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Abstract

The potential role of haplodiploid sex determination in promoting the evolution of altruism and
eusociality has been the subject of intense debate for over 50 years. Different theoretical models
have suggested that haplodiploidy influences relatedness in a way that either does, or does not,
make it easier for altruism to evolve. This debate over the ‘haplodiploidy hypothesis’ can only be
resolved with a decisive empirical test that controls for potential phylogenetic bias. Here, we
critically examine the current state of evidence for an adaptive link between haplodiploidy and
eusociality, applying phylogenetically informed methods to ensure that statistical tests reflect
independent evolutionary transitions. Using data from 5678 species, across all insect groups, we
find no evidence that haplodiploidy favours an increased rate of eusocial evolution in insects. We
show that this result is robust to: (a) different analytical approaches; (b) alternative ways of
defining both eusociality and haplodiploidy; and (c) noise in eusociality assignments for uncertain
clades. Our analyses suggest that previously reported associations between haplodiploidy and
eusociality are likely to have been artefacts, false positive results primarily driven by a high
transition rate to eusociality within the Hymenoptera. This high transition rate could be explained
by any factor associated with that group, such as parental care, monogamy or the possession of
a powerful sting.

Significance Statement

Social insects represent one of the highest levels of social organisation. In many species,
reproduction is monopolised by a single queen whose offspring are raised by sterile workers. For
over 50 years researchers have debated whether such extreme worker altruism is facilitated by
haplodiploid sex determination, whereby males develop from unfertilized (haploid) eggs and
females from fertilized (diploid) eggs. Haplodiploidy can cause female helpers to be more closely
related to their sisters than their own offspring, potentially favouring the altruistic rearing of
siblings. Despite extensive theoretical debate, there has been no decisive empirical test of this
“haplodiploidy hypothesis”. Our analysis of 5678 species, across all insect groups, finds no
evidence that haplodiploidy has driven an increased rate of eusocial evolution.

Main Text

Introduction

The eusocial insects represent one of the pinnacles of social life (Figure 1; 1-4). A typical colony
of leaf-cutter ants consists of a single reproducing queen and up to 10 million workers. These
workers are the ultimate altruists - they are completely sterile and devote their entire adult lives to
rearing the offspring laid by the queen. The eusocial insects are dominated by the Hymenoptera,
the wasps, ants and bees. Although this order comprises only 6-8% of insect diversity, it is
thought to have produced more independent origins of eusociality than all other insects
combined.

Hamilton suggested that eusociality has arisen so frequently in the Hymenoptera because they
have haplodiploid sex determination, where males develop from unfertilized (haploid) eggs and
females from fertilized (diploid) eggs (5, 6). Haplodiploid sex determination leads to females being
more highly related to their sisters (R=0.75; assuming monandry) than they are their daughters
(R=0.5), which may make it easier for altruism to evolve. This ‘haplodiploidy hypothesis’ has
received support, or mixed support, from three empirical studies, which have reported that the
transition rate to eusociality is higher in haplodiploid lineages than in non-haplodiploid (7-9).
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The support for the haplodiploidy hypothesis is, however, potentially misleading. The methods
used to test for correlated evolution assume that all evolutionary transitions to eusociality are
phylogenetically independent events (10). This can be a reasonable assumption if transitions are
spread across a phylogenetic tree. If this is not the case, and transitions are clumped, then
problems of nonindependence arise (11-13). As a worst-case scenario, imagine that n transitions
occurred in response variable y, within a clade of a tree where the explanatory variable x does
not change state. While this would contribute n data points to an analysis, they are not
independent, and are also correlated with anything shared by the members of that clade, not just
the state of x.

This worst-case scenario of ‘pseudoreplication within lineages’ is exactly what has happened in
the Hymenoptera. There has only been one evolutionary transition to haplodiploidy, at the base of
this group, and so the different transitions to eusociality within Hymenoptera do not represent
independent trials of the hypothesis that haplodiploidy promotes eusocial evolution - they
represent only one (Fig. 2; 11). The correlation between haplodiploidy and eusociality could
therefore be an artefact of eusociality being particularly promoted in the Hymenoptera, due to any
other factors that are shared across this group. For example, both parental care and monogamy
being common, or the possession of a powerful sting to facilitate group defence (14—22). This
potential problem is so great that the pattern in the Hymenoptera has previously been used as a
case study to illustrate the exact problem of pseudoreplication within lineages (11).

While this problem is significant, it is not insurmountable, and phylogenetically informed methods
exist that are able to account for this lack of independence within lineages. We used a dataset of
5,678 species spanning all major insect groups to test the haplodiploidy hypothesis while
explicitly controlling for pseudoreplication within lineages. To assess the robustness of our
conclusions, we used three different analytical approaches. First, we applied Read & Nee’s
(1995) method of sister-taxon comparison, which transforms the data into phylogenetically
independent comparisons, each representing a single transition in the explanatory variable (11).
Second, we used three phylogenetic regression approaches, which make different assumptions
in order to deal with the underlying problem of non-independence: (a) Grafen’s (1989)
phylogenetic regression (23); (b) Ives & Garland’s (2010) alternative phylogenetic logistic
regression (24); and (c) Adams et al.’s (2024) robust phylogenetic regression (25). Third, we used
Boyko and Beaulieu’s (2023) hidden-Markov models (HMM), which examine the possible role of
alternative drivers by explicitly introducing a ‘hidden state’ (26). This state may represent any
number of unobserved factors, biological or otherwise, that is correlated with the rate of eusocial
evolution across the phylogeny.

Results

We compiled a dataset of 5678 species, which could be placed on Chesters’ (2017) phylogeny of
insects (27), and for which data were available on both the genetics of sex determination and
social traits.

Distribution of Haplodiploidy and Eusociality. Independent origins of haplodiploidy and
eusociality were identified using 9al state reconstructions under an “all rates different” model.
Overall, 21% of the species we examined were haplodiploid by our most inclusive definition.
Using maximum likelihood ancestral state reconstructions, we inferred 10 independent transitions
to haplodiploidy across the insect tree. We also tested the robustness of our analyses by
repeating them including only arrhenotokous species (excluding those species which have
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paternal genome elimination). By this definition, 19.6% of species in our dataset are classified as
haplodiploid, comprising five independent origins.

The occurrence and number of transitions to eusocial behaviour depends on how it is defined. A
potential source of confusion is that ‘eusociality’ is used inconsistently across studies and
textbooks (See Methods) (4, 28-32). Consequently, to test the robustness of our conclusions we
repeated the analyses with three possible definitions, that are increasingly restrictive, and which
allow us to focus on specific traits. First, for our broadest categorisation, we used Michener and
Wilson’s definition of eusociality which incorporates all group living species exhibiting both: (a)
cooperative brood care; and (b) reproductive division of labour where ‘helpers’ aid ‘breeders’
(behavioural castes) (1, 33, 34). Using this definition, ancestral state reconstructions estimate that
eusociality has arisen 16 times (haplodiploid: 12 times, diploid: 4 times).

Second, we used Crespi & Yanega’s definition of eusociality with castes, which includes only
those cooperatively breeding species where individuals become fixed into specialised castes prior
to reproductive maturity (30). By this definition, eusociality has arisen 19 times, 15 times in
Haplodiploid lineages and 4 times in diploids.

Third, for our most restrictive definition, we consider only species which have gone through a
major evolutionary transition to superorganismality (here characterised by morphological caste
differentiation and worker sterility) (3, 4, 35). Superorganismality was found to have arisen 6
times, 4 times in haplodiploid lineages and twice in diploid. We provide a graphical illustration of
the estimated phylogenetic distribution of haplodiploidy and eusociality (according to our broad
Michener-Wilson definition) in Fig. 3.

Nb. These transition counts reflect estimates inferred from the taxa sampled in our dataset. While
they provide valuable insight into evolutionary patterns, they should be interpreted as indicative
rather than exact measures of the “true” number of transitions. A table showing transition counts
for haplodiploid vs. diploid lineages, as well as for Hymenoptera vs. non-Hymenoptera, can be
found in Supplementary Table S1. For a comprehensive depiction of all inferred transitions across
the phylogeny, see Fig.S1.

Sister-Taxon Comparison. Read & Nee's (1995) method of sister-taxon comparison did not
support the hypothesis that haplodiploidy is associated with a higher rate of eusocial evolution in
haplodiploid insects. Examining Michener & Wilson’s definition of eusociality, we transformed the
dataset into a ten independent contrasts between haplodiploid and non-haplodiploid clades, each
representing a single transition in haplodiploidy (Fig. 4). Four of these contrasts showed a
difference in the proportion of eusocial species between sister clades: three showed a higher
incidence of eusociality in the haplodiploid clade, and one showed a higher incidence in the
diploid clade (Binomial test: p= 0.32; 95% CI: 0.25 — 1). The conclusion of no significant influence
of haplodiploidy was robust to: (i) alternative analyses that included all contrasts (Wilcoxon
signed-rank test: p = 0.24, Z = 0.93); (ii) choice of contrast sister clade pairing (in 100 replicate
datasets using alternative plausible sister clades, none produced a significant result with p < 0.05,
Fig.S2) and; (iii) alternative definitions of eusociality and haplodiploidy (Supplementary Table S2).

Phylogenetic Regression. With all three phylogenetic regression approaches, we reached the
same conclusion, that there was no evidence of eusociality evolving at a higher rate in
haplodiploid insects. Results for Michener and Wilson’s definition of eusociality are as follows -
Grafen’s (1989) Phylogenetic regression: p = 0.94, F1,147 = 0.005; Ives & Garland (2010) binomial

4
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regression: p = 0.90, Z = 0.13); Adams et al. (2024) Robust regressions: p = 0.94, Z = -0.07. We
also reached the same conclusion when using alternative definitions of both haplodiploidy and
eusociality (Supplementary Table S3)

Hidden Markov models (HMIMs). Using Boyko and Beaulieu’s (2023) method of hidden-Markov
models (HMM) (26), we also reached the same conclusion that there was no evidence that
haplodiploidy is associated with a higher rate of eusocial evolution in haplodiploid insects. The full
two-rate-class hidden Markov independent model was the best-supported model, with by far the
lowest AIC, especially versus the single rate “dependent” model (log-likelihood = -208.42, K = 10
parameters, AAIC of 51.12). This implies that when we allow the rates of trait-change to vary in
an unlinked way, there is no residual evidence that haplodiploidy itself predicts eusociality. What
looked like a correlation under simpler models is better explained by a so-called “hidden state”,
which may represent any number of unobserved factors, biological or otherwise.

For these analyses we reached the same conclusion under five of the six possible combinations
of eusociality and haplodiploidy trait definitions. The only exception was the combination of Crespi
& Yanega’s eusociality and the “strict” haplodiploidy definition, where the dependent HMM model
was better supported (Supplementary Table S4). A key caveat with the HMM method it that,
although it can mitigate potential bias by absorbing heterogeneity in transition rates, it does not
explicitly control for (eliminate) pseudoreplication within lineages. This issue of pseudoreplication
is likely to be more pronounced under the Crespi & Yanega definition because this categorisation
is harder to score reliably, leading to noise that can increase the number of apparent eusocial
transitions within Hymenoptera. To assess whether the support for the dependent model reflects
reliable biological signal rather than uncertainty in trait coding rather than, we examined the
possible influence of classification error to our results.

Robustness to classification error. To test whether our results were sensitive to potential
classification error, we re-ran all phylogenetic regressions and Hidden Markov models after
introducing 10% random classification noise in eusociality assignments within socially variable
clades. Across all replicate datasets and all six combinations of trait definitions, the three
phylogenetic regression approaches consistently recovered a non-significant effect of
haplodiploidy (all p > 0.05, Supplementary Tables S5- S7). We did not rerun the sister-taxon
analyses because these broad-scale comparisons will be unaffected by small amounts of
misclassification, and the results would be unchanged.

Model rankings under the Hidden Markov framework were similarly stable. Across all replicates,
the two-rate-class independent HMM model was most frequently favoured, though the strength of
support varied with trait definitions (Supplementary Table S8). In four of the six combinations, the
independent model dominated the replicates (proportion of “wins” = 0.68—1.00). Under the Crespi
and Yanega definition, results showed no consistent support for either dependent or independent
models (0.56 for both strict and inclusive). It appears that results for this trait definition are
unstable and highly sensitive to trait uncertainty. Nonetheless, even under substantial (10%)
reclassification noise, no trait combination reversed our main conclusion.

Discussion

We found no support for the hypothesis that haplodiploid sex determination has favoured the
evolution of eusociality. This conclusion was robust to five different methods of analysis, and
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three possible definitions of eusociality (Fig. 3-5). Our conclusions differ from previous analyses
because we specifically used methods that are robust to the problem of pseudoreplication within
lineages. Previous analyses are likely to have been biased by the high transition rate to
eusociality within the Hymenoptera, which only represents a single unreplicated transition in
haplodiploidy (Fig. 2) (11-13).

We found only 10 independent transitions between haplodiploid and diploid clades across the
insects. This number of evolutionary transitions is not high, and so an important limitation of any
possible analysis is that the insect phylogeny has limited statistical power to test the role of
haplodiploidy. However, amongst these 10 transitions, six showed no difference in the prevalence
of eusociality, one showed a higher rate of eusocial evolution in the diploid clade and only three
showed a higher transition rate in the haplodiploid clade (Fig. 5). This is not a strong suggestive
pattern. Of course, it is always a possibility that there is an influence that it is too weak to detect.
For example, if we just focus on the transitions where there is a difference, and assume that the
3:1 ratio is accurate, then approximately 30 transitions would be required to have an 80% chance
of detecting a significant result. Nonetheless, and given all possible caveats, the empirical data
clearly do not provide significant support for the haplodiploidy hypothesis.

Recent support for the haplodiploidy hypothesis come from analyses based on Pagel’s test for
correlated evolution (8, 9). Pagel’'s method implicitly assumes that all transitions to eusociality are
independent evolutionary events (7-9). This is a reasonable assumption when transitions are
distributed across a phylogeny, but not when they are clumped within groups where the
explanatory variable does not vary (11-13). Multiple simulations have clearly demonstrated that
these models are likely to incorrectly infer false-positive associations under such circumstances
(13, 36). This scenario of ‘pseudoreplication within lineages’ occurs in our data set because of the
multiple transitions to eusociality in the Hymenoptera, after a single transition to haplodiploidy.
Our conclusions differed from these previous studies because we used methods that specifically
deal with this pseudoreplication problem. Joshi & Wiens provided mixed support for the
haplodiploidy hypothesis because they used a combination of methods that both do, and don't,
lead to this pseudoreplication (8).

The previous false positive results are likely to be a result of the “Hymenoptera effect” - an
artefact specifically resulting from the high transition rate to eusociality within the Hymenoptera.
Indeed, our hidden-Markov model analysis suggests that the significant result found in previous
analyses is better explained by an unknown (hidden) variable which could represent any
combination of factors. While the high transition rate in the Hymenoptera is correlated with
haplodiploidy, it could equally be caused by any other factor shared across this group. For
example, both parental care and monogamy being common, or the possession of a powerful sting
to facilitate group defence (14—22). A period of extended parental care with an appreciable
possibility of parental mortality provides an efficiency benefit to cooperative brood care (15-17,
37-39). Monogamy leads to a high relatedness within family groups, increasing the indirect (kin
selected) benefit that can be gained from helping rear siblings (20, 22, 40). Examining the
influence of these factors across all insects is a key future step.

There has been considerable theoretical debate over whether haplodiploidy should favour
altruism and therefore facilitate the evolution of eusociality or superorganismality. While
haplodiploidy can make females more highly related to their sisters (R=0.75) than they are to their
daughters (R=0.5), it also causes females to be less related to their brothers (R=0.25) than they
are to their sons (R=0.5) (6, 41). Consequently, whether haplodiploidy facilitates altruism can
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depend upon life history details, and especially the pattern of sex allocation (41). Numerous
theoretical studies have shown that certain patterns of sex allocation, such as sex ratio variation
between partially overlapping generations, can lead to haplodiploidy favouring altruism (4147,
47-53). But it is not clear that those patterns occurred during the evolution of eusociality. It has
also been shown that certain circumstances may lead to haplodiploidy disfavouring the evolution
of altruism (47, 49, 54). Consequently, biological details matter in a way that prevents a clear
prediction being made for whether haplodiploidy alone is likely to favour the evolution of altruism.
Our analysis has shown that, at present, we have no evidence that haplodiploidy has consistently
led to a higher rate of evolution of eusociality. A lack of support for the haplodiploidy hypothesis
has also been found when examining which sex helps. The helping sex is explained by the
ecological benefit and form of helping (brood care or defence) and not by the method of sex
determination (55).

Our results also highlight the importance of careful consideration of the underlying structure of the
data when conducting comparative analyses. Simply accounting for phylogeny is often not
enough, we must carefully consider the power we have to test any given hypothesis by
considering the number of independent transitions, not only in the response variable, but also in
the explanatory variables of interest. Failure to do this can result in potentially false positive
results and erroneous conclusions.

To conclude, we have provided a decisive negative test of the haplodiploidy hypothesis. We
emphasise that this is not a problem for inclusive fitness theory, because inclusive fitness theory
does not necessarily predict that haplodiploidy should matter. Indeed, one of us has previously
suggested that in the biologically most plausible scenarios, the influence of haplodiploidy was
likely to have been negligible or even to hinder the evolution of eusociality (47, 49, 54). In
contrast, there is considerable support for the cases where inclusive fithess can make clear
predictions, such as how altruistic helping and eusociality can be favoured by the role of
monogamy in producing a high relatedness; or the role of selection pressures such as ‘life
insurance’ in species with extended parental care and ‘fortress defence’ providing ecological
benefits to cooperation (15-22, 37, 38, 56—-58). Perhaps ironically, it appears that haplodiploidy
has been more important for explaining conflict rather than cooperation within social insect
species. There is clear empirical support for inclusive fitness predictions over how the relatedness
asymmetries generated by haplodiploidy can lead to conflict within haplodiploid social groups,
resulting in both ‘worker policing’ and ‘split sex ratios’(59—62).

Materials and Methods

Sex Determination. We obtained data on sex determination mechanisms from the Tree of Sex
database which compiles information on reproductive systems across eukaryotic life
(https://treeofsex.sanger.ac.uk/database). To supplement this data set, we also obtained
information on known haplodiploid lineages from a published review of sex determination
mechanism in insects (63).

We initially categorised species as diploid or haplodiploid with an inclusive definition of
haplodiploidy which includes species with either: (a) arrhenotoky, where males develop from
unfertilized eggs and are haploid; or (b) paternal genome elimination, in which males inherit a full
diploid genome but later discard the paternal contribution in either somatic or germline cells.
Although arrhenotoky and parental genome elimination differ mechanistically, both systems result
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in equivalent patterns of genetic inheritance and relatedness structures, leading to comparable
evolutionary consequences in the context of our study (64).

To test the robustness of our results, we repeated our analyses including only arrhenotokous
species as haplodiploid. Arrhenotoky is the predominant form of haplodiploidy in insects, and the
traditional focus of discussions on eusocial evolution. In addition, arrhenotoky may facilitate
adjustment of offspring sex ratios, which can help haplodiploidy facilitate the evolution of altruism.
We reached the same conclusions in all analyses.

Social Behaviour. We used three approaches to systematically gather data on social behaviour
across all insect taxa. First, we conducted comprehensive literature searches in Web of Science
and Google Scholar with combinations of search terms (eusociality, solitary, subsocial,
communal, quasisocial, semisocial, primitively eusocial, advanced eusocial), and taxon-specific
terms. We focused on taxa known, or suspected, to exhibit social behaviour: Vespidae (vespid
wasps), Crabronidae (aphid wasps), Halictidae (sweat bees), Apidae (apid bees), Formicidae
(ants), Phlaeothripidae (gall-thrips), Curculionidae (bark and ambrosia beetles), Aphididae
(aphids), Termitoidae (termites) and Colletidae (Amphylaeus morosus). Second, we extracted
relevant data from key monographs, reviews, and existing datasets (1, 33, 66—72). Third, we
conducted forward and backward citation searches on all relevant papers found via the methods
above to identify additional sources of data.

Eusociality. Eusociality is defined inconsistently across studies and textbooks (30, 32). One
potential problem is that eusociality is used as a broad-brush category, lumping multiple
characteristics in way that draws attention away from distinct traits (32). However, the term is
deeply embedded and still widely used in the broader literature. Consequently, and to test the
robustness of our conclusions we repeated our analyses with three increasingly restrictive
definitions of eusociality.

First, for our broadest categorisation of eusociality, we used Wilson and Michener’s definition.
Under this definition, a species was categorised as eusocial if exhibits both: (a) cooperative brood
care - where group members provide care for offspring that are not their own, such as
provisioning and defence; and (b) reproductive division of labour - where social groups have one
or more reproductively dominant individuals, evidenced by either consistent behavioural
differences (e.g., breeders vs. helpers) or by differences in ovarian development/ mating status.
This represents all species exhibiting reproductive altruism, and includes ‘primitively eusocial’
species in which all group members retain reproductive totipotency (1, 73).

For our second definition, we use Crespi & Yanega’s more restrictive categorisation: eusociality
with castes (see also: 18-20, 71). This definition includes only those cooperatively breeding
species where individuals become fixed into specialised castes prior to reproductive maturity
(preimaginal castes). Castes are evidenced by individuals having distinct bimodal size
differences, or non-allometric polymorphism that are correlated with reproductive specialisation.
This categorisation includes both ‘facultatively’ and ‘obligately’ eusocial species in which
members of at least one caste have irreversibly lost behavioural totipotency (30).

Third, for our most restrictive definition, we consider only species which have gone through a
major evolutionary transition to superorganismality. In these species castes are mutually
dependent upon each other and exhibit distinct non-allometric morphological differentiation. The
breeder (queen) cannot reproduce without the help of the helpers (workers), and the workers can

8
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only pass genes to the next generation by helping related breeders. This definition aligns with
Crespi & Yanega’s definition of ‘obligately eusocial’ species (30), a major evolutionary transition
in individuality (35) and Boomsma'’s discussion of superorganisms (32). For all definitions, we
cross-validated data across multiple sources to ensure accuracy and consistency. The highest
level of social behaviour reported for a species was used for analyses.

Within socially variable clades, species were scored under a definition only when supported by a
species-specific source; otherwise, they were conservatively scored “unknown”. Entire lineages
were scored only when peer-reviewed sources report universal absence or presence of
eusociality. The full data is provided in Dataset S1.

Phylogenetic Tree. We used a pruned version of the Chesters (2017) species-level phylogeny
(27), retaining only those taxa where complete trait data could be obtained or inferred. However,
as the Chesters tree does not include two social lineages for which trait data are available
(Kladothrips and Allodapini), we supplemented the phylogeny with additional taxa from two
published sources. For the thrips, we incorporated species from the McLeish et al. (2007)
phylogeny (75). Specifically, we replaced Kladothrips species in the Chesters backbone with
those from McLeish et al. (2007), anchoring the Kladothrips clade to its closest relative
Bactrothrips as identified in the Chesters tree. To incorporate the allodapine bees, we used the
same approach with the Sless & Rehan (2023) phylogeny of carpenter bees (76). This integration
ensured that both eusocial thrips and allodapine bees were represented in the combined
phylogeny, while maintaining consistency with the Chesters topology.

Divergence Time Estimation. We estimated divergence times using two approaches, reflecting
alternative assumptions regarding evolutionary change.

(1) Time-calibrated tree: Applying a penalized likelihood method implemented in treePL (77).
The undated maximum-likelihood tree was matched to a dated family-level reference
phylogeny (78) using congruify in geiger, which identifies shared nodes between trees
and transfers corresponding secondary calibrations. These calibrations were applied in
treePL and cross-validation was used to choose the optimal smoothing parameter (A).
The resulting ultrametric tree was scaled to absolute time (millions of years).

(2) Grafen-scaled tree: We also used Grafen’s p, which rescales branch lengths according to
the number of descendant tips rather than elapsed time. This provides an alternative
representation of evolutionary change that does not assume a constant-rate (Brownian
motion) of evolutionary change.

Results presented are those obtained using the time-calibrated tree; corresponding analyses
based on the Grafen-scaled tree can be found in Supplementary Tables S3 & S4(b).

Ancestral State Reconstructions. To estimate transitions between ploidy and eusociality states
across the phylogeny, we used maximum likelihood ancestral state reconstruction via the fitMk()
function in the R package phytools (v 2.4-4). For each combination of traits (i.e., each of the three
eusociality definitions paired with each of the two haplodiploidy classifications), we applied the
"ARD" (all rates different) model. The most likely state at each node was inferred using marginal
likelihoods from the fitted model, and transitions were identified by comparing the most likely
states of parent and descendant nodes along each branch of the phylogeny.
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Sister-Taxon Comparisons. Read & Nee’s (1995) method transforms the data into a set of
independent contrasts, each one representing a single transition in the explanatory variable,
thereby removing the bias that arises from multiple lineages sharing a common evolutionary
origin (11). Importantly, the maximum number of datapoints generated for this analysis is
inherently limited to the number of independent transitions in Haplodiploidy. We implemented this
approach by identifying a set of independent contrasts, where each contrast consisted of a
haplodiploid clade (single or multi-species) and a paired non-haplodiploid sister clade. These
contrasts formed the basis for subsequent phylogenetically informed trait comparisons.

Each haplodiploid clade was paired with a phylogenetically adjacent non-haplodiploid sister
clade. In cases where the parent node had more than two “children” nodes, several valid sister
clades could exist. Because all candidate sister clades share the same parent node, they are
equally related to the focal haplodiploid clade in evolutionary terms. To reduce potential biases
introduced by comparing clades of very different sizes, we selected the clade containing the
number of species most similar to the focal haplodiploid clade. If multiple candidate sister clades
were equally close in size, one was selected at random. To ensure that contrasts were
phylogenetically independent, candidate sister clades were only accepted if no part of their
lineage (i.e., tips or internal nodes) overlapped with any previously used contrast.

After identifying informative contrasts between haplodiploid and non-haplodiploid sister clades,
we then calculated the proportion of eusocial species found within each clade. Following Read
and Nee (1995), contrasts were considered informative if the two clades differed in their
proportion of eusocial species. We used two methods to carry out statistical tests, (1) focusing on
just informative contrasts (binomial test); and (2) also including contrasts with no differences
(Wilcoxon signed-rank test with 10,000 permutations).

To assess the robustness of our results to the specific choice of sister clades, we implemented a
simulation-based approach using repeated randomization. For each of 100 replicate analyses, we
iteratively identified valid focal clades and then selected a sister clade at random from among the
10 most plausible candidates. These top candidates were defined based on (a) minimal size
difference from the focal clade and (b) minimal phylogenetic distance (i.e., fewest nodes levels up
in the tree). As above, at each iteration, we ensured that no tips or nodes were reused across
contrasts. Each replicate generated a unique set of contrasts, and we repeated the downstream
statistical analysis to examine the consistency of results across different plausible sets of
contrasts. This approach provides a nonparametric measure of the stability of our findings and
helps mitigate concerns about the subjectivity or uniqueness of any single clade pairing.

Phylogenetic Regressions. To test for an association between haplodiploidy and eusociality,
while explicitly accounting for shared ancestry, we applied three alternative phylogenetic
regression approaches.

First, we used Grafen’s (1989) phylogenetic regression as implemented in the phyregB package
(80), which limits the degrees of freedom to the number of independent evolutionary events rather
than the number of species. Grafen’s method directly transforms our branch lengths according to
the number of descendant tips (diversification) rather than elapsed time. This p-adjusted
phylogeny forms the basis for test statistics, yielding a robust assessment of the association
between haplodiploidy and eusociality (13, 81). Grafen & Ridley (1996) have previously
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demonstrated the validity of using Grafen’s phylogenetic regression for discrete data such as
‘eusociality’ (81).

Second, we used implemented phylogenetic logistic regression (phyloglm; (24). Models were fit
with the R package phylolm v2.6.2 using the function phyloglm (method="logistic_ MPLE"). We
ran 1000 parametric bootstrap replicates to obtain 95% confidence intervals for both regression
coefficients and the phylogenetic-signal parameter (a), which controls the decay of covariance
with tree distance.

Third, we used robust phylogenetic regression (ROBRT), which has been explicitly validated to
remain reliable under scenarios of unreplicated evolution (25). We implemented the L1 (least-
absolute-deviations) estimator within a PGLS framework, retaining Pagel’s A to model
phylogenetic covariance but replacing the usual squared-residual with absolute deviations. By
leveraging these three approaches - each with different assumptions about branch-scaling,
residual structure, and robustness to outliers - we were able to test the robustness of our
conclusions.

Hidden-Markov Models. One final method that has been proposed to resolve the problem of
unreplicated evolution are hidden-Markov models (25). HMMs allow us to introduce a so-called
“hidden state,” which can represent any number of unobserved factors, biological or otherwise.
Based on the presence or absence of this hidden state, changes between observed states are
allowed to vary. By explicitly accounting for background rate heterogeneity not tied to the focal
trait, HMIM models provide a more realistic framework for evaluating potential trait correlations in
the presence of singular evolutionary events (i.e., unreplicated bursts).

Following Boyko and Beaulieu’s (2023) methodology, we fit four alternative discrete-trait models
using the corHMM package; 1) a dependent model based on Pagel's (1995) correlated evolution
model, where the transition rate in one trait depends on the state of the other (10); 2) an
independent model where each trait does not depend to the state of the other; 3) HMIM (Hidden
Markov Independent Model), a character-independent model that allows rates of evolution to vary
across the tree according to an unobserved (hidden) rate class, thereby capturing rate
heterogeneity not attributable to the traits themselves, and 4) HMM (Hidden Markov Dependent
Model), a character-dependent model that allows rates of evolution to vary across the tree
according to two rate classes, in these models transitions rates are attributable to haplodiploidy.
Each model was fit using maximum likelihood, and model performance was compared using AIC
scores and Akaike weights.

Error-robustness analysis. To evaluate whether our findings were sensitive to potential
misclassification of eusociality, we performed a structured sensitivity analysis across all three
definitions of eusociality. For each definition, we generated 25 replicate datasets in which 10% of
species were randomly reclassified within clades known to exhibit variability or uncertain
classification (for clade details, by eusociality trait definition, see Supporting text). Flips were
confined to these socially variable lineages and applied in both directions (0—1 and 1—0). Each
replicate dataset was then re-analysed using both phylogenetic regression and corHMM

Nb. Read and Nee sister-clade analyses were not repeated, as these comparisons (based on
proportions of eusocial vs non-eusocial species in matched clades) are expected to be largely
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unaffected by small amounts of misclassification. Instead, separate sensitivity checks were
performed for these analyses by varying the choice of sister taxa (see above).
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Figures Legends

Figure 1. Eusociality has independently evolved in multiple arthropod lineages: (a) ants; (b) bees;
(c) wasps; (d) thrips; (e) beetles (f) aphids; (g) termites. The top row (a-d) represents taxa with
haplodiploid sex determination systems, the bottom row (e-g) comprises taxa with diploid
systems.

Image credits: Ants: MD Jerry, via Unsplash, Bees: Shelby Cohron, via Unsplash. Wasps (Vespa
crabro): Aconcagua, CC BY-SA 3.0, via Wikimedia Commons. Thrips (Kladothrips): W. W.
Froggatt, 1907, public domain, via Biodiversity Heritage Library. Ambrosia beetles: Peter H. W.
Biedermann, used with permission. Aphids (Pemphigus spirothecae): Beentree, CC BY-SA 3.0,
via Wikimedia Commons. Termites (Syntermes sp.): Philipp Hoenle, CCO 1.0, via Wikimedia
Commons.

Figure 2. Cladogram of Hymenoptera with a non-Hymenopteran outgroup. Read & Nee (1995)
used this example to illustrate the potential problem of pseudoreplication within lineages. Red
branches indicate lineages in which eusociality has evolved, and black branches represent non-
eusocial linegaes. This part of the tree involves a single origin of haplodiploidy in ancestral
Hymenoptera (blue arrow), after which eusociality has evolved multiple times (red arrows). These
transitions to eusociality could equally be explained by haplodiploidy or any other feature(s) of
Hymenoptera.

Figure 3. Schematic cladogram showing the evolutionary history of haplodiploidy and eusociality.
Haplodiploid lineages are indicated by dashed branches. Red circles denote lineages in which
eusociality has evolved (sensu Michener-Wilson), with numbers indicating the estimated number
of independent transitions represented by our sampled taxa. Asterisks(*) mark lineages that have
undergone transitions to superorganismality (sensu Boomsma-Gawne). These transitions are
estimated to have occurred once in termites, once in ambrosia beetles, and four times in the
bees, wasps and ants. Silhouettes from phylopic.org

Figure 4. Cladogram showing the ten independent contrasts between haplodiploid and non-
haplodiploid clades, used for our sister-taxon comparisons. Focal and sister clades are indicated
by matched clade highlighting, with darker shaded clades representing the focal haplodiploid
clade (F) and lighter shaded clade representing the diploid contrast clades (C). Nodes
corresponding to the most recent common ancestors of each sister-taxon contrast are marked
with coloured circles; The four informative contrasts are indicated with an asterisk (*). Silhouettes
sourced from phylopic.org.

Figure 5. Difference in eusociality between focal (haplodiploid) and contrast (diploid) clades.
Each point shows the difference in the proportion of eusocial species for one contrast; positive
values indicate a higher proportion in the haplodiploid clade. Error bars represent 95% confidence
intervals for proportions based on clade size. Colours indicate which clade had the higher
proportion: green = more in haplodiploid, orange = more in diploid, and grey for no difference.
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Supporting Information Text
Socially Variable / Uncertain Clades

The clades listed below show social variation or uncertain eusociality status, and were therefore
used as the groups within which species were randomly reclassified for our error-robustness
analyses.

Michener-Wilson: allodapini, xylocopini, ceratinini, euglossini, stenogastrinae, augochlorini,
halictini, kladothrips, hormaphidinae, eriosomatinae, xyleborini, platypodini.

Boomsma- Gawne: ponerinae, apinae, platypodinae, myrmeciinae.

Crespi - Yanega: allodapini, halictinae, kladothrips, epiponini, polistini, ropalidiini, hormaphidinae,
eriosomatinae, platypodinae, encyrtinae.
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Figures

Diploid - Solitary
Diploid - Eusocial

Haplodiploid - Solitary

Haplodiploid - Eusocial

*\ "
:T‘

Fig. S1. Ancestral state reconstruction of haplodiploidy (inclusive definition) and eusociality
(Michener-Wilson definition) across the insect phylogeny. The tree shows inferred ancestral
states at each branch based on maximum likelihood estimation under an ARD (all-rates-different)
model. Branches are coloured according to the most likely state. Coloured circles indicate internal
nodes where state transitions are inferred to have occurred. Positions of major insect orders are
indicated. Silhouettes sourced from phylopic.org



P-values across replicate contrast sets
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Fig. S2. Read & Nee’s (1995) method of sister-taxon comparison did not support the hypothesis
that haplodiploidy has favoured a higher rate of eusocial evolution. Of 100 replicate datasets
using alternative plausible sister clades, none produced a significant result, p < 0.05. Results
presented use the Michener-Wilson definition of eusociality and the inclusive definition of
haplodiploidy.
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Table S1. Numbers of inferred origins of eusociality under three alternative trait definitions,
partitioned by (a) Hymenoptera vs. non-Hymenoptera and (b) haplodiploid vs. diploid lineages.
These two partitions illustrate the problem of pseudoreplication: most eusocial origins in
haplodiploid lineages occur within Hymenoptera, which itself represents only a single origin of
haplodiploidy.

Number of Inferred Origins of Eusociality
Eusocial Total
Definition Non- L S
Hymenoptera Hymenoptera Haplodiploid Diploid

Michener-
Wilson 9 7 12 4 16
Crespi- 12 7 15 4 19
Yanega
Boomsma- 4 2 4 2 6
Gawne

Nb. These transition counts reflect estimates inferred from the taxa sampled in our dataset. While
they provide valuable insight into evolutionary patterns, they should be interpreted as indicative
rather than exact measures of the “true” number of transitions.



64 Table S2. Results of Sister-Taxon Contrasts Analyses Using Alternative Trait Definitions. When
65 using Crespi & Yanega'’s (1995) definition of eusociality, the number of informative contrasts

66  drops to just three, two with greater eusociality in the haplodiploid clade, and one where

67  eusociality is greater in the diploid clade. When examining superorganismality, we are left with
68 just a single informative contrast.

Eusocial Haplodiploid Number Number Number Binomial Wilcoxon Binomial Wilcoxon
definition  definition contrasts informative successes result result #reps #reps
p<0.05 p<0.05

Michener- | inclusive 10 p =0.32 Z=0.93, 0 0
Wilson p=0.24
Crespi- inclusive 10 p=05 Z=0.57, 0 0
Yanega p=0.37
Boomsma- | inclusive 10 p=05 Z=1, 0 0
Gawne p=0.5
Michener- | strict 5 p=0.13 Z=1.70, 0 0
Wilson p=0.13
Crespi- strict 5 p=0.25 Z=141, 0 0
Yanega p=0.25
Boomsma- | strict 5 p=05 Z=1, 0 0
Gawne p=0.49

69
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Table S3. Results of Phylogenetic Regression Analyses Examining the Association Between
Haplodiploidy and Eusociality Under Alternative Trait Definitions. Results are shown for both the a
time-calibrated phylogeny and Grafen’s p—scaled phylogeny.

PhyregB results logistic_MPLE
Eusocial Haplodiploid
definition definition

Michener- inclusive NA F(1,147)= | z=0.13,p | z=0.16, | z=-0.07, | z=0.03,

Wilson 0.005, =0.90 p =0.87 p= 0.94 p= 0.98
p=0.94

Crespi - inclusive NA F(1,202)= | z=0.21,p | z=0.45, | z=-0.06, | z=-0.02,

Yanega 0.006, =0.83 p =0.65 p=0.95 p= 0.98
p=0.94

Boomsma- | inclusive NA F(1,124)= | z=0.001, z=-0.06, | z=-0.08, | z=-0.02,

Gawne 0.001, p =0.99 p=0.95 p=0.93 p= 0.99
p=0.97

Michener- strict NA F(1,147)= | z=012,p | z=0.14, | z=147, | z=1.04,

Wilson 0.016, =0.91 p=0.89 p=0.14 p=0.30
p=0.90

Crespi - strict NA F(1,202)= | z=0.20,p | z=0.40, | z=-0.08, | z=-0.04,

Yanega 0.001, =0.84 p =0.69 p= 0.94 p= 0.97
p=0.97

Boomsma- | strict NA F(1,124)= | z=0.00,p | z=0.04, | z=-0.01, | z=-0.02,

Gawne 0.002, =0.99 p=0.97 p=0.91 p= 0.98
p=0.97




Table S4 (a). Results of Hidden Markov Model analyses testing the association between
haplodiploidy and eusociality under alternative trait definitions, using a time-calibrated
phylogeny. Columns show the Hidden Markov Model variant (Model), the number of rate
categories specified (RateCat), the log-likelihood of the fitted model (logLik), the Akaike
Information Criterion (AIC), the difference in AIC relative to the best-fitting model (deltaAlC), and
the relative model support expressed as Akaike weight (Akaike weight).

Eusocial Haplodiploid Model RateCat logLik AlC deltaAIC Akaike
definition definition weight
Michener- inclusive Dependent 1 -234.97 | 485.95 51.12 0
Wilson

Michener- inclusive Independent 1| -250.57 | 509.13 74.30 0
Wilson

Michener- inclusive HMIM 2| -208.42 | 434.83 0 0.803
Wilson Independent

Michener- inclusive HMM 2| -201.82 | 437.64 2.81 0.197
Wilson Dependent

Crespi - inclusive Dependent 1| -266.02 | 548.04 42.78 0
Yanega

Crespi - inclusive Independent 1| -283.78 | 575.57 70.31 0
Yanega

Crespi - inclusive HMIM 2| -243.63 | 505.26 0 0.863
Yanega Independent

Crespi - inclusive HMM 2| -237.47 | 508.95 3.68 0.137
Yanega Dependent

Boomsma- | inclusive Dependent 1| -165.86 | 347.72 3.05 0.135
Gawne

Boomsma- | inclusive Independent 1 -169.29 | 346.57 1.90 0.241
Gawne

Boomsma- inclusive HMIM 2| -163.34 | 344.68 0 0.622
Gawne Independent

Boomsma- inclusive HMM 2| -161.01 356.02 11.35 0.002
Gawne Dependent

Michener- strict Dependent 1| -205.11 | 426.22 44.25 0
Wilson

Michener- strict Independent 1| -221.87 | 451.74 69.77 0
Wilson

Michener- strict HMIM 2| -181.98 | 381.96 0 0.527
Wilson Independent

Michener- strict HMM 2| -174.09 | 382.18 0.22 0.473
Wilson Dependent

Crespi - strict Dependent 1 -236.13 | 488.26 39.41 0
Yanega

Crespi - strict Independent 1 -255.08 | 518.17 69.32 0
Yanega

Crespi - strict HMIM 2| -220.89 | 459.77 10.92 0.004
Yanega Independent

Crespi - strict HMM 2| -207.43 | 448.85 0 0.996
Yanega Dependent

Boomsma- | strict Dependent 1| -136.90 | 289.80 0.85 0.256
Gawne

Boomsma- | strict Independent 1| -140.59 | 289.18 0.23 0.350
Gawne

Boomsma- | strict HMIM 2| -13547 | 288.95 0 0.393
Gawne Independent

Boomsma- | strict HMM 2| -133.15 | 304.50 14.9 0.000
Gawne Dependent




Table S4 (b). Results of Hidden Markov Model analyses testing the association between
haplodiploidy and eusociality under alternative trait definitions, using a Grafen’s p—scaled
phylogeny. Columns show the Hidden Markov Model variant (Model), the number of rate
categories specified (RateCat), the log-likelihood of the fitted model (logLik), the Akaike
Information Criterion (AIC), the difference in AIC relative to the best-fitting model (deltaAlC), and
the relative model support expressed as Akaike weight (Akaike weight).

- inclusive Dependent -240.22 | 496.44 56.89 0.00
Wilson
Michener- | . .
Wilson inclusive Independent -252.09 512.19 72.63 0.00
Michener- | inclusive HMIM 21078 | 439.55 000 | 1.00
Wilson
Michener- | . . HMM
Wilson inclusive Dependent -208.62 451.24 11.68 0.00
Crespi- | i clusive Dependent -304.96 | 625.93 59.01 0.00
Yanega
Crespi- | inclusive Independent -325.43 | 658.86 91.95 0.00
Yanega
Crespi - . . HMIM
Yanega inclusive Independent -274.46 566.92 0.00 0.89
Crespi - . . HMM
Yanega inclusive Dependent -268.58 571.16 4.24 0.1
Boomsma- | . .
Gawne inclusive Dependent -179.58 375.16 17.19 0.00
Boomsma- | jr cjysive Independent -183.62 | 375.23 17.26 0.00
Gawne
Boomsma- | . . HMIM
Gawne inclusive Independent -169.99 357.98 0.00 0.84
Boomsma- | . . HMM
Gawne inclusive Dependent -163.65 361.30 3.33 0.16
Michener- | striot Dependent 197.99 | 411.98 3610 | 0.00
Wilson
Michener- .
Wilson strict Independent -210.51 429.02 53.14 0.00
Michener- . HMIM
Wilson strict Independent -178.94 | 375.88 0.00 0.73
Michener- . HMM
Wilson strict Dependent -171.95 377.89 2.02 0.27
Crespi - strict Dependent 26224 | 540.48 42.47 0.00
Yanega
Crespi - .
Yanega strict Independent -283.85 575.70 77.69 0.00
Crespi - . HMIM
Yanega strict Independent -242.70 | 503.39 5.39 0.06
Crespi - . HMM
Yanega strict Dependent -232.00 | 498.01 0.00 0.94
Boomsma- | o0t Dependent -137.81 | 291.62 2.04 0.20
Gawne
Boomsma- .
Gawne strict Independent -142.03 292.07 2.48 0.16
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Boomsma- . HMIM
Gawne strict Independent -135.79 289.59 0.00 0.55
Boomsma- . HMIM
Gawne strict Dependent -129.57 293.13 3.54 0.09

10
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Table S5. Summary statistics from “phyregB” phylogenetic regression analyses across 25

replicate datasets, used to assess the robustness of results to behavioural misclassification. In

each replicate, 10% of eusociality states were randomly reassigned within socially variable
clades. Columns show the number of replicates (n_reps), mean and standard deviation of the

estimated haplodiploidy effect (mean_beta, sd_beta), minimum and maximum p-values (min_p,

max_p) and the proportion of significant results (prop_sig_0.05).

Eusocial

Haplodiploid

definition | definition n_reps | mean_beta sd_beta min_p prop_sig_0.05
wi‘l’:::er' inclusive 25 0019 | 0015| 0508 | 0.984 0
\C(;?]Z‘g{; inclusive 25 -0.005 0.002 | 0.877 | 0.989 0
g‘;ﬁv’zzm""' inclusive 25 0.002 0.001 | 0917 | 0.965 0
wi‘l’:::er' strict 25 0.063 | 0036 | 0430 | 0905 0
\C(;?]Z‘g{; strict 25 0.006 0.002 | 0.933 | 0.992 0
g‘;ﬁv’zzm""' strict 25 0.005 0.001 | 0910 | 0957 0

11
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Table S6. Summary statistics from phylogenetic logistic regression analyses across 25 replicate
datasets used to assess robustness of results to behavioural misclassification. In each replicate,
10% of eusociality states were randomly reassigned within socially variable clades. Columns
show the number of replicates (n_reps), mean and standard deviation of the estimated

haplodiploidy effect (mean_beta, sd_beta), minimum and maximum p-values (min_p, max_p) and
the proportion of significant results (prop_sig_0.05).

Eusocial

Haplodiploid

definition | definition n_reps | mean_beta sd_beta min_p prop_sig_0.05
wi‘l’:::er' inclusive 25 0129 | 0069 | 0557 | 0.968 0
\C(;?]Z‘g{; inclusive 25 0.250 0.064 | 0.550 | 0.829 0
g‘;ﬁv’zzm""' inclusive 25 0.050 0.068 | 0.911 | 0.995 0
wi‘l’:::er' strict 25 0142 | 0083 | 0599 | 0995 0
\C(;?]Z‘g{; strict 25 0.280 0.069 | 0.580 | 0.833 0
g‘;ﬁv’zzm""' strict 25 0.034 0.057 | 0.917 | 0.997 0

12
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Table S7. Summary statistics from ROBRT phylogenetic regression analyses across 25 replicate
datasets used to assess the robustness to behavioural misclassification. In each replicate, 10% of

eusociality states were randomly reassigned within socially variable clades. Columns show the

number of replicates (n_reps), mean and standard deviation of the estimated haplodiploidy effect

(mean_beta, sd_beta), minimum and maximum p-values (min_p, max_p) and the proportion of

significant results (prop_sig _0.05).

Eusocial

Haplodiploid

definition | definition n_reps | mean_beta sd_beta min_p prop_sig_0.05
wi‘l’:::er' inclusive 25 0056 | 0002 073| 080 0
\C(;Er’;'g{; inclusive 25 -0.050 0| 083| 086 0
g‘;ﬁv’zzm""' inclusive 25 -0.056 0.002 | 0.73| 0.80 0
{\//Ivii?:::er_ strict 25 -0.054 0.002| 074| 081 0
\C(;Er’;'g{; strict 25 -0.050 0| 083| 086 0
g‘;ﬁv’zzm""' strict 25 -0.043 0.002| 074| 080 0

13



114
115
116
117
118
119

Table S8. Summary statistics from the hidden-Markov model (HMM) analyses across the 25
“noisy” datasets used to assess robustness to behavioural-state misclassification. In each
replicate dataset, 10% of eusociality states were randomly reassigned within socially variable
clades to mimic potential observation error. For each RateCat model, we report the mean Akaike
Information Criterion (mean_AIC), the mean Akaike weight (mean_weight), and the number of
replicates in which the model achieved the lowest AIC (No “wins”).

Eusocial

Haplodiploid

o o Model RateCat mean_AIC mean_weight No “wins”
definition definition
Michener- 1 i ciusive Dependent 1 571.405 0.000 0
Wilson
Michener- . .
Wilson inclusive Independent 1 596.386 0.000 0
Michener- . . HMIM
Wilson inclusive Independent 2 496.012 0.990 25
Michener- . . HMM
Wilson inclusive Dependent 2 505.705 0.010 0
Crespi - inclusive Dependent 1 674.689 0.000 0
Yanega
Crespi - . .
Yanega inclusive Independent 1 719.700 0.000 0
Crespi - . . HMIM
Yanega inclusive Independent 2 606.087 0.613 14
Crespi - . . HMM
Yanega inclusive Dependent 2 607.933 0.387 11
Boomsma- | jnqiusive Dependent 1 448.752 0.000 0
Gawne
Boomsma- | . .
Gawne inclusive Independent 1 450.613 0.000 0
Boomsma- | . . HMIM
Gawne inclusive Independent 2 430.985 0.941 24
Boomsma- | . . HMM
Gawne inclusive Dependent 2 441.748 0.058 1
Michener- | oot Dependent 1 486.543 0.000 0
Wilson
Michener- .
Wilson strict Independent 1 513.219 0.000 0
Michener- . HMIM
Wilson strict Independent 2 431.960 0.672 17
Michener- . HMM
Wilson strict Dependent 2 434.505 0.328 8
Crespi - strict Dependent 1 588.585 0.000 0
Yanega
Crespi - .
Yanega strict Independent 1 636.533 0.000 0
Crespi - . HMIM
Yanega strict Independent 2 538.870 0.465 14
Crespi - . HMM 11
Yanega strict Dependent 2 539.730 0.535
Boomsma- .
Gawne strict Dependent 1 365.164 0.037 1

14
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Boomsma-

Gawne strict Independent 367.446 0.009 0
Boomsma- . HMIM
Gawne strict Independent 355.734 0.786 22
Boomsma- . HMM
Gawne strict Dependent 360.264 0.168 2

15
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Dataset S1 (separate file). Trait data used in all comparative analyses. This dataset contains the
full set of trait data used across all analyses in the study. Each row represents a species included
in the modified phylogeny. Columns are: species_name: Taxon hame matching tip labels in the
phylogenetic tree; haplodiploidy _inclusive: Broad definition of haplodiploidy, coded as 0 (absent)
or 1 (present); haplodiploidy_strict: Strict definition of haplodiploidy, coded as 0O or 1;
haplodiploidy_ref. Primary literature source(s) supporting the haplodiploidy classification for each
species. eusocial_mw: Eusociality classification based on Michener Wilson criteria, coded as 0 or
1; eusocial_cy: Classification based on Crespi & Yanega criteria, coded as 0 or 1;
superorganism_bg: Binary coding for superorganism-level social structure (per Boomsma &
Gawne), coded as 0 or 1; eusocial_ref. Primary literature source(s) used to assign
eusociality/superorganism classifications. Missing data are indicated as NA.
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