
fevo-09-727124 December 3, 2021 Time: 17:48 # 1

ORIGINAL RESEARCH
published: 09 December 2021

doi: 10.3389/fevo.2021.727124

Edited by:
Karen Marie Kapheim,

Utah State University, United States

Reviewed by:
Adam R. Smith,

George Washington University,
United States

Priscila Santos,
The Pennsylvania State University

(PSU), United States

*Correspondence:
Jack da Silva

jack.dasilva@adelaide.edu.au

Specialty section:
This article was submitted to

Social Evolution,
a section of the journal

Frontiers in Ecology and Evolution

Received: 18 June 2021
Accepted: 28 September 2021
Published: 09 December 2021

Citation:
da Silva J (2021) Life History

and the Transitions to Eusociality
in the Hymenoptera.

Front. Ecol. Evol. 9:727124.
doi: 10.3389/fevo.2021.727124
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Although indirect selection through relatives (kin selection) can explain the evolution of
effectively sterile offspring that act as helpers at the nest (eusociality) in the ants, bees,
and stinging wasps (aculeate Hymenoptera), the genetic, ecological, and life history
conditions that favor transitions to eusociality are poorly understood. In this study,
ancestral state reconstruction on recently published phylogenies was used to identify
the independent transitions to eusociality in each of the taxonomic families that exhibit
eusociality. Semisociality, in which a single nest co-foundress monopolizes reproduction,
often precedes eusociality outside the vespid wasps. Such a route to eusociality, which
is consistent with groups consisting of a mother and her daughters (subsocial) at some
stage and ancestral monogamy, is favored by the haplodiploid genetic sex determination
of the Hymenoptera (diploid females and haploid males) and thus may explain why
eusociality is common in the Hymenoptera. Ancestral states were also reconstructed
for life history characters that have been implicated in the origins of eusociality. A loss of
larval diapause during unfavorable seasons or conditions precedes, or coincides with,
all but one transition to eusociality. This pattern is confirmed using phylogenetic tests
of associations between state transition rates for sweat bees and apid bees. A loss of
larval diapause may simply reflect the subsocial route to eusociality since subsociality
is defined as females interacting with their adult daughters. A loss of larval diapause
and a gain of subsociality may be associated with an extended breeding season that
permits the production of at least two broods, which is necessary for helpers to evolve.
Adult diapause may also lower the selective barrier to a first-brood daughter becoming
a helper. Obligate eusociality meets the definition of a major evolutionary transition, and
such transitions have occurred five times in the Hymenoptera.

Keywords: eusociality, life history, diapause, bees, wasps, major evolutionary transition

INTRODUCTION

The evolution of an effectively sterile worker caste, known as eusociality (see Table 1 for definitions
of social structures), has occurred many times in the aculeate Hymenoptera (ants, bees, and
stinging wasps), but explaining these transitions remains a challenge. Although sterile workers are
understood to evolve through kin selection (Hamilton, 1964a,b; see Table 2 for definitions of key
life history terms), the genetic, ecological, and life history conditions favoring reproductive altruism
remain poorly understood (Bourke, 2019; Field and Toyoizumi, 2020). At a minimum, a nest-
founding female must live long enough in an environment with a sufficiently long breeding season
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TABLE 1 | Definitions of sociality.

Broad Narrow

Presocial — Females nest
alone

Solitary — Females nest alone and mass
provision their nests. They do not interact with
their developing young.

Subsocial — Females nest alone but interact
with their developing larvae. Females may
overlap with their adult daughters.

Parasocial — Females of the
same generation interact on the
same nest.

Communal — Each female builds, oviposits in,
and provisions her own cells.

Quasisocial — All females cooperate in building
and provisioning brood cells, and all females
oviposit.

Semisocial — Some females lay most or all of
the eggs. Other females, with limited egg-laying
opportunities, are relegated to foraging, nest
building, and caring for the young.

Eusocial — Multiple females
cooperate in nesting and
exhibit reproductive division of
labor and there is an overlap of
generations so that adult
offspring assist their mother.

Primitively eusocial — Colonies are small and
short-lived, and morphological differences
between reproductive and non-reproductive
females are minimal or non-existent.
Advanced eusocial — Colonies are large and
complex and often long-lived. Reproductive
castes are often morphologically distinct from
non-reproductive castes.

to produce at least two broods, giving first-brood daughters the
opportunity to help raise second-brood siblings. This is known
as the subsocial route to eusociality (Wheeler, 1923; Alexander
et al., 1991; Bourke, 2011). In addition, it is understood that
because monogamy is ancestral to eusocial lineages, a daughter
is as related to her own offspring as she is to her siblings (Hughes
et al., 2008), whereas a mother remains more closely related to her
own offspring than to her daughter’s offspring. This relatedness
asymmetry means that a mother may be selected to coerce her
first-brood daughters to help raise their second-brood siblings
and that daughters may offer little or no resistance (Stubblefield
and Charnov, 1986; Boomsma, 2009). Thus, the barriers to a
first-brood daughter’s independent breeding, or the advantages
to helping, do not have to be great in order for a worker caste
to evolve, as long as a daughter can help raise a sufficient
number of siblings. The question then is, what genetic, ecological,
and life history conditions favor a daughter foregoing her own
reproduction to help her mother?

Numerous traits, including genetic, morphological,
behavioral, demographic, life history, and ecological traits,
have been hypothesized to favor eusociality, but without any
consensus as to which are sufficient and which are necessary
(reviewed by Andersson, 1984; Crespi, 1996). For example,
whether haplodiploidy favors eusociality remains disputed
(Hamilton, 1964b; Trivers and Hare, 1976; Seger, 1983;
Fromhage and Kokko, 2011; Gardner et al., 2012; Gardner
and Ross, 2013). Considering life history traits, multiple nest
foundresses, underground nests, progressive brood provisioning,
and breeding aseasonality have each been proposed to select
for a long lifespan in a nest foundress, resulting in the required
overlap between a foundress and her offspring (Cowan, 1991;

TABLE 2 | Definitions of key life history terms.

Term Definition

Brood A female’s set of offspring of the same age

Brood
provisioning — mass

All the food required to complete development is
provided at the egg or early larva stage

Brood provisioning —
progressive

A larva is fed throughout its development

Diapause A period of developmental dormancy during an
unfavorable season or period

Foundress An adult female that establishes a nest

Haplodiploidy Genetic sex determination in which females are diploid
(two genome copies) and males are haploid (one
genome copy)

Kin selection Natural selection operating through interactions with
genetic relatives

Monogamy A single female mates with a single male

Monogyny A single reproductive female in a nest

Monogyny —
functional

A single nest co-foundress is responsible for most or all
the reproduction in a nest

Prepupa A last instar larva

Queen A mated, reproductive female; usually reserved for
eusocial species

Reproductive
quiescence

Cessation of reproduction without diapause

Swarm One or more foundresses (queens) and multiple
workers that establish a nest

Worker A non-mated, effectively sterile female that conducts
most nest activities other than reproduction — usually
reserved for eusocial species

Matthews, 1991; Queller, 1996b; Brockmann, 1997; Keller and
Genoud, 1997; O’Neill, 2001; Danforth et al., 2019; da Silva, in
press). It has also been suggested that aboveground nests favor
eusociality because they provide greater opportunities to expand
the nest and thus allow greater capitalization of workers’ efforts
or require the help of workers for the nest’s defense (Alexander
et al., 1991; Matthews, 1991). A recent phylogenetic comparative
study reports a strong association between a loss of larval
diapause and the evolution of social living in bees (Santos et al.,
2019), and argues that this pattern supports the hypothesis that
eusociality is favored by “split sex ratios” between broods that
may arise in partially bivoltine species with mated adult diapause
(Seger, 1983).

In the present study, information was collected from the
literature for life history characters that have been implicated
in the evolution of eusociality and for which data are
commonly available across the Aculeata. Using recently published
phylogenies, ancestral character states were reconstructed to
describe the evolutionary histories of life history characters
in relation to transitions to eusociality in all four taxonomic
families that exhibit eusociality: Vespidae (vespid wasps),
Pemphredonidae (aphid wasps), Halictidae (sweat bees), and
Apidae (apid bees). This, the first analysis of its kind across
the aculeate Hymenoptera, is possible because of new data
on the sociality and life histories of poorly studied taxa and
because of the recent stabilization of Hymenopteran phylogeny
(Branstetter et al., 2017; Peters et al., 2017; Piekarski et al., 2018;
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Sann et al., 2018; Bossert et al., 2019). Eusociality was found to
have originated more often than previously thought in the Apidae
and Halictidae and to be preceded by semisociality outside the
Vespidae. A semisocial route to eusociality is consistent with
a subsocial route and with ancestral functional monogyny and,
because semisociality is favored by haplodiploidy, may explain
why eusociality is common in the Hymenoptera. A loss of larval
diapause precedes, or coincides with, all but one of the transitions
to eusociality. This may simply reflect that subsociality is defined
as the interaction between a mother and her adult offspring. In
addition, a loss of larval diapause and a gain of subsociality may
be associated with an extended breeding season, permitting the
production of two broods. Obligate eusociality, which meets the
definition of a major evolutionary transition, has evolved five
times in the Hymenoptera. An important consequence of these
transitions is that inclusive fitness can no longer be calculated
for individuals within obligately eusocial groups but must be
calculated for the new level of individuality, the colony.

MATERIALS AND METHODS

Data
All available data were collected for sociality and other life
history characters for species in taxonomic families exhibiting
eusociality: Vespidae (vespid wasps), Pemphredonidae (aphid
wasps), Halictidae (sweat bees), and Apidae (apid bees). The life
history characters are:

(1) Sociality (solitary, subsocial, communal, quasisocial,
semisocial, primitively eusocial, advanced eusocial)

(2) Number of nest foundresses (single, multiple, swarm)
(3) Nest type (ground, stem/wood, cavity, aerial)
(4) Brood provisioning (mass, progressive)
(5) Breeding seasonality (seasonal, aseasonal)
(6) Diapause (prepupal, adult, none, reproductive quiescence)

The definitions of social organizations of Hymenoptera are
those of Cowan (1991), which are modified from those of earlier
workers (Wilson, 1971; Michener, 1974; Eickwort, 1981; Table 1).
The highest level of social structure reported for a species was
used. Life history characters are defined in Table 2. The category
of the number of nest foundresses assigned to a species is the
highest category recorded. Swarming refers to one or more
foundresses and multiple workers establishing a nest. Nests may
be excavated in the ground, produced by boring in the soft pith of
stems or in soft wood, built in available cavities or constructed
in exposed areas. Brood provisioning is either mass, in which
a female provides the food required by a larva to complete
development all at once, or progressive, in which food is provided
incrementally to the growing larva. Diapause refers to a period of
developmental dormancy. Prepupal diapause occurs during the
last larval instar. Reproductive quiescence refers to a cessation
in reproduction without diapause. These data were collected for
317 species and are available as a supplementary dataset for each
family (Supplementary Data).

Statistical Analyses
All statistical tests and inferences were carried out using the R
language and environment for statistical computing and graphics
(R Core Team, 2019).

Ancestral State Reconstruction
Discrete ancestral character states were reconstructed on recent
phylogenies using maximum likelihood to fit hidden Markov
models (Beaulieu et al., 2013; Beaulieu and O’Meara, 2014),
as implemented in the R package corHMM (version 2.1). This
method allows rates of transitions between character states to
vary across a phylogeny as different rate classes. All transition
rates between character states were allowed to differ. Transitions
between states could be constrained to not permit certain
transitions. The state of the root node was fixed to the ancestral
state when there was strong supporting evidence, otherwise the
method of FitzJohn et al. (2009) was used to infer the root
state (root.p = “maddfitz”). This method weights each root
state according to its probability of giving rise to the extant
data, given the model parameters and the phylogeny. The states
of other internal nodes could also be fixed to test hypotheses
about character evolution. Marginal reconstruction was used to
estimate the empirical Bayesian posterior probability of each state
at each internal node. The state with the highest probability was
assigned to each node. One hundred random restarts were used to
ensure that the maximum likelihood solution was found. Models
with different numbers of rate classes were compared using the
Akaike information criterion (AIC). The smallest number of rate
classes giving the smallest AIC was used (a difference of 2 AIC
units is considered significant). A single rate class is used unless
stated otherwise.

For each taxonomic family, the states of the root node
for each character were fixed as solitary living, a single nest
foundress, ground nesting, mass brood provisioning, seasonal
breeding, and prepupal diapause (Wilson, 1971; Michener, 1974;
Cowan, 1991; Matthews, 1991; Hunt, 2007; Danforth et al., 2019;
Santos et al., 2019), unless stated otherwise. For sociality, state
transitions were constrained to follow the subsocial route to
eusociality (Alexander et al., 1991; Bourke, 2011; Figure 1A).
This may occur directly from subsociality to primitive eusociality
or indirectly via parasociality. All forms of parasocial living
appear to be also subsocial (Lin and Michener, 1972; Alexander
et al., 1991; Cowan, 1991). It is assumed that semisocial living
evolved from less complex forms of parasociality, in which
mutual tolerance and reproductive cooperation evolved (Cowan,
1991). Of the parasocial social structures, only semisociality is
assumed to precede primitive eusociality since monogamy is
ancestral to eusociality in the Hymenoptera, and this may be
functional in the sense that one co-foundress does all or most
of the egg laying (Hughes et al., 2008). It is also assumed
that primitive eusociality precedes advanced eusociality (Wilson,
1971; Michener, 1974) and that advanced eusociality represents
a point of no return, from which there are no reversions to
other forms of sociality (Wilson and Hölldobler, 2005; Boomsma
and Gawne, 2018). For diapause, transitions were constrained
to be sequential (Figure 1B), reflecting a reduction in diapause
as species adapt incrementally to reduced breeding seasonality
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FIGURE 1 | Character state transition models for (A) sociality and (B) diapause.

(e.g., Saito et al., 2009). Reproductive quiescence represents a
non-diapause adaptation to breeding seasonality. This model is
supported by examples of sequential pairs of states, but no non-
sequential pairs, observed within the same genus (e.g., adult
diapause↔ no diapause within the same genus in the Polistinae
and the Stenogastrinae).

Testing the Phylogenetic Dependence of Eusociality
on Life History Characters
Whether a transition from non-eusociality to eusociality is
dependent on the state of a life history character was tested
using Pagel’s method of detecting correlated evolution between
binary characters on phylogenies (Pagel, 1994). The method uses
maximum likelihood to fit models of character state transition
rates for each character evolving independently and for the two
characters evolving in a correlated fashion, and then compares
these models using the log likelihood ratio test to determine if
the correlated model provides a better fit. Tests were carried
out with sociality as the dependent variable, and P-values were
corrected for multiple comparisons within each family using the
Holm method (Holm, 1979). Analyses were conducted using the
function fitPagel (method = “fitMk”) in the R package phytools
(version 0.7-70) (Revell, 2012). Sociality and each life history
character were converted to binary characters. For example, the
states of sociality were converted to non-eusocial and eusocial.
The state of the root of each phylogeny was specified for each
character as the ancestral states non-eusocial, solitary foundress,
ground nesting, mass brood provisioning, seasonal breeding, and
prepupal diapause (or diapause, depending on the form of the
binary character).

Phylogenies
Vespidae
The phylogeny for the family Vespidae (vespid wasps) is based
on nucleotide sequence data from 378 loci across 136 species
(Piekarski et al., 2018). Branch lengths represent the amount

of evolutionary change. Species for which life history data were
collected, but which were not included in the published tree, were
added. When the tree included a single species of the same genus,
or a closely related genus, a species was added to the terminal
node of the included species and given a terminal branch length
of zero. Otherwise, species were added to the deepest node of
the smallest clade to which they belong (most recent common
ancestor, MRCA), and their terminal branch given a length of
zero. In some cases, these additions created polytomies. Other
phylogenies were used as guides in the placement of species
in the following genera: Vespula (Lopez-Osorio et al., 2015);
Vespa (Perrard et al., 2013; Lopez-Osorio et al., 2015); Polistes
(Santos et al., 2015).

Pemphredonidae
The phylogeny for the family Pemphredonidae (aphid
wasps) is extracted from a time-calibrated phylogeny of
the superfamily Apoidea (bees and digger wasps) based
on target DNA enrichment and transcriptomic sequence
data from 195 single-copy protein-coding genes for 174
species (Sann et al., 2018). Species for which life history
data were collected were added to the tree as for the
Vespidae, except their terminal branches were extended to
the present. The placements of added species were based on their
taxonomic classification.

Halictidae
The phylogeny for the family Halictidae (sweat bees) is a
composite of two time-calibrated phylogenies. One phylogeny
comprises the subfamily Halictinae and is based on sequences
from three nuclear genes (elongation factor-1 alpha, wingless,
and long-wavelength rhodopsin) and one mitochondrial gene
(cytochrome c oxidase 1) for 206 species (Gibbs et al., 2012).
The placements of the subfamilies Nomioidinae, Nomiinae,
and Rophitinae is from a second phylogeny, of bees (clade
Anthophila), based on sequences from two nuclear ribosomal
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genes (18S and 28S) and five nuclear protein-coding genes
(elongation factor-1 alpha, wingless, opsin, pol II, and Nak)
for 152 species (Cardinal and Danforth, 2013). The ages for
the relevant overlapping nodes from the two phylogenies are
consistent. Species for which life history data were collected were
added, as for the Vespidae, except their terminal branches were
extended to the present. Other phylogenies were used in the
placement of species in the following groups: Rophitinae (Patiny
et al., 2008); Nomiinae (Brady et al., 2006; Patiny et al., 2008);
Augochlorini (Gonçalves, 2016); Agapostemon (Janjic and Packer,
2003); Sphecodes (Habermannova et al., 2013).

Apidae
The phylogeny for the family Apidae (apid bees) is based on
genome, transcriptome and ultraconserved element sequences
for 79 species (Bossert et al., 2019). Branch lengths represent
the amount of evolutionary change. Species for which life
history data were collected were added as for the Vespidae.
Other phylogenies were used in the placement of species
in the following groups: Anthophorinae (Dubitzky, 2007);
Nomadinae (Litman et al., 2013); Xylocopinae (Rehan et al.,
2012); Eucera (Dorchin et al., 2018); Centridini (Martins and
Melo, 2016); Meliponini (Rasmussen and Cameron, 2007);
Bombus (Cameron et al., 2007).

RESULTS

Results for ancestral character state reconstructions are presented
for each family, with the origins of eusociality inferred first,
followed by the evolutionary histories of life history characters
in relation to the origins of eusociality. Phylogenies depicting
ancestral state reconstructions for each life history character
are given in Supplementary Figures 1–5. These results are
summarized in Figure 2. Results of tests for the dependence of
eusociality on each life history character are then presented.

Vespidae
Sociality
Solitary living at the root node is consistent with the
solitary parasitoid family Rhopalosomatidae as the extant sister
group to the Vespidae (Branstetter et al., 2017). Ancestral
state reconstruction infers that primitive eusociality arose
independently in the MRCAs of the subfamilies Vespinae +
Polistinae and Stenogastrinae (Figure 3). These origins descend
from nodes inferred to be solitary, but would have passed through
subsocial stages, as constrained by the model. This assumption is
supported by the subsocial subfamily Zethinae as the sister group
to the Vespinae + Polistinae. Advanced eusociality evolved once,
in the MRCA of the Vespinae.

Although the swarm-founding Polistinae (Jeanne, 1991) were
classified as primitively eusocial because many species do not
exhibit discrete caste-specific difference in morphology, size and
behavior and workers may become queens in some species
(Strassmann et al., 2002; Noll and Wenzel, 2008), they could
be considered as advanced eusocial because of their dependence
on workers to establish new nests and because of caste-specific

differences in some species. The dataset contains two swarm-
founding species, Synoeca septentrionalis and Protopolybia
exigua, both in the tribe Epiponini, which forms the sister
group to the primitively eusocial Polistini (Polistes) (Figure 3).
Reclassifying these species as advanced eusocial changes their
MRCA from primitively eusocial to advanced eusocial but does
not affect the state of any other node. This change also does not
affect any associations with other life history characters, for which
transitions from the root state precede the origin of swarming.

Life History
Both nodes at the origins of primitive eusociality maintain the
ancestral state of a single nest foundress (Figure 3). Some nodes
within the primitively eusocial Polistinae and Stenogastrinae
are inferred to have multiple foundresses. Ground nesting was
assumed to be ancestral for the Vespidae, although as the extant
sister group to the Vespidae are the parasitoid Rhopalosomatidae,
there is no direct supporting evidence. However, inferring the
state of the root from the data supports ground nesting. The
origin of primitive eusociality in the Stenogastrinae coincides
with a transition to aerial nesting. However, for the origin of
primitive eusociality in Vespinae + Polistinae, the node state is
cavity nesting, which is retained from an earlier transition from
ground nesting at the node for the MRCA of the Eumeninae +
[Zethinae + (Vespinae + Polistinae)]. The primitively eusocial
Polistinae have an MRCA with aerial nesting. A transition from
mass brood provisioning to progressive provisioning coincides
with the origin of primitive eusociality in the Stenogastrainae.
Another transition to progressive provisioning occurs in the
MRCA of the Zethinae + (Vespinae + Polistinae), thus preceding
the origin of primitive eusociality in the Vespinae + Polistinae.
The other progressive provisioners are the subsocial genera
Paraleptomenes, Montezumia, and Abispa in the Eumeninae.
There are no transitions from ancestral seasonal breeding that
coincide with or precede the origins of eusociality, although most
of the Stenogastrinae live in aseasonal environments. A reversion
from primitive eusociality to subsociality in the Stenogastrinae
coincides with a reversion from an aseasonal environment
to a seasonal environment. Ancestral prepupal diapause is
consistent with prepupal diapause in the Rhopalosomatidae
(Gurney, 1953). A transition to adult diapause from prepupal
diapause coincides with the origin of primitive eusociality in the
Vespinae + Polistinae. A transition to no diapause from prepupal
diapause coincides with the origin of primitive eusociality in
the Stenogastrinae. A reversion from primitive eusociality to
subsociality in the Stenogastrinae coincides with a reversion from
no diapause to adult diapause, consistent with the associated
reversion from an aseasonal environment to a seasonal one.

Pemphredonidae
Sociality
The state of the root was fixed as solitary living, consistent
with solitary living in the subtribe Pemphredonina, which forms
part of the sister group to the subtribe Spilomenina (Figure 4).
The Spilomenina contain the only primitively eusocial species in
the Pemphredonidae, Microstigmus comes. The other members
of the Spilomenina, including the congener Microstigmus
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FIGURE 2 | Summary of life history character state transitions in relation to transitions to eusociality. Derived life history character states are shown. An independent
transition to eusociality occurred at the MRCA of each clade.

nigrophthalmus, are quasisocial. A transition from solitary living
to quasisociality occurs in the MRCA of the Spilomenina.
Therefore, the transition to primitive eusociality in M. comes was
preceded by quasisociality and unobserved semisociality.

Life History
A transition to multiple foundresses coincides with the transition
to quasisociality in Spilomenina, and therefore multiple
founding preceded the origin of primitive eusociality (Figure 4).
The stem/wood nesting of the Pemphredonina + Stigmina is
supported as ancestral when the root state is inferred from the
data. A transition to aerial nesting occurs at the MRCA of the
Spilomenina and therefore precedes the origin of primitive
eusociality. All the members of the Pemphredonina + Stigmina
in this dataset are mass provisioners, supporting ancestral
mass provisioning. Microstigmus comes is a mass provisioner,
whereas its congener, M. nigrophthalmus, is a progressive
provisioner. The other two species in the Spilomenina included
in the tree are also progressive provisioners. Most internal
nodes are inferred to be mass or progressive provisioning
with equal probabilities. Therefore, although progressive
provisioning is common in the Spilomenina, the only primitively
eusocial species is a mass provisioner. A transition from
ancestral seasonal breeding to aseasonal breeding occurs in
the MRCA of the Spilomenina and therefore precedes the
origin of primitive eusociality. A transition from ancestral
prepupal diapause to no diapause occurs in the MRCA of

the Spilomenina and therefore also precedes the origin of
primitive eusociality.

Halictidae
Sociality
The root node for the Halictidae was fixed as solitary living,
consistent with solitary living in the subfamily Rophitinae,
the sister group to the remaining Halictidae [Halictinae +
(Nomiinae + Nomioidinae)]. A model with two rate classes
provides the best fit to the data (AIC: one class 498.97;
two classes 413.35; three classes 428.56). A transition from
solitary living to communal living occurs at the MRCA
of the Halictinae + (Nomiinae + Nomioidinae) (Figure 5).
A subsequent transition to semisociality occurs at the MRCA
of the Augochlorini, followed by independent transitions to
primitive eusociality in Augochlora, Augochlorella, Xenochlora
+ Megalopta, and Augochloropsis. The state of the MRCA of
the Halictini is communal living and there are independent
transitions to semisociality in the Hemihalictus series of the
genus Lasioglossum and the MRCA of Halicuts + Thrincohalictus.
Primitive eusociality then evolves in the MRCA of Halictus and
several times in the Hemihalictus series of Lasioglossum.

Previous studies have proposed either two origins (Danforth,
2002; Brady et al., 2006), or a single origin (Gibbs et al., 2012),
of primitive eusociality in the Halictini. To test the hypothesis
of a single origin, the node for the MRCA of Halictini was
fixed as primitively eusocial, but this model gave a marginally
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FIGURE 3 | Vespidae: Ancestral states for sociality and transitions from the root state for each life history character. Subfamilies are indicated. The scale bar is in
units of substitutions per site.
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FIGURE 4 | Pemphredonidae: Ancestral states for sociality and transitions from the root state for each life history character. Subtribes are indicated. The scale is in
millions of years.

poorer fit to the data than fixing the node as communal (AIC
415.87 vs. 414.98). Previous studies of the Augochlorini, based on
limited data on social behavior, have proposed a single origin of
eusociality within the clade and possibly one reversion to solitary
living (Danforth and Eickwort, 1997; Danforth, 2002; Brady et al.,
2006). The addition of newer data for this group suggests at least
four independent origins of eusociality within the Augochlorini.
The number of reversions from primitive eusociality within the
clade cannot be determined because of polytomies.

The two rate classes (rates scaled to a maximum of 100) in the
preferred model for the Halictidae correspond to low transition
rates between semisociality (sem) and primitive eusociality
(prim) in the Halictini (qsem→prim = 0.13; qprim→sem < 0.01)
and high rates in the Augochlorini (qsem→prim = 60.99;
qprim→sem = 100).

Life History
The number of foundresses could not be reconstructed
accurately; most nodes were inferred to have nearly equal
probabilities of single and multiple foundresses, suggesting that
this character is very labile. Nevertheless, a transition from
ancestral single founding to multiple founding is inferred for
the MRCA of the subfamily Halictinae, preceding the origins
of eusociality in the subfamily (Figure 5). Nearly all species are
ground nesters. Transitions from ancestral ground nesting to
stem/wood nesting occur in some lineages of the Augochlorini
that evolve eusociality: Augochlora and Xenochlora + Megalopta.

All species are mass provisioners. Nearly all species have
seasonal breeding. The root node was fixed as prepupal diapause,
consistent with prepupal diapause in the Rophitinae. A transition
from ancestral prepupal diapause to adult diapause is inferred
for the MRCA of the Halictinae, thus preceding the origins
of eusociality in the subfamily. However, there is a transition
to no diapause in the MRCA of the Augochlorini followed by
reversions to adult diapause in the MRCAs of Augochlora +
Augochlorella and Augochloropsis and a transition to reproductive
quiescence in the MRCA of the clade Caenaugochlora +
(Xenochlora + Megalopta), all of which contain lineages that
evolved eusociality.

Apidae
The subfamilies Apinae and Xylocopinae were analyzed
separately since eusociality appears to have evolved
independently in them and advanced eusociality is exclusive
to the Apinae (Danforth et al., 2013). In addition, transition
rates, including reversions, between character states may be
significantly different between the two subfamilies. Frequent
gains and losses of primitive eusociality have been inferred for
the Xylocopinae (Wcislo and Danforth, 1997; Rehan et al., 2012).

Apinae
Sociality
The root node was fixed as solitary, consistent with the
mostly solitary tribe Centridini, the sister group to the
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FIGURE 5 | Halictidae: Ancestral states for sociality and transitions from the root state for each life history character. An asterisk indicates a reversion to the root
state. Major subfamilies and tribes are indicated. The scale is in millions of years.
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FIGURE 6 | Apinae: Ancestral states for sociality and transitions from the root state for each life history character. Tribes are indicated. The scale bar is in units of
substitutions per site.

remaining Apinae. Eusociality is inferred to have evolved at
least three times (Figure 6). Primitive eusociality evolved at
least once in the genus Euglossa (tribe Euglossini) from a
node with communal living, and therefore through unobserved
semisociality. Primitive eusociality also evolved in the MRCA
of the tribes Meliponini + Bombini, with advanced eusociality
evolving in the MRCA of the Meliponini. This transition
to primitive eusociality occurred from a node with solitary
living and therefore is assumed to have passed through either
subsociality or semisociality. Advanced eusociality also evolved
in the MRCA of the tribe Apini. This transition is from a
node with solitary living and is therefore assumed to have
passed through either subsociality or semisociality and then
primitive eusociality. To test whether there is a single origin
of eusociality for the exclusively eusocial Apini + (Bombini +
Meliponini), the MRCA for this clade was fixed as primitively
eusocial, but this model gave a poorer fit to the data than
when the node was fixed as solitary (AIC 197.46 vs. 195.05).
Eusociality has also been inferred to have evolved in the MRCA
of the corbiculate Apinae (Euglossini, Apini, Bombini, and
Meliponini) (Cardinal and Danforth, 2011). This hypothesis was
tested by fixing the MRCA of the corbiculates as primitively
eusocial, but this model also gave a poorer fit to the data
than fixing the node as solitary (AIC 201.36 vs. 194.21).
Therefore, eusociality evolved twice in the Apini + (Bombini +

Meliponini) and advanced eusociality evolved independently in
the Meliponini and the Apini.

There have been suggestions that the non-parasitic Bombus
(bumblebees) be reclassified as advanced eusocial, rather than
primitively eusocial as they are classified here, on the basis of
various criteria (Crespi and Yanega, 1995; Kocher and Paxton,
2014; Boomsma and Gawne, 2018; Richards, 2019; Holland and
Bloch, 2020). This reclassification has the effect of changing the
MRCA of the Meliponini + Bombini from primitively eusocial to
advanced eusocial. However, the MRCA of the Apini + (Bombini
+ Meliponini) remains solitary, and therefore the conclusion of
two origins of eusociality in the Apini + (Bombini + Meliponini)
does not change.

Life History
The state of the root for the number of foundresses was
fixed as single, consistent with a solitary ancestor. Separate
transitions from solitary founding to swarming coincide with
both origins of advanced eusociality, supporting two origins
of advanced eusociality (Figure 6). The primitively eusocial
Bombini mostly retain ancestral single founding. A transition
to multiple founding from single founding preceded the origin
of primitive eusociality in the Euglossini. The state of the
root for nest type was fixed as ground nesting, consistent
with the mostly ground nesting Centridini. Cavity and aerial
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FIGURE 7 | Xylocopinae and Eucerinae: Ancestral states for sociality and transitions from the root state for each life history character. Major tribes of the Xylocopinae
are indicated. The scale bar is in units of substitutions per site.

nesting were merged into a single state, cavity/aerial nesting.
Separate transitions from ground nesting to cavity/aerial
nesting coincide with the two origins of eusociality in the
Meliponini + Bombini and Apini. A transition from ground
nesting to cavity/aerial nesting occurs at the MRCA of the
Euglossini, and thus cavity/aerial nesting precedes the origin
of primitive eusociality in Euglossa. The state of the root for
brood provisioning was fixed as mass provisioning, consistent
with mass provisioning in the Centridini. A transition from
mass provisioning to progressive provisioning occurs in the
MRCA of the Apini, coinciding with this origin of advanced
eusociality. A transition from mass provisioning to progressive
provisioning also occurs in the MRCA of the primitively
eusocial Bombini, while the advanced eusocial Meliponini
retain ancestral mass provisioning. Therefore, the Apini and
Bombini evolved progressive provisioning independently. The
state of the root for breeding seasonality was fixed as seasonal.
Most species live in a seasonal environment. A transition
from seasonality to aseasonality occurs at the MRCA of the
advanced eusocial Apini. The state of the root for diapause
was fixed as prepupal, consistent with prepupal diapause being
common in the Centridini. A transition from prepupal to
no diapause coincides with the origin of advanced eusociality
in the MRCA of the Apini. The state of the MRCA of the
Meliponini + Bombini is prepupal diapause, which coincides
with the origin of primitive eusociality for this clade. There is

a transition to adult diapause for the MRCA of the Bombini
and reproductive quiescence for the MRCA of the Meliponini.
A transition from prepupal to adult diapause occurs in the
MRCA of the Euglossini and is followed by a transition to
no diapause in Euglossa, which thus precedes the evolution of
eusociality in this group.

Xylocopinae + Eucerinae
Sociality
The subfamilies Xylocopinae + Eucerinae form the sister group
to the Apinae. The state of the root for the Xylocopinae +
Eucerinae was fixed as solitary, consistent with the mostly
solitary Eucerinae. Transitions from solitary living to primitive
eusociality (through subsociality or semisociality) occur for the
MRCAs of the tribes Ceratinini, Allodapini, and Xylocopini of
the Xylocopinae (Figure 7). In each of these tribes there are
reversals to presociality and parasociality. Therefore, primitive
eusociality evolved independently in the Ceratinini, Allodapini,
and Xylocopini. A previous study suggested that sociality, defined
broadly to cover all forms of sociality, evolved once in the
Xylocopinae (Rehan et al., 2012). To test the hypothesis that
eusociality evolved once in the Xylocopinae and was subsequently
lost in some lineages, the state of the MRCA of the clade
(Ceratinini + Allodapini) + (Xylocopini + Manueliini) was fixed
as primitively eusocial, but this gave a poorer fit to the data than
fixing the node as solitary (AIC 236.38 vs. 230.17).
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Life History
The state of the root for the number of foundresses was fixed as
single, consistent with ancestral solitary living. A transition from
a single foundress to multiple foundresses coincides with each
of the transitions to primitive eusociality in the MRCAs of the
Allodapini and Xylocopini (Figure 7). The state of the root for
nest type was fixed as ground nesting, consistent with ground
nesting in the Eucerinae. A transition to stem/wood nesting
from ground nesting occurs in the MRCA of the Xylocopinae,
and therefore precedes the origins of eusociality within this
subfamily. The state of the root for brood provisioning was fixed
as mass provisioning, consistent with mass provisioning in the
Eucerinae. A transition from mass provisioning to progressive
provisioning coincides with each of the transitions to primitive
eusociality in the MRCAs of the Allodapini and Xylocopini. All
species live in seasonal environments. The state of the root for
diapause was fixed as prepupal, consistent with prepupal diapause
in the Eucerinae. Transitions to adult diapause from prepupal
diapause occur at the MRCAs of the Ceratinini, Allodapini, and
Xylocopini. Therefore, transitions to adult diapause coincide with
all three transitions to eusociality.

Statistical Tests of the Dependence of
Eusociality on Life History
Tests for the dependence of sociality on each life history character,
using binary versions of the characters, were carried out for
each family except the Pemphredonidae, which contain a single
eusocial species. The effect of diapause on the evolution of
eusociality was tested in three ways to account for: (1) a loss
of prepupal diapause, (2) a loss of diapause altogether, and
(3) the effect of adult diapause on its own. After correcting
for multiple comparisons within the family, none of the life
history characters was significantly associated with sociality in
the Vespidae (P > 0.3; Table 3). For the Halictidae, nest type
and form of diapause have highly significant associations with
sociality. For nest type, the transition from non-eusociality to
primitive eusociality occurs at a much higher rate when nests
are in a stem or wood (q = 8523.124) than when they are in
the ground (q = 0.002) (P = 1.705 × 10−10). For diapause,
primitive eusociality evolves only after prepupal diapause has
been lost (P = 2.214 × 10−11). For the Apidae, nest type,
brood provisioning, and diapause are significantly associated
with sociality. For nest type, eusociality evolves only when nests
are aboveground (P = 0.0132), with the effect being due to
cavity or aerial nesting (P = 0.0008). For brood provisioning,
eusociality evolves at a higher rate with progressive provisioning
(q = 29.57) than with mass provisioning (q = 1.042) (P = 0.0105).
For diapause, eusociality evolves only after the loss of prepupal
diapause (P = 0.0132), due to transitions to adult diapause
(P = 0.0250).

DISCUSSION

Transitions to Eusociality
Eusociality is estimated here to have originated at least 15 times
across the aculeate Hymenoptera, not counting a single origin in

TABLE 3 | Tests for the dependence of eusociality on binary life history characters
within each family using Pagel’s method.

Derived character state Log-likelihood ratio P*

Vespidae

No. of foundresses: Multiple 4.8584 0.6167

Nest type: Aboveground 0.4312 1.0000

Nest type: Cavity/aerial 1.2984 1.0000

Brood provisioning: Progressive 6.5256 0.3064

Breeding seasonality: Aseasonal 0.6465 1.0000

Diapause: No prepupal 2.8162 1.0000

Diapause: None 0.3238 1.0000

Diapause: Adult vs. prepupal 4.0196 0.8040

Halictidae

No. of foundresses: Multiple −2.2129 1.0000

Nest type: Aboveground 48.2006 1.705 × 10−10

Nest type: Cavity/aerial (none) − –

Brood provisioning: Progressive (none) − –

Breeding seasonality: Aseasonal 0.6982 1.0000

Diapause: No prepupal 52.6485 2.214 × 10−11

Diapause: None 0.8351 1.0000

Diapause: Adult vs. prepupal 7.6870 0.0859

Apidae

No. of foundresses: Multiple 4.9344 0.2544

Nest type: Aboveground 12.001 0.0132

Nest type: Cavity/aerial 17.8728 0.0008

Brood provisioning: Progressive 12.9801 0.0105

Breeding seasonality: Aseasonal 2.4075 0.5074

Diapause: No prepupal 12.2448 0.0132

Diapause: None 2.7435 0.5074

Diapause: Adult vs. prepupal 10.1543 0.0250

*P-values are corrected for multiple comparisons within each family using the Holm
method; values < 0.05 are indicated in bold font.

the ants (Figure 2). The two origins of primitive eusociality in the
Vespidae, in the Stenogastrinae and the Vespinae + Polistinae, are
consistent with previous analyses (Hines et al., 2007; Piekarski
et al., 2018). Primitive eusociality is inferred to have arisen at
least six times in the Halictinae: at least twice in the Halictini
(Halictus and the Hemihalictus series of Lasioglossum) and four
times in the Augochlorini. Previous studies have proposed either
two origins (Danforth, 2002; Brady et al., 2006), or a single origin
(Gibbs et al., 2012), of primitive eusociality in the Halictini and
a single origin of primitive eusociality within the Augochlorini
(Danforth and Eickwort, 1997; Danforth, 2002; Brady et al.,
2006). The several independent origins of eusociality in the
Augochlorini inferred in this study are the result of the addition
of more recent data on social behavior. The Augochlorini exhibit
much higher rates of transition to and from eusociality than the
Halictini. In the Apinae, eusociality is inferred to have evolved
three times, twice in the Apini + (Bombini + Meliponini) and
at least once in Euglossa, with advanced eusociality evolving
independently in the Apini and Meliponini. Based on a tree
topology that is no longer supported, a previous analysis inferred
a single origin of eusociality in the Apinae (Cardinal and
Danforth, 2011). Two origins of advanced eusociality in the
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Apinae are consistent with previous analyses (Winston and
Michener, 1977; Cameron, 1993; Cardinal and Danforth, 2011).
In the Xylocopinae, primitive eusociality is inferred to have
evolved independently in each of the Ceratinini, Allodapini,
and Xylocopini. A previous study proposed a single origin of
eusociality for the Allodapini (Schwarz et al., 2006). However,
a more recent study proposed that sociality, defined broadly,
evolved once in the Xylocopinae and was followed by reversions
to non-social living (Rehan et al., 2012). In the present study,
the MRCA of the Xylocopinae is inferred to be solitary. This
discrepancy may reflect the more recent and accurate data on
sociality and phylogeny in the present study. Frequent gains
and losses of primitive eusociality had been inferred for the
Xylocopinae (Wcislo and Danforth, 1997; Rehan et al., 2012).

Routes to Eusociality and Life History
To summarize the routes to eusociality and the associations
of life history character states with transitions to eusociality
determined through ancestral state reconstruction, the derived
states subsociality, parasociality, multiple founding of nests,
aboveground nesting, progressive brood provisioning, aseasonal
breeding, adult diapause, and no diapause were each classified
as being absent, possibly present but unobserved, preceding or
coinciding with respect to each origin of eusociality (Figure 2).
A state may be possibly present in the case of subsociality
or parasociality when a transition occurs from solitary living
to eusociality on a phylogeny because it is assumed to have
passed through a subsocial or semisocial stage that has not been
observed. Parasociality is observed to precede or possibly precede
13 of the 15 origins of eusociality, suggesting that semisociality
provides a common route to eusociality. The loss of prepupal
diapause, in the form of either adult diapause or no diapause,
precedes, or coincides with, all except one origin of eusociality.

A semisocial route to eusociality is consistent with a subsocial
route since all semisocial species appear to also be subsocial
(Lin and Michener, 1972; Alexander et al., 1991; Cowan, 1991).
It is also consistent with eusocial lineages being ancestrally
monogamous since monogyny is often functional, involving
multiple foundresses but with only one foundress responsible
for most or all of the egg laying; functional monogyny is
ancestral for eusocial vespid wasps, ants, and corbiculate bees
(Hughes et al., 2008). A semisocial route to eusociality has been
proposed previously and may remain evident as a semisocial
stage in the lifecycle of many primitively eusocial species
(Lin and Michener, 1972).

Interestingly, a semisocial stage in the evolution of eusociality
could resurrect a causal link between haplodiploidy and
eusociality (Hamilton, 1964b). Haplodiploidy is not currently
considered to favor eusociality because although it increases
the genetic relatedness between full sisters it also reduces
the relatedness between sisters and brothers, resulting in no
advantage of haplodiploidy when the sex ratio of reproductive
siblings is even (Trivers and Hare, 1976). However, subordinate,
worker-like co-foundresses in semisocial groups of full sisters
may experience indirect fitness benefits by raising nieces and
nephews, and these are more closely related to them under
haplodiploidy than under diploidy. This argument has been

made in passing (Trivers and Hare, 1976; West-Eberhard, 1978;
Maynard Smith, 1989, p. 178; Pamilo, 1991; Bourke and Franks,
1995, p. 84) but does not appear to have been developed further.
This argument depends on co-foundresses being closely related,
which they are in primitively eusocial paper wasps (Strassmann
et al., 1989; Ross and Carpenter, 1991), hover wasps (Turillazzi,
2012), sweat bees (Brand and Chapuisat, 2016), carpenter bees
(Schwarz, 1987; Hurst et al., 1997; Hogendoorn and Velthuis,
1999), and orchid bees (Andrade et al., 2016; Freiria et al.,
2017). The conditions that favor multiple females founding
a nest may include higher nest survival (Queller, 1996b; Itô
and Kasuya, 2005), higher per capita reproduction (Bartz and
Hölldobler, 1982; Schwarz, 1988), assured fitness returns for the
dominant co-foundress (Lucas and Field, 2011), or subordinate
co-foundresses (Gadagkar, 1990; Shreeves et al., 2003) and the
opportunity for nest inheritance by subordinate co-foundresses
(Leadbeater et al., 2011).

Another interesting consequence of a semisocial stage in
the transition to eusociality is that if semisocial groups
have a higher number of offspring per capita, the result
of local resource enhancement (Schwarz, 1988), then females
may have higher a reproductive value than males, which
may select for a female-biased sex ratio (West, 2009). This
in turn favors eusociality under haplodiploidy since helpers
then help to raise closely related sisters disproportionately.
Semisociality may also be a preadaptation to the mutual tolerance
and reproductive altruism necessary for primitive eusociality
(Lin and Michener, 1972).

The Vespidae are an exception in that there is no evidence of
parasociality preceding, or coinciding with, their two origins of
eusociality (Piekarski et al., 2018; Figure 2), although multiple
nest foundresses are common in the paper wasps (Polistinae).
The eusocial Vespidae, however, exhibit progressive brood
provisioning exclusively, in contrast to several other eusocial
clades across the Hymenoptera that are mass provisioners.
A possible explanation is that multiple founding and progressive
provisioning are alternative strategies for dealing with scarce
larval food. When food is scarce, having multiple foundresses
may increase the chances of adequately mass provisioning
the first brood. Alternatively, a single foundress would have
to provision progressively to meet the demands of her first
brood. Some solitary eumenine vespid wasps may practice mass
provisioning when prey is abundant but shift to progressive or
delayed provisioning when prey is scarce (Evans, 1977; Cowan,
1991). This may explain the evolution of progressive provisioning
(O’Neill, 2001). Whichever strategy is used, food scarcity would
also favor a female-biased first brood if they could help raise
a second brood. Both progressive provisioning and multiple
founding may also select for an extended foundress lifespan,
which could overlap that of her first brood and thus permit
eusociality to evolve (da Silva, in press). Progressive provisioning
may select for an extended foundress lifespan because it
extends parental care. Multiple founding may do so because the
subordinate co-foundresses do most of the risky foraging, thereby
reducing the extrinsic mortality of the dominant foundress
(Metcalf and Whitt, 1977; Strassmann et al., 1984; Garofalo,
1985; Giannotti and Machado, 1994; Shreeves and Field, 2002;
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Itô and Kasuya, 2005). Perhaps an impetus for eusociality was
scarcity of larval food.

These roles for progressive provisioning and multiple
founding may explain clades of eusocial species that are
exclusively mass provisioning, but with multiple founding or
swarming, such as stingless bees (Meliponini) and some clades
of sweat bees (Halictinae), while other clades are exclusively
progressive provisioning, but with single founding, such as
bumblebees (Bombini), and vespine wasps (Vespinae) (Figure 2).
Most other eusocial clades contain species that combine
progressive provisioning and multiple founding: clades of paper
wasps (Polistinae), honeybees (Apini), and some clades of
carpenter bees (Xylocopinae). The combination of strategies may
be common because multiple founding reduces the dependence
of the first brood on a single progressively provisioning female
over the long provisioning period (Field, 2005).

Life History Dependencies
A more rigorous assessment of the association of sociality and
life history characters involved testing for dependence of the
transition from non-eusociality to eusociality on transitions in
binary life history characters. These tests were done for each
family separately to allow for differences in natural history
and life history between families. No significant dependencies
were observed for the Vespidae, very likely because there are
only two transitions to eusociality in this family. The strongest
dependencies were identified in the Halictidae, for aboveground
nesting and a loss of prepupal diapause. The Apidae also showed
these dependencies in addition to a dependency on progressive
brood provisioning. Progressive provisioning is discussed above
and the loss of prepupal diapause is discussed below. An
aboveground nest may favor eusociality because it provides a
greater opportunity to expand the nest and therefore allows
greater capitalization of the efforts of workers (Alexander et al.,
1991; Matthews, 1991). Alternatively, an aboveground nest may
require the help of workers for its defense. However, this
is unlikely to be important since nest defense is associated
with the origin of workers of both sexes in other eusocial
taxa, while the origin of exclusively female workers in the
Hymenoptera is explained by their primary role in alloparental
care (Ross et al., 2013).

The Loss of Prepupal Diapause
The loss of prepupal diapause precedes, or coincides with, all
but one transition to eusociality identified by ancestral state
reconstruction and is a statistically significant predictor of
transitions to eusociality in the Halictidae and Apidae. The
only exception to this pattern is the transition to primitive
eusociality in the MRCA of the Bombini + Meliponini, which
retains ancestral prepupal diapause (Figure 2). Prepupal diapause
is, however, subsequently lost in the MRCAs of the Bombini
(adult diapause) and Meliponini (reproductive quiescence). This
sequence of events may suggest that either the assignment of
prepupal diapause to the MRCA of the Bombini + Meliponini
is incorrect or that eusociality evolved independently in the
Bombini and Meliponini. The latter possibility would explain
the very different life histories of these two groups, with the

Bombini having single foundresses and progressive provisioning,
while the Meliponini exhibit swarming and retain ancestral
mass provisioning.

In a recent phylogenetic comparative study, Santos et al.
(2019) report that a loss of prepupal diapause is associated with
nearly every origin of sociality in bees, with sociality defined as
subsociality, parasociality, or eusociality. The present study shows
that this applies to most transitions to eusociality specifically. The
authors of the previous study argue that this pattern supports
the “Seger hypothesis,” that eusociality is favored by a female
bias in the sex ratio of reproductive offspring in the foundress’
second brood or the second generation of offspring, caused
by first-brood males mating with both first-brood females and
second-brood/generation females before these enter diapause
(Seger, 1983). The logic is that because of haplodiploidy, female
workers will experience higher indirect fitness by helping to raise
a female-biased second brood/generation.

However, there does not appear to be any evidence in
support of the Seger hypothesis. In particular, the limited number
of cases of sex ratio differences between broods/generations
have many other possible explanations (Cowan, 1991; O’Neill,
2001; West, 2009), there is no evidence that males mate across
broods/generations (Yanega, 1996), the requirement for mated
adult diapause does not explain the evolution of eusociality
in carpenter bees (Xylocopinae), which have unmated adult
diapause (Danforth et al., 2019), and the occurrence of sex
ratio differences between broods/generations and between nests
is deemed too rare to have had any effect on the evolution of
eusociality in the Hymenoptera (Gardner et al., 2012).

A simpler explanation for the strong association between
a loss of prepupal diapause and the evolution of eusociality
reported here is that eusociality evolves via the subsocial route
and subsociality is defined as females interacting with their
adult offspring. Thus, a loss of prepupal diapause is simply a
prerequisite for subsociality. Indeed, bee species with prepupal
diapause are solitary and not closely related to any eusocial
lineages (Danforth et al., 2019). In contrast, as shown in this
and other studies (Danforth et al., 2019; Santos et al., 2019), all
subsocial bees exhibit adult diapause or no diapause. Similarly,
wasps with prepupal diapause appear to be exclusively solitary
(Fye, 1965; Brockmann and Grafen, 1992), whereas subsocial
species exhibit adult or no diapause.

Life cycles in which daughters may either enter prepupal
diapause or complete development and breed in the same
season appear to be bet-hedging strategies in unpredictable
environments (Fye, 1965; Brockmann and Grafen, 1992;
Danforth et al., 2019). Prepupal diapause is especially common
in solitary bees living in arid environments, likely because
prepupae are resistant to desiccation, permitting them to remain
in diapause for a considerable amount of time, sometimes for
several years (Danforth et al., 2019). In more predictable and
less arid environments, females may be selected to complete
development with the option of entering diapause as adults.
One advantage of adult diapause is that it permits females
to begin nesting earlier in the next season than females that
had entered diapause as prepupae and must first complete
development (Matthews, 1991; Brockmann, 1997; O’Neill, 2001;
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Danforth et al., 2019). Earlier emergence from adult diapause
in the solitary mining bee Andrena vaga is associated with a
longer lifespan (Straka et al., 2014). This scenario may favor
eusociality if it permits the production of two broods, thus
allowing first-brood females the opportunity to raise second-
brood reproductive siblings. There are several species of bees
that are primitively eusocial at low latitudes or elevations, where
the length of the breeding season permits the production of two
broods, but are otherwise subsocial (Purcell, 2011).

In addition, with adult diapause, if a first-brood daughter has
no opportunity to breed either in her natal nest or independently,
because of a high cost of independent breeding, and thus her
only options are to enter diapause or to help raise the second
brood, the selective barrier to helping is extremely low (Figure 8).
This univoltine lifecycle is observed in paper wasps (Polistinae)
and sweat bees (Halictinae) (Yanega, 1988; Reeve et al., 1998;
Schwarz et al., 2007). In this situation, a first-brood daughter is in
a genetic sense simply trading off herself against her contribution
to the current production of full siblings in the second brood;
she would have to help produce only two full siblings to come
out even with an even sex ratio because each sibling is related to
her by one half on average. In other words, the cost of helping
in terms of personal reproduction is simply the female’s genome;
her future reproduction, had she opted to enter diapause, is not
relevant since any siblings she helps to produce may also breed
in the future. This conclusion was derived by Pamilo (1991)
using a formal inclusive fitness model, but has apparently not
attracted any attention. The idea is supported by the observation
that in vespid wasps and bumblebees the ontogeny of gynes,
but not workers, is guided toward an adult diapause phenotype
(Hunt and Amdam, 2005; Hunt et al., 2007; Amsalem et al.,
2015; Piekarski et al., 2018). The idea is also supported by what
may represent a step on the path to full eusociality: brood
divalency in the sweat bee Halictus rubicundus, in which some
first-brood females become workers while others mate and enter
diapause (Yanega, 1988). The hypothesis that adult diapause
favors eusociality in this manner could potentially be tested in the
Halictinae, which exhibit considerable inter- and intra-specific
variation in life cycles and social systems that is often associated
with season length (Yanega, 1997; Schwarz et al., 2007; Field et al.,
2010; Purcell, 2011; Kocher et al., 2018).

Obligate Eusociality Is a Major
Evolutionary Transition
A major evolutionary transition is a change in the way genetic
information is transmitted between generations (Maynard Smith
and Szathmáry, 1995). Such transitions help explain the
hierarchical nature of living systems, including the origins of
new levels of individuality, such as unicells, eukaryotic cells,
multicellular organisms, and eusocial societies (Bourke, 2011;
West et al., 2015). Therefore, to qualify as a major evolutionary
transition, eusociality must be obligate, in the sense that
reproduction cannot occur outside the social group, thus defining
the social group as an individual or superorganism. Boomsma
and Gawne (2018) suggest defining such groups by workers
remaining unmated throughout their lives, which is associated

with distinct morphological differences between queens and
workers. This allows for worker production of males. I believe
this is insufficient, however, since it leaves open the possibility
that a foundress may reproduce independently of workers.
Crespi and Yanega (1995) define obligate eusociality as a lack
of totipotency of both the reproductive and non-reproductive
castes, making castes mutually dependent, thus creating a new
level of individuality. Crespi and Yanega (1995) define castes
by the commitment of individuals throughout adulthood to
a behavioral role, usually involving a distinct morphology, in
order to distinguish eusociality from cooperative breeding, in
which individuals, usually offspring, act as helpers for only
their early adult years. The requirement for commitment to a
caste by Crespi and Yanega (1995) and Boomsma and Gawne
(2018) is motivated by the analogy with multicellular organisms,
with their distinct germ line and soma. However, then this
requirement seems too stringent since in both animals and plants
reproduction sometimes occurs through somatic tissue. For
example, cnidarians such as Hydra, may reproduce by budding,
and plants commonly reproduce vegetatively.

If we disregard commitment to caste, then the swarm-
founding Polistinae (paper wasps) (Jeanne, 1991), which rely
on workers to establish new nests, but in which workers
may become queens (Strassmann et al., 2002), are nevertheless
obligately eusocial and thus would meet the criteria for a new
level of individuality. On this basis, in addition to the swarm-
founding Polistinae, the non-parasitic bumblebees, stingless bees,
honeybees, non-parasitic hornets, and yellowjackets and most
ants are obligately eusocial (Crespi and Yanega, 1995; Boomsma
and Gawne, 2018). Thus, in the Hymenoptera there have been five
cases of a major evolutionary transition to obligate eusociality,
in the MRCAs of the clades Bombini + Meliponini, Apini,
Formicidae, Vespinae, and Epiponini (Figure 9).

The process of a major evolutionary transition to a new
level of individuality can be broken down into three steps:
social group formation, social group maintenance, and social
group transformation (Bourke, 2011). The first step, social
group formation, has been the focus of the present attempt
to understand the life history factors that favor the origin
of eusociality, in the form of primitive eusociality. The third
step, social group transformation, is the set of processes that
transforms a stable social group (primitive eusociality) to an
obligate social group, and is the stage of a major evolutionary
transition where the new level of individuality emerges. In
the case of obligate eusociality, none of the life history
characters studied here are associated directly with social group
transformation. However, unlike facultatively eusocial clades,
and with the exception of bumblebees, obligately eusocial clades
are characterized by species that form very large colonies. This
supports the size-complexity hypothesis (Bourke, 2011). In a
larger group, an individual worker has a lower probability
of attaining reproductive status, thus selecting for greater
reproductive altruism, and because of relatedness asymmetries,
for worker policing of worker reproduction. Such specialization
permits the production of larger groups, which selects for even
greater reproductive division of labor, producing a positive
feedback loop. The size-complexity hypothesis is supported in the
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FIGURE 8 | Schematic diagrams of life cycles with prepupal and adult diapause. Adults are represented by rectangles and prepupae are represented by an oval.
Solid arrows indicate breeding, and the dashed arrow indicates helping. The distinction between subsociality and semisociality is whether there is a single foundress
(subsocial) or multiple foundresses (semisocial).

FIGURE 9 | Major evolutionary transitions to obligate eusociality. Vertical bars indicate transitions. Cladogram of groups exhibiting eusociality is based on recent
phylogenies (Peters et al., 2017; Piekarski et al., 2018; Sann et al., 2018; Bossert et al., 2019).
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Hymenoptera by positive correlations with colony size for social
complexity and morphological and lifespan differences between
castes (Fjerdingstad and Crozier, 2006; Rodriguez-Serrano et al.,
2012; Ferguson-Gow et al., 2014; da Silva, in press).

An interesting consequence of the major evolutionary
transition to obligate eusociality is that inclusive fitness
accounting (Hamilton, 1964a) can no longer be used to explain
the evolutionary forces maintaining the social group. Inclusive
fitness is calculated as the reproductive output of a focal
individual (or mated pair), exclusive of any offspring produced
due to help from others, plus any additional offspring produced
by others due to the focal individual’s help, weighted by the
relatedness between the focal individual and those receiving
help. This means that a queen in an obligately eusocial species
has no inclusive fitness, since all her reproduction is dependent
on help from workers (Queller, 1996a). This does not imply
that kin selection no longer operates; it simply reflects that
inclusive fitness, which is calculated for individuals, must now
be calculate for the new level of individual, the colony. I suggest
that the inclusive fitness of an obligately eusocial colony may
help explain the paradoxical evolution of super-colonies of ants
(Helanterä et al., 2009).

CONCLUSION

This study represents the most comprehensive assessment of the
transitions to eusociality in the Hymenoptera to date. Eusociality
has evolved more frequently in the Apidae and Halictidae than
previously thought. Interestingly, semisociality either precedes
or possibly precedes every transition to eusociality outside
the Vespidae. Given that semisociality should be favored by
haplodiploidy, this pattern may help explain why eusociality
is common in the Hymenoptera. Although ancestral state
reconstruction and statistical tests of transition rate dependencies
show that different life histories may favor eusociality in different
families, a loss of prepupal diapause appears to be a general
prerequisite. The association with a loss of prepupal diapause
may simply reflect the subsocial route to eusociality, both of
which may be associated with an extension of the breeding

season that permits the production of more than one brood. An
intriguing possibility is that with adult diapause a first-brood
female that does not have the option of breeding immediately has
a very low selective barrier to becoming a worker because she is
simply trading off herself against any second-brood offspring she
helps to raise. A fuller understanding of the conditions favoring
eusociality will require knowledge of the interactions between life
cycles and season length that favor first-brood females that opt
to help rather than breed or enter diapause. Obligate eusociality,
which meets the definition of a major evolutionary transition,
has evolved five times in the Hymenoptera. And consistent
with the evolution of a new level of individuality, inclusive
fitness can no longer be calculated for individuals in obligately
eusocial groups but must be calculated at the new level of
individuality, the colony.
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