreira et al. 2013).
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Importantly, all of these analyses rely on a
comparative approach to search across species for
common molecular pathways underpinning caste
differentiation. Somewhat surprisingly, conver-
gent molecular evolution may be more common-
place than one might initially suspect. A recent
study examining the convergent evolution of
echolocation in bats and cetaceans identified
hundreds of loci where similar changes occurred
at the amino acid level (Parker et al. 2013). These
results suggest that the genetic underpinnings
associated with convergent, independently
evolved phenotypes may often be the same.

A similar approach can be used to search for
the molecular underpinnings of caste differentia-
tion in social insects—examination of a large
number of social insect taxa within a clear
phylogenetic framework will likely inform our
understanding of some of the proximate mecha-
nisms underlying social evolution. For example,
comparative genomic approaches that examine
the genomes of multiple solitary and social
species can be used to search for signatures of
selection on protein coding genes that are shared
within behavioral forms. This type of approach
was first utilized in bees by comparing expressed-
sequence tag (EST) data from 11 different bee
species, where genes associated with chemical
signaling, metabolism, brain development, and
immunity showed signatures of positive selection
in species with both primitive and advanced
eusociality (Woodard et al. 2011; Fischman et al.
2011). Future work could compare closely related
social and solitary taxa to determine if there are
genes or gene networks unique to eusocial taxa
that are missing in solitary ones and that might
represent a ‘point of no return’ to eusociality.

The type of genomic data required for
comparative analyses is highly dependent on
the types of questions one is interested in
addressing. For example, in a search for common
pathways underlying the evolution of eusociality,
transcriptomic data is sufficient because current
tests for selection use the ratio of synonymous vs.
non-synonymous mutations as evidence for
selection—an excess of non-synonymous (e.g.,
amino acid) mutations suggests that there has
been strong positive selection on those loci (Yang
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and Bielawski 2000). Therefore, coding se-
quences are all that is needed for this level of
comparison. However, de novo transcriptome
assembly remains challenging, and whole genome
assemblies can greatly improve gene annotation,
particularly with respect to paralagous sequences
(Vijay et al. 2013). Furthermore, for questions
related to the evolution of genome structure
(e.g., transposable elements, repetitive sequences,
or whole genome duplications), whole-genome
sequences are essential.

2. CURRENT CHALLENGES
2.1. Defining eusociality

One of the major limitations of employing a
comparative approach to study the evolution of
social behavior is a clear definition of the
behavioral forms being studied. Numerous pro-
posals to improve the definitions in Table I have
been made over the years (Crespi and Yanega
1995; Sherman et al. 1995; Costa and Fitzgerald
1996). Crespi and Yanega (1995) argued for a
more restricted definition of eusociality to include
only species where castes become “irreversibly
behaviorally distinct at some point prior to
reproductive maturity”’. Conversely, Sherman et
al. (1995) argued that the definition of ‘eusocial’
should be expanded to encompass all species with
“alloparental helping of kin”. Despite disagree-
ments on the broader framework, both advocated
abandonment of the terms ‘primitive’ and ‘ad-
vanced’ eusocial. Crespi and Yanega suggested
two alternative terms, facultative and obligate
eusociality, meant to de-emphasize the ‘value-
laden’ nature of ‘primitive’ and ‘advanced’.
Rather than leading to a consensus in the field,
these efforts appear to have resulted in additional
confusion, with different research teams adopting
different terminologies to describe the same or
very similar species (Costa and Fitzgerald 2005;
Lacey and Sherman 2005).

At a time when comparative phylogenetic and
genomic methods are meeting increasing success,
the limitations of these terms and reluctance in the
field to develop standardized definitions of existing
terms is a major limitation. The categorical nature
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of these terms coupled with lack of consensus in
their definitions impedes the use of comparative
methods to search for common factors associated
with variation in social behavior. For example,
bumble bees are often called ‘primitively eusocial’
because the only morphological difference be-
tween a queen and a worker is size (Michener
1974). However, this term has been described as
“misleading” (Goulson 2003) because bumble
bees can regulate temperatures within the nest
(Heinrich 1979), communicate the presence of
floral resources to other colony members
(Dorhaus and Chittka 2001; Dornhaus et al.
2003), workers are generally not known to mate
(Heinrich 1979; Goulson 2003), and at least one
Bombus species can found new colonies via
swarming (Garé6falo 1974) in manners akin to the
‘advanced’ honey bees and stingless bees. Because
bumble bees are technically deemed primitively
eusocial, they are often included in the same
behavioral groups as halictid bees and polistine
wasps (e.g., Woodard et al. 2011), which have
lesser size differentiation between queens and
workers, much smaller colonies, and cannot
effectively thermoregulate their nests.

Sociality is more likely to be a continuous
rather than discrete character, and finer-scale
quantification could provide better resolution in
the search for genetic, behavioral and ecological
factors underlying the evolution of social
groups. Indeed, some attempts have been made
to develop quantitative indices to characterize
gross differences in sociality across a wide array
of taxa. In order to maximize inclusivity, they
focus primarily on reproductive skew (Sherman
et al. 1995) or the energetic contribution of
workers (Keller and Perrin 1995). More recent-
ly, these indices have been expanded to include
measures of dispersal (Avilés and Harwood
2012). However, common measurements for
these terms have not been adopted across fields,
and often include different assumptions that are
not directly comparable (Nonacs 2000).

2.2. Correct phylogenies

The comparative method explicitly relies on
the evolutionary relationships of organisms to
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search for commonalities across species.
Therefore, it is critical that the phylogenetic
relationships within a group of interest are well
characterized. Fortunately, in recent years, the
publication of several molecular phylogenies of
bees (Brady et al. 2006; Cardinal and Danforth
2011; Rehan et al. 2012; Gibbs et al. 2012),
wasps (Hines et al. 2007) and ants (Brady et al.
2006; Moreau et al. 2006) has substantially
improved our understanding of these relation-
ships within the Hymenoptera. These phyloge-
nies are poised to facilitate comparative studies
of a number of traits associated with eusociality
(reviewed in Danforth et al. 2013).

Good phylogenies aside, when evaluating a
phylogeny there are a number of factors that
must be considered. For example, the loci used
to construct the tree can influence topology.
Ideally, a combination of nuclear and mitochon-
drial genes should be used to reconstruct
evolutionary relationships because mitochondri-
al loci have matrilineal inheritance patterns,
which can sometimes obscure the evolutionary
history of the focal taxa. More recent datasets
incorporate multiple loci using genome-wide
data to resolve these phylogenies (Song et al.
2012). In these instances, the ‘gene trees’ are
not always consistent, and this discordance
needs to be accounted for when inferring
evolutionary relationships (Degnan and
Rosenberg 2008). Fortunately, recent develop-
ments in Bayesian analytical techniques, such as
those in BayesTraits, are now able to encompass
phylogenetic uncertainty (Pagel and Meade
2006, 2013). Another point of consideration is
with respect to divergence dating; recent ad-
vances in phylogenomics have greatly improved
our ability to estimate evolutionary divergence
times. However, because these datasets and
methods have not been applied to all members
of the focal clade, dates from previous studies
are likely to be less precise and more error-
prone. As a result, it is important to consider the
sources for the dates being discussed within a
comparative context and to make sure that
comparisons being made are appropriate, par-
ticularly with respect to questions about evolu-
tionary rates (Wheat and Wahlberg 2013).
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2.3. Choosing appropriate levels
of comparison

Inference of ancestral states is highly depen-
dent on taxa examined and phenotypes assigned
within a group. When mapping traits onto a
phylogeny and searching for common signals, it
is crucial to make sure the traits being examined
are homologous rather than simply analogous.
That is, the traits being compared should have a
similar structural underpinning rather than being
just superficially similar. This concept of ‘same-
ness’ can often be complicated, particularly
with behavioral traits. One potential solution
might be the development of an ontology of
terms associated with social behavior so that
definitions and suites of traits could be stan-
dardized across the field.

But at what level should these comparisons
be made? One solution, taken in part by
Cardinal and Danforth (2011), is to break
‘eusociality’ down into its constitutive parts in
order to map ‘homologous’ behavioral units,
such as overlapping generations, division of
labor, caste differentiation, morphologically
distinct gynes, progressive feeding, and
swarming onto the phylogeny to study the
origins and evolution of social behavior. Other
approaches have grossly characterized behavior
as solitary, primitive, or advanced eusocial
(Figure 1). In both of these cases, the implicit
assumption is that the mechanisms associated
with the evolution of social behavior across
independent origins (convergence) are the same.
On the one hand, some might argue that the
presence of a reproductive and a sterile worker
caste is likely to be homologous across taxa. On
the other hand, stating that ‘primitive eusocial-
ity’ in halictid bees and bumble bees is the same
can be challenging because the social structures
of these colonies can vary greatly. Instead, it
may be a more likely assumption that ‘primitive
eusociality’ evolves via some of the same
evolutionary mechanisms across more closely
related lincages (e.g., the two lincages of
primitively eusocial halictids that have indepen-
dently evolved eusociality; see Figure 1).
Therefore, careful consideration of the focal
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taxa and the behavioral traits being compared is
critical to maximize the utility of the comparative
approach. Future work could focus on mapping
some of the aforementioned pre-adaptations onto
the phylogeny along with other major life history
traits such as progressive provisioning, extended
parental care or swarming to determine if these
traits are correlated with each other and/or with the
evolution of eusociality as predicted.

3. OUTLOOK AND FUTURE
DIRECTIONS

In recent years, the decreasing cost of next-
generation sequencing and simultaneous explo-
sion in the algorithms and software used to
analyze huge volumes of data have made
genomic technologies accessible to nearly any
non-model organism. As a result, we are
beginning to see a rapid increase in the number
of social insect genomes that are available. If
the sequenced taxa are chosen appropriately,
whole genome sequences promise to be an
invaluable key to unlock information on the
factors associated with the evolution of social
behavior. For example, within the halictids,
eusociality has arisen independently two times
and has been lost repeatedly, making this a
particularly interesting group for comparative
approaches. At least one halictid genome has
been sequenced (L. albipes; Kocher et al. 2013),
and with the addition of several other solitary
and eusocial species, comparative ecological
and genomic approaches can be easily
employed. Within the Xylocopinae, there has
only been a single origin of eusociality in the
group, but there have been many subsequent
losses, also creating a vast amount of variation
in social behavior among closely related species
that can be used to look for common factors
associated with eusociality.

Socially polymorphic species that straddle the
solitary—eusocial transition offer another insight
into these mechanistic hypotheses (Wcislo and
Danforth 1997; Schwarz et al. 2007). In some of
these species, these behavioral differences appear
to remain plastic. For example, in H. rubicundus,
reciprocal transplant experiments have revealed
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that most foundresses within these populations are
capable of producing environmentally appropriate
nesting behavior (e.g., solitary nests at higher
latitudes and social nests at lower latitudes
(Michener 1985; Field et al. 2010). Studies of M.
genalis suggest that there is a fair amount of
plasticity within this species as well, and that the
social polymorphism results from size-based
reproductive differences among foundresses
(Kapheim et al. 2013). However, in other species
or populations, the differences in social behavior
appear to have a genetic underpinning. For
example, in the North American populations of
H. rubicundus, there are fixed genetic differences
among social forms (Soucy and Danforth 2002).
Likewise, in L. albipes, common garden
experiments suggest a genetic underpinning of
social phenotype (Plateaux-Quenu et al. 2000).
Of the socially polymorphic Xylocopinae,
behavioral variation is often associated with
nest founding either as solitary or multiple
females (e.g., Ceratina australensis, Rehan et
al. 2010; Xylocopa virginica, Richards 2011).
In all of these cases, the molecular genetic
pathways underpinning differences in social
behavior, whether fixed or plastic in their
expression, remain to be determined. Further
work characterizing behavioral variation, its
degree of plasticity, and its genetic underpin-
ning within these groups of species promises
to greatly improve our understanding of soci-
ality and its genetic basis.

4. CONCLUSIONS

The search for both proximate mechanisms
and ultimate explanations associated with the
evolution of social behavior is ongoing. Bees
represent a particularly interesting group in
which to examine them because the clade
exhibits great variation in sociality. Eusociality
has arisen four times independently within this
group, with many subsequent modifications.
This variation makes bees ideal for using
comparative approaches to identify common
factors associated with the gain and loss of
social behavior. Furthermore, the well-resolved
phylogeny within this monophyletic group
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creates a robust statistical framework to which
these analyses can be applied. However, careful
examination of how sociality is defined and of
the underlying assumptions created by choice of
taxa will be critical to facilitate the success of
these methods. Future work combining compar-
ative ecological and genomic methods promises
to illuminate our understanding of both how and
why social behavior evolves.
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