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Does haplodiploidy help drive the 
evolution of insect eusociality?
Chinmay Hemant Joshi  and John J. Wiens *
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Understanding the evolution of eusociality in insects has been a long-standing 
and unsolved challenge in evolutionary biology. For decades, it has been 
suggested that haplodiploidy plays an important role in the origin of eusociality. 
However, some researchers have also suggested that eusociality is unrelated to 
haplodiploidy. Surprisingly, there have been no large-scale phylogenetic tests 
of this hypothesis (to our knowledge). Here, we  test whether haplodiploidy 
might help explain the origins of eusociality across 874 hexapod families, using 
three different phylogenetic comparative methods. Two of the methods used 
support the idea that the evolution of eusociality is significantly associated with 
haplodiploidy, providing possibly the first phylogenetic support for this decades-
old hypothesis across insects. However, some patterns were clearly discordant 
with this hypothesis, and one phylogenetic test was non-significant. Support 
for this hypothesis came largely from the repeated origins of eusociality within 
the haplodiploid hymenopterans (and within thrips). Experimental manipulations 
of the data show that the non-significant results are primarily explained by the 
origins of eusociality without haplodiploidy in some groups (i.e., aphids, termites). 
Overall, our results offer mixed phylogenetic support for the long-standing 
hypothesis that haplodiploidy helps drive the evolution of eusociality.
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Introduction

Eusociality is often considered the most “advanced” (or complex) form of sociality and is 
characterized by reproductive division of labor among individuals in a colony, overlap of 
generations (age polyethism), and cooperative brood care among individuals (Michener, 1969; 
Andersson, 1984; Crespi and Yanega, 1995). Eusociality occurs in many animals, including bees, 
wasps, ants, termites, thrips, aphids, and mole rats (Wilson, 1971). However, most species of 
eusocial animals belong to the insect order Hymenoptera (Andersson, 1984; Kocher and 
Paxton, 2014).

Why eusociality evolves, and why it evolves more often in some groups than in others, has 
been an active area of research in evolutionary biology. One of the most well-known 
explanations is the haplodiploidy hypothesis, which is frequently attributed to Hamilton 
(1964). Haplodiploidy is a sex-determination system in which haploid males develop from 
unfertilized eggs and diploid females develop from fertilized eggs (review in Blackmon et al., 
2017). In his seminal paper, Hamilton (1964) proposed that the evolution of sociality was 
especially frequent within the order Hymenoptera because the presence of haplodiploidy in 
that group results in unusually high relatedness among sisters. This idea was later refined into 
the explicit haplodiploidy hypothesis: that haplodiploidy was instrumental for the evolution 
of sociality within Hymenoptera (e.g., West-Eberhard, 1975, 1978; Andersson, 1984; 
Gadagkar, 1985, 1991). Under the haplodiploidy hypothesis, sisters in haplodiploid species 
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can be more closely related to each other genetically than they are to 
their own daughters (but depending on the mating system and other 
factors, see below). This could help explain why workers in many 
eusocial species sacrifice their own reproduction and take care of the 
queen’s offspring instead, a key feature of eusociality 
(Hamilton, 1964).

The haplodiploidy hypothesis has been extensively debated in the 
literature. Much of the support for the haplodiploidy hypothesis 
comes from theoretical studies, some of which are summarized in 
Table 1. On the other hand, there are also several objections to the 
haplodiploidy hypothesis (Table  1). Haplodiploidy potentially 
increases the relatedness among sisters (r = 0.75) but decreases 
relatedness among brothers (r = 0.25). Therefore, given random 
mating and equal sex ratios, the average relatedness coefficient 
between a female’s offspring and her siblings is expected to be the 
same (r = 0.5). Thus, haplodiploidy might not promote evolution of 
altruistic behavior based on the high relatedness among sisters 
(Trivers and Hare, 1976). Nevertheless, haplodiploidy could 
potentially promote evolution of altruism (and eusociality) through 
mechanisms that allow workers to gain control over sex allocation 
within the colony (Trivers and Hare, 1976; Gardner et al., 2012). 
Another related argument is that haplodiploidy may not generate the 
relatedness among individuals in the colony needed for eusociality to 
evolve, given the diverse mating systems and mating frequencies 
observed among eusocial species (Gadagkar, 1991). It has also been 
argued that the presence of maternal care within Hymenoptera 
(including nest building, brood feeding, and protection against 
predators) is more important than haplodiploidy for the evolution of 
eusociality (Queller and Strassmann, 1998). Another alternative 
hypothesis is that the relatedness of haplodiploid individuals is a 
consequence of eusociality rather than a cause of its evolution, 
rendering the haplodiploidy hypothesis unimportant for the 
evolution of eusociality (Wilson and Hölldobler, 2005). Some of the 
studies listed in Table 1 have suggested that haplodiploidy may have 
contributed to the evolution of eusociality, but not solely through 
relatedness as Hamilton (1964) proposed. Instead, haplodiploidy may 
have contributed to the origin of eusociality through other 
mechanisms, such as through monogamy and haplodiploidy 
synergistically promoting altruistic genotypes in a colony (Fromhage 
and Kokko, 2011), through female philopatry in haplodiploid lineages 
combined with male-based dispersal promoting altruistic behavior 
(Johnstone et al., 2012), and the ease of sex-ratio adjustment due to 
female-biased helping (Gardner and Ross, 2013). Other potentially 
relevant factors linking haplodiploidy and eusociality include lifetime 
monogamy, sex ratio bias, and overwintering (Quiñones and Pen, 
2017), and population growth rate, effective population sex ratio, and 
a lowered cost of altruism (Rautiala et al., 2019). We refer readers to 
the original studies for more detailed explanations.

Despite over 50 years of discussion about the possible role of 
haplodiploidy in the evolution of eusociality, no studies have offered 
a statistical phylogenetic test of whether haplodiploidy and eusociality 
are significantly associated (to our knowledge). We are aware of one 
formal (but non-phylogenetic) statistical analysis. Crozier (2008) 
counted the number of occurrences of eusociality among haplodiploid 
and diplodiploid insect families and concluded that the distribution 
of eusociality was significantly skewed toward haplodiploid groups, 
based on Fisher’s exact test. However, this test ignored the phylogenetic 
non-independence of these data points (Felsenstein, 1985).  

Crozier (2008) mentioned a similar skew in the number of origins of 
eusociality, but did not present data or a statistical test. Nowak et al. 
(2010) stated that there was no statistically significant association 
between eusociality and haplodiploidy when non-insect groups were 
included. However, they did not present details of their statistical tests 
nor of their underlying data. A phylogeny-based maximum likelihood 
test that could be  used to test this hypothesis has been available 
for >25 years (Pagel, 1994). To our knowledge, this test has not yet 
been applied to the potential association between haplodiploidy and 
eusociality across insects, nor have related tests. An important limiting 
factor for these types of analyses is a detailed time-calibrated 
phylogeny that spans all or most insects (at least at the family level). 
Such phylogenies have only become available relatively recently (e.g., 
Rainford et al., 2014).

In this study, we conduct (to our knowledge) the first phylogenetic 
test of the haplodiploidy hypothesis in insects. We take advantage of 
an extensive time-calibrated hexapod phylogeny that includes almost 
all insect families (Rainford et al., 2014). We generate datasets on the 
distribution of haplodiploidy and eusociality among these 874 tips. 
We  test whether the evolution of eusociality is associated with 
haplodiploidy across insect phylogeny using three different phylogeny-
based tests of association between traits. Overall, two of the three tests 
significantly support the hypothesis that eusociality in insects is 
associated with haplodiploidy, but there is clearly a mixture of 
concordant and discordant macroevolutionary patterns.

Materials and methods

Phylogeny used

We used the time-calibrated, multi-locus phylogeny of Rainford 
et al. (2014), which includes almost all families of insects and other 
hexapods (Supplementary Datafile S1). The tips in this tree are 
families, with one terminal taxon (tip) per family. However, the 
analyses we perform are equivalent to treating tips as species and 
sampling one species per family. Moreover, the number of tips per 
order is strongly related to the species richness of each order 
(r2 = 0.804, p < 0.0001; details and data in Supplementary Table S1). 
Thus, the tree is similar to what would be expected from randomly 
sampling 874 species across hexapods (in terms of the number of 
species per order). A time-calibrated, species-level tree spanning all 
insects is not yet available, to our knowledge.

We selected this tree because it is (as far as we know) the only 
comprehensive time-calibrated phylogeny available for insects, even if 
it is only comprehensive at the family level. Furthermore, the strong 
relationship between the number of tips and the species richness of 
orders is invaluable for comparative analyses. This tree is similar to 
those from large-scale phylogenomic analyses (i.e., Misof et al., 2014), 
both in terms of topology and divergence times among orders (therefore 
we did not focus on support values or alternative trees). However, the 
tree of Rainford et al. (2014) has more comprehensive taxon sampling.

Haplodiploidy data

To find data on haplodiploidy for each family, we used two main 
search methods. The first method involved searching for reviews on 
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sex-determination systems in insects as a whole. We conducted 
searches on Google Scholar using the keywords “sex determination 
systems,” “determination of sex,” and “insects.” The second method 

involved searching family by family, for all 874 sampled hexapod 
families. For these searches, we used “sex determination system,” 
“haplodiploidy,” and the name of each insect family as keywords. 

TABLE 1 Summary of recent reviews and theoretical studies relating haplodiploidy and the evolution of eusociality, listed chronologically.

Paper Main finding regarding 
evolution of eusociality

Haplodiploidy important for 
evolution of eusociality?

Other factors important for 
evolution of eusociality

Gadagkar (1991) Reviewed relatedness among colony siblings 

across Hymenoptera, found that only a few 

species exhibit relatedness coefficient as 

predicted by haplodiploidy hypothesis.

Haplodiploidy insufficient to promote or 

maintain eusociality in Hymenoptera.

Queller and Strassmann (1998) Used review to argue that haplodiploidy 

alone may be important but insufficient for 

evolution of eusociality.

Haplodiploidy may be important but not 

sufficient for the evolution of eusociality.

Predation risk, female-specific adaptations 

in context of maternal care, nest building, 

homing, prey capture and defense.

Fromhage and Kokko (2011) Model suggested that haplodiploidy and 

monogamy contribute to evolution of 

eusociality in Hymenoptera.

Haplodiploidy and monogamy together 

promote selection for altruistic genotypes 

within a colony and promote evolution of 

eusociality.

Monogamy

Johnstone et al. (2012) Model and review suggested that 

haplodiploidy combined with female 

philopatry and male dispersal are more 

favorable than haplodiploidy alone for the 

evolution of altruism.

Haplodiploidy important for creating 

appropriate conditions for evolution of 

eusociality.

Female philopatry and male dispersal.

Gardner et al. (2012) Haplodiploidy has minor to no influence on 

evolution of eusociality, while monogamy 

seems to be more important for the 

evolution of eusociality.

Haplodiploidy is not very important for the 

evolution of eusociality.

Monogamy

Gardner and Ross (2013) Model suggested that haplodiploid sex 

determination can facilitate sex-ratio bias. 

This adjustment combined with female-

based helpers engaging in sib rearing can 

promote the evolution of eusociality (mainly 

in Hymenoptera).

Haplodiploidy is important to create sex-

ratio bias/adjustment.

Ross et al. (2013) Model suggested that the sex of the helper 

caste is driven by ecology and not by 

genetics of sex determination.

Haplodiploidy (or ploidy in general) not 

important for the evolution of cooperation 

and thus evolution of eusociality.

Authors did not explicitly test any other 

factors. But, since haplodiploidy was not 

found to be important, other ecological 

factors might be important.

Davies et al. (2016) Used model and empirical survey to suggest 

that haplodiploidy and ploidy in general 

have little contribution to evolution of 

eusociality.

Haplodiploidy might be important as an 

easy way to manipulate sex ratio and to 

magnify sex-ratio biases after the evolution 

of eusociality.

Ancestral preadaptations such as maternal 

care, sib mating, sex-specific helping, and 

monogamy can promote evolution of 

eusociality in both haplodiploid and 

diplodiploid lineages.

Quiñones and Pen (2017) Model suggested that factors like monogamy, 

bivoltinism, and hibernation of mated 

females, in synergy with haplodiploidy, 

favors the evolution of reproductive division 

of labor, and thereby the evolution of 

eusociality

Haplodiploidy creates right conditions for 

evolution of eusociality, but it is not 

sufficient for the evolution of eusociality.

Ecological factors like overwintering, 

mating system, sex-specific survival, and 

sex ratios.

Rautiala et al. (2019) Model suggested that haplodiploidy, along 

with other factors, promotes the evolution of 

eusociality (extended haplodiploidy 

hypothesis).

Haplodiploidy is important but may not 

be sufficient for evolution of eusociality.

Combination of factors (cost of altruism, 

maternal care, population sex ratio, and 

population growth rate).

Kennedy and Radford (2020) Used model to suggest that haplodiploid 

females are more prone to be altruistic than 

diplodiploid females, and the split sex ratios 

are not needed to observe this effect.

Haplodiploidy is important, but other 

life-history factors could play a role in 

evolution of eusociality.

Note that this list is not comprehensive.
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Searches were conducted from February 2020 to September 2020. 
There are two main types of haplodiploidy: arrhenotoky and 
parental genome elimination (Blackmon et  al., 2017). However, 
we were primarily interested in the presence (state 1) or absence 
(state 0) of haplodiploidy, and we did not code them separately in 
our analysis.

Based on our survey, haplodiploidy is present in 92 families across 
seven hexapod orders (Figure 1; Coleoptera, Collembola, Diptera, 
Hemiptera, Hymenoptera, Phthiraptera, Thysanoptera). Several 
families were variable for the presence of haplodiploidy, in that they 
included both haplodiploid and non-haplodiploid species (Tree of Sex 
Consortium, 2014; Blackmon et al., 2017). These included families 
within Coleoptera (Curculionidae, Micromalthidae), Hemiptera 
(Aleyrodidae, Coccidae), and Phthiraptera (Pediculidae). In 
Collembola, Diptera, Hymenoptera, and Thysanoptera, haplodiploidy 
appeared to be invariant in families in which it is present (Gardner 
and Ross, 2014; Blackmon et al., 2017). All families with at least one 
haplodiploid species were coded as having haplodiploidy (state 1).

This liberal assignment of families to haplodiploidy could 
be  problematic if some species in a family are haplodiploid and 
different species are eusocial. We know of only one instance in which 
this occurred. The beetle family Curculionidae contains one eusocial 
species (Austroplatypus incompertus) and other species that are 
haplodiploid, but the eusocial species has diplodiploid sex 
determination (Smith et  al., 2009). We  initially assumed that this 
family contains haplodiploidy. We also conducted analyses treating 
the family as diplodiploid (state 0) and obtained similar results (see 
Results). We  know of no other cases where this mismatch is 
problematic. For example, many origins of eusociality are within 
hymenopterans (see below), in which all species are thought to 
be  haplodiploid. Similarly, the eusocial taxa of Thysanoptera 
(Kladothrips and Oncothrips) have haplodiploidy as the 
sex-determination system for all their species (Chapman et al., 2000, 
2002). Other eusocial taxa are not haplodiploid. In summary, potential 
mismatches between eusociality and haplodiploidy within families 
should not be problematic for our study.

We could not find data on sex-determination systems for seven 
families in Phthiraptera and four families in Protura. In these cases, 
we initially assumed that they had the same sex-determination system 
as the majority of the families in that order (i.e., non-haplodiploid). 
We also conducted analyses in which these 11 families were excluded 
and obtained similar results (see Results). Data on haplodiploidy for 
each family (along with the supporting references) are given in 
Supplementary Datafile S2.

Eusociality data

Various definitions of eusociality have been used (see review of 
definitions in Boomsma and Gawne, 2018). For this paper, we used 
the definition proposed by Michener (1969). This definition is 
relatively explicit and appears to be one of the most well-cited (e.g., 
Wilson, 1971; Trivers and Hare, 1976; Andersson, 1984; Gadagkar, 
1990; Danforth, 2002; Bradley et al., 2009; Kocher and Paxton, 2014; 
Shell and Rehan, 2018). Following this definition, eusociality is 
characterized by the presence of three conditions: alloparental care, 
reproductive division of labor, and overlapping adult generations. 
We used these three criteria to characterize whether a species was 

eusocial or not eusocial. Specifically, species that did not satisfy all 
three criteria were characterized as non-eusocial in our analyses.

We searched for data on eusociality separately for each insect 
family using Google Scholar. We used the keywords “eusociality” and 
“eusociality presence” combined with the name of each family. 
Searches were conducted from February 2020 to September 2020. 
Within eusociality, many different categories are recognized (e.g., 
primitive vs. advanced), depending on the extent of division of labor, 
presence and absence of castes, and other factors (Kocher and Paxton, 
2014; Toth and Rehan, 2017). We initially coded families as having 
(state 1) or lacking (state 0) eusociality, regardless of the type. 
However, we  also performed a set of alternative analyses that 
distinguished between primitive and advanced eusociality (see below). 
A family was coded as having eusociality if it occurred in one or 
more species.

Based on our survey, eusociality is present in 15 families across 
five hexapod orders (Figure 1). This concurs with other surveys related 
to eusociality in Hymenoptera and other insect orders (Andersson, 
1984; Kent and Simpson, 1992; Thorne, 1997; Chapman et al., 2002; 
McLeish and Chapman, 2007; Kocher and Paxton, 2014; Abbot, 2015; 
Toth and Rehan, 2017). Several families have eusocial as well as 
non-eusocial species, including families within Coleoptera 
(Curculionidae, one eusocial species), Hymenoptera (Apidae, 
Crabronidae, Halictidae, Vespidae), Hemiptera (Aphididae), and 
Thysanoptera (Phlaeothripidae). All species within Formicidae 
(Hymenoptera) are eusocial, as are all seven families in the order/
infraorder Isoptera (Mound, 2005; Bignell et  al., 2010; Toth and 
Rehan, 2017). As for haplodiploidy, we assigned a family as having 
eusociality (state 1) if it had at least one eusocial species. Data on 
eusociality for each family (and supporting references) are given in 
Supplementary Datafile S2.

We also performed alternative analyses in which we distinguished 
between primitive and advanced eusociality. We considered a family 
to have advanced eusociality if the species with eusociality have a high 
degree of morphological variation between the castes (e.g., Michener, 
1969; Kocher and Paxton, 2014). Across hexapods, advanced 
eusociality is present in only 3 families in Hymenoptera and 7 families 
in Isoptera (Wilson, 1971; Kocher and Paxton, 2014).

Statistical analyses

We used three different phylogeny-based methods to test for an 
association between haplodiploidy and eusociality. First, we  used 
Pagel’s (1994) likelihood test to test for a correlation between the 
evolution of haplodiploidy and eusociality. Four maximum-likelihood 
models were compared: (i) eusociality and haplodiploidy evolve 
independently of each other (the null model), (ii) the evolution of 
eusociality depends on haplodiploidy (the predicted pattern), (iii) the 
evolution of haplodiploidy depends on eusociality, and (iv) both 
haplodiploidy and eusociality depend on each other. The test was run 
in R 4.2.1 (R Core Team, 2019) using the package phytools version 
1.0–3 (Revell, 2012) and the function “fitPagel.” The R package 
treedata.table (Román-Palacios et  al., 2021) was used to run the 
functions from phytools and to shorten the code required to run 
the models.

The main results of Pagel’s (1994) test are values of AIC (Akaike 
Information Criterion; Akaike, 1974) for each of the four models, and 
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p-values comparing the fit of each model to the null model 
(independent evolution of both characters). We also calculated AIC 
weights (Burnham and Anderson, 2002) for each model, using the 
function “aic.w” in the base R package (R Core Team, 2019). The 
preferred model was considered to be  that with the highest AIC 
weight (Burnham and Anderson, 2002). Since there were multiple 
p-values obtained from Pagel’s test for each dataset, we  used the 
sequential Bonferroni test (Holm, 1979; Rice, 1989) to obtain adjusted 
p-values. We used the function “p.adjust” within the R package base. 
Following standard practice, p-values were adjusted within each table, 
not across all tables in the study.

Prior to running Pagel’s likelihood test, we determined the best-
fitting model of character evolution for these two variables. The best-
fitting model was then used in the correlation test. We compared the 
fit of each variable to an equal rates (ER) model (equal rates of gain 
and loss for each state, where the 0-to-1 rate equals the 1-to-0 rate) 
and an all-rates-different (ARD) model (rate of gain is different from 
rate of loss, or the 0-to-1 rate is different from the 1-to-0 rate). Model 
fit was evaluated using the function “fitMK” in phytools. The fit of 
different models was evaluated based on their AIC values. If the 
difference between the AIC values of these models was <4, then both 
models were considered equivalent for that variable (Burnham and 
Anderson, 2002), and both were used for Pagel’s (1994) test. If the AIC 
difference was >4, the model with the lowest AIC was used (Burnham 
and Anderson, 2002).

Several studies have suggested that Pagel’s test can yield 
significant results when the independent and dependent variable 
each evolve only once (“Darwin scenario” of Maddison and FitzJohn, 
2015; see also Uyeda et al., 2018; Gardner and Organ, 2021; Boyko 
and Beaulieu, 2022). This scenario clearly does not apply here, given 
that haplodiploidy and eusociality have each evolved multiple times 
across insects (e.g., Figure  1). Another potentially problematic 
scenario is called the “unreplicated burst” (Maddison and FitzJohn, 
2015), in which there is a single origin of the derived state in one 
character (e.g., the independent variable) but multiple origins of the 
derived state in the other character. This scenario also does not apply 
to the characters analyzed here, again given that both eusociality and 
haplodiploidy evolved multiple times. However, the repeated origins 
of eusociality within the haplodiploid hymenopterans may yield a 
somewhat similar scenario, and might be considered phylogenetic 
pseudoreplication. Therefore, given these (and other) potential 
issues, we also included two alternative tests, based on very different 
approaches. We  also note that a simple one-to-one association 
between the evolution of haplodiploidy and the evolution of 
eusociality is not what is expected based on the previous literature 
(see Introduction), and that increased origins of eusociality in those 
parts of the tree with haplodiploidy may be  a more reasonable 
expectation instead.

For the second test of association between haplodiploidy  
and eusociality, we  used phylogenetic logistic regression 

FIGURE 1

Summary of the distribution of haplodiploidy and eusociality among hexapod orders. For each order, the estimated proportion of sampled families with 
haplodiploidy and eusociality are shown in dark blue (those without in gray). If haplodiploidy or eusociality were relatively rare in an order, 
we highlighted that order with a red asterisk to ensure that these traits are visible in these cases. The phylogeny and branch lengths are from Rainford 
et al. (2014). Note that our analyses used 874 hexapod families from that study as units, not orders (data in Supplementary Datafile S2). Here Blattodea 
includes Isoptera (termites), and that Psocodea includes Psocoptera and Phthiraptera.
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(Ives and Garland, 2010). Simulations suggest that this general 
approach may be  more conservative under an unreplicated burst 
scenario (Gardner and Organ, 2021). We ran two phylogenetic logistic 
regression models: (1) eusociality as a function of haplodiploidy and 
(2) haplodiploidy as a function of eusociality. The phylogenetic 
regression was run using the R package phylolm version 2.6.2, using 
the function “phyloglm.” For each phylogenetic regression, the model 
which maximizes the penalized likelihood of the logistic regression 
(MPLE model) was used with 1,000 bootstrap replicates.

We found that the main phylogenetic logistic regression results 
were not significant (see Results). Therefore, we  also performed 
experimental manipulations of the data to address whether the lack of 
a significant relationship might be explained by the cases in which 
eusociality evolves without haplodiploidy (as expected), or by the 
cases in which haplodiploidy evolves without eusociality. To address 
the first possibility, we removed cases in which eusociality evolved 
without haplodiploidy. Specifically, we  did the following two 
manipulations: (1) treated eusociality as absent in Hemiptera (aphids) 
and (2) treated eusociality as absent in both Hemiptera (aphids) and 
Isoptera (termites). We  then ran the two phylogenetic regression 
models described above to see if a significant relationship was found 
(which would suggest that the evolution of eusociality without 
haplodiploidy explains the non-significant results in the 
non-manipulated data). We  note that we  also could have treated 
eusociality as absent in termites but not in aphids, but since all of these 
scenarios are entirely hypothetical, it did not seem necessary.

To address the second possibility, we removed cases in which 
haplodiploidy evolved without eusociality. Specifically, we  treated 
haplodiploidy as absent in the one family of Coleoptera that has 
haplodiploidy, and in all haplodiploid families in Collembola, Diptera, 
Hemiptera, and Phthiraptera. We  then repeated the phylogenetic 
logistic regression analyses. A significant result would suggest that 
these cases in which haplodiploidy evolves without eusociality explain 
the absence of a significant relationship in the non-manipulated data.

For the third test of association between haplodiploidy and 
eusociality, we performed posterior predictive D-tests (Huelsenbeck 
et al., 2003). The D-test is used to measure the difference between the 
expected and observed association between the states of two 
characters, where the expected association is based on simulations of 
independent evolution (using stochastic mapping of character 
evolution). Positive values of the D-test suggest that the derived 
character states of the two characters under study are more strongly 
associated with each other than expected by chance. Here, association 
is based on shared evolutionary history (i.e., the length of time during 
which the derived states of the tested two characters are inferred to 
be present on the same branches of the tree).

To implement this approach, we used the function “Dtest” in 
phytools. For running the D-test we first created 100 stochastic maps 
(each) for haplodiploidy and eusociality for both the ER and ARD 
models. Then we  ran the D-test with 100 iterations each on the 
following combinations of models: (1) ARD stochastic maps (n = 100 
each) for both haplodiploidy and eusociality and (2) ARD stochastic 
maps (n = 100 each) for eusociality and ER stochastic maps for 
haplodiploidy. We  examined these two combinations of models 
because ARD was the best-fitting model for eusociality, whereas ER 
and ARD had similar fit for haplodiploidy (Table 2). We also ran 
D-tests on the dataset that had 11 families removed due to lack of 
haplodiploidy data and the dataset in which the beetle family 

Curculionidae was coded as diplodiploid, using the best-fitting 
transition-rate models in each case.

We ran the above three analyses on another dataset to examine the 
impact of considering only advanced eusociality to be eusociality. 
Families having only primitive eusociality were treated as lacking 
eusociality (assigned the state ‘0’). Eusociality was considered present 
in families having advanced eusociality in at least one species.

The full tree is in Supplementary Datafile S1, and data on 
eusociality and haplodiploidy for each family are in 
Supplementary Datafile S2. The reduced tree with 863 taxa is in 
Supplementary Datafile S3. The analysis-ready csv files are available as 
Supplementary Datafiles S4–S19, including Supplementary Datafile S4 
(main analysis with 874 taxa), Supplementary Datafile S5 (main 
analysis with 863 taxa), and Supplementary Datafile S6 (with 
Curculionidae recoded as diplodiploid, not haplodiploid). The various 
manipulated datasets used in the phylogenetic logistic regression 
analyses are in Supplementary Datafiles S7–S19. The annotated R code 
for all analyses is in Supplementary Datafile S20.

Results

The association between haplodiploidy and eusociality was tested 
across 874 hexapod families. In total, there were 15 families in five 
orders with eusocial species, including one family in Coleoptera, five 
families in Hymenoptera, one in Hemiptera (Aphididae), seven in 
Isoptera/Blattodea, and one in Thysanoptera (Figure 1). There were 92 
families in seven orders that had haplodiploid species, including 72 in 
Hymenoptera. Haplodiploidy and eusociality co-occurred in 7 
families in three insect orders (Coleoptera, Hymenoptera, and 
Thysanoptera). However, haplodiploidy and eusociality did not occur 
in the same species in the single coleopteran family in which they 
co-occurred. Eusociality occurred without haplodiploidy in seven 
families in Isoptera (termites) and one in Hemiptera (aphids).

We used three phylogenetic comparative methods to test for an 
association between the evolution of eusociality and haplodiploidy. 
First, using Pagel’s likelihood test of correlation, we found that the 
model with the evolution of eusociality depending on haplodiploidy 
had the highest AIC weight, and showed a significant association 
(Table 3). This result was consistent using both ER and ARD models 
for both variables. Both models were tested because ARD was the 
best-fitting model for eusociality but for haplodiploidy the difference 
in fit between the ER and ARD models was not significant (Table 2). 
An analysis was also conducted in which 11 families were removed 
that lacked data on haplodiploidy. This analysis yielded very similar 
results (Supplementary Tables S2, S3). Another analysis was conducted 
after recoding the beetle family Curculionidae as diplodiploid (so that 
there was no association between haplodiploidy and eusociality in this 
family). This analysis also gave similar results 
(Supplementary Tables S4, S5), again strongly supporting the idea that 
haplodiploidy helps drive the evolution of eusociality.

Another analysis was conducted in which only families with 
advanced eusociality were coded as having eusociality. Both ARD and 
ER models were tested because there was no significant difference 
between AIC values for ER and ARD models for eusociality 
(Supplementary Table S6). A model in which the evolution of 
eusociality depended on haplodiploidy again had the highest AIC 
weight (Supplementary Table S7).
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In the contrast to the results of Pagel’s test, the phylogenetic 
logistic regression analyses showed no significant support for the 
hypothesis that haplodiploidy drives the evolution of eusociality, or 
vice versa (Table 4). We tested whether this non-significant result 
occurred because of the evolution of eusociality without 
haplodiploidy or haplodiploidy without eusociality (Table 4). Coding 
aphids as non-eusocial also yielded non-significant results (Table 4). 
However, coding both aphids and termites as non-eusocial showed 
significant support for the model in which eusociality depended on 

the evolution of haplodiploidy (Table 4). In a third set of analyses, 
those haplodiploid lineages that were not eusocial (outside of 
Hymenoptera) were recoded as diplodiploid (including one family 
of Coleoptera and all relevant families of Collembola, Diptera, 
Hemiptera, and Phthiraptera). The results of these analyses were not 
significant (Table 4). Overall, these manipulations suggest that the 
phylogenetic regression results in the original data were 
non-significant because of eusociality evolving without 
haplodiploidy, not because of haplodiploidy evolving without 
eusociality. Results were similar using the dataset with 11 families 
removed because their state for haplodiploidy was unknown 
(Supplementary Table S8), the dataset in which Curculionidae was 
considered diplodiploid (Supplementary Table S9), and the dataset 
in which only families with advanced eusociality were considered to 
have eusociality (Supplementary Table S10).

Using the D-test, we  found a significant, positive association 
between haplodiploidy and eusociality in the main dataset (Table 5) 
and in all the alternative datasets (11 families removed: 
Supplementary Table S11; Curculionidae recoded: 
Supplementary Table S12; recoding for advanced eusociality: 
Supplementary Table S13). These results show that eusociality and 
haplodiploidy co-occur more often than expected by chance.

TABLE 2 Testing the fit of eusociality and haplodiploidy to different 
models of character evolution across hexapods (all 874 families).

Variable Model Log-
likelihood

AIC values

Eusociality ARD −50.077 104.155

ER −54.337 110.675

Haplodiploidy ARD −59.616 123.232

ER −60.229 122.458

ARD, all-rates-different model; ER, equal rates model; AIC, Akaike Information Criterion. 
Boldface indicates the best-fitting model (lowest AIC, including second-best model if the 
difference in AIC values is <2).

TABLE 3 Results of Pagel’s correlation test between eusociality and haplodiploidy across hexapods, including all families.

Model Dependent variable Independent 
model (AIC)

Dependent 
model (AIC)

Likelihood 
ratio

p-values Adjusted 
p-values

AIC 
weights

ARD Eusociality 227.386 214.798 16.588 <0.001 <0.001 0.897

Haplodiploidy 227.386 219.842 11.544 0.003 0.006 0.072

Eusociality and haplodiploidy 227.386 221.605 13.781 0.008 0.008 0.030

Null model 227.386 0

ER Eusociality 233.132 213.153 21.979 <0.001 <0.001 0.717

Haplodiploidy 233.132 233.444 1.689 0.194 0.194 0

Eusociality and haplodiploidy 233.132 215.017 22.116 <0.001 <0.001 0.283

Null model 233.132 0

AIC, Akaike Information Criterion; ARD, all-rates-different model; ER, equal rates model; Boldface indicates the best-fit model based on AIC weights.

TABLE 4 Results of phylogenetic logistic regression analyses of haplodiploidy and eusociality across hexapods (including all families).

Predictor variable Dependent variable Estimate Standard error p-values Adjusted 
p-values

Observed data

Haplodiploidy Eusociality 0.264 0.328 0.420 0.840

Eusociality Haplodiploidy 0.124 0.262 0.635 0.840

Manipulated data 1: Eusociality absent in aphids

Haplodiploidy Eusociality 0.324 0.572 0.572 1.000

Eusociality Haplodiploidy 0.171 0.305 0.575 1.000

Manipulated data 2: Eusociality absent in aphids and termites

Haplodiploidy Eusociality 4.904 1.452 <0.001 0.002

Eusociality Haplodiploidy 1.408 1.083 0.194 0.194

Manipulated data 3: Haplodiploidy absent in Coleoptera, Diptera, Collembola, Hemiptera, and Phthiraptera

Haplodiploidy Eusociality 0.326 0.460 0.478 0.956

Eusociality Haplodiploidy 0.191 0.333 0.566 0.956

Boldface indicates a significant relationship (p < 0.05). Estimate: coefficient estimate; standard error: standard error of the slope estimate.
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TABLE 5 Results of the posterior predictive D-test for the original dataset 
(874 hexapod families).

Variables D-value p-value

Haplodiploidy (ARD) and 

eusociality (ARD)

0.034 0.00

Haplodiploidy (ARD) and 

eusociality (ER)

0.011 0.04

The D-test was run using either the equal-rates (ER) model of character evolution or the 
all-rates-different model (ARD) for haplodiploidy. For eusociality, the ARD model has the 
best fit across all families (Table 2). Boldface indicates a significant association (p < 0.05). The 
D-test generates p-values with only two decimal places.

Discussion

The evolution of eusociality has puzzled evolutionary biologists 
for decades. Here we present possibly the first phylogenetic test of the 
hypothesis that haplodiploidy helped drive the evolution of eusociality 
across insects (following from Hamilton (1964) and elaborated on by 
many subsequent authors). We find some support for this hypothesis, 
but with important caveats. Below, we discuss this support and caveats, 
the limitations of these analyses, and areas for future research.

Support for the haplodiploidy hypothesis

Our study shows some phylogenetic support for the long-standing 
hypothesis that haplodiploidy helps promote the evolution of 
eusociality. However, that support is mixed. We used three phylogeny-
based methods to test this hypothesis. Two of the three methods used 
significantly supported this hypothesis (Pagel’s test, D-test), whereas 
a third (phylogenetic logistic regression) gave a non-significant result. 
We also explored the reasons why the phylogenetic logistic regression 
results were not significant, by re-running the analyses after 
manipulating the observed data. These experiments revealed that the 
origins of eusociality in non-haplodiploid aphids and termites can 
help explain why eusociality was not significantly linked to 
haplodiploidy when tested across all insects. Thus, the support for this 
hypothesis comes primarily from the many repeated origins of 
eusociality among haplodiploid hymenopterans and the evolution of 
eusociality among haplodiploid thysanopterans (thrips). Whether the 
repeated origins of eusociality among haplodiploid taxa (e.g., 
hymenopterans) outweighed their origins among non-haplodiploid 
taxa (e.g., aphids, termites) depended on the specific test.

There has been considerable recent discussion of the problem of 
pseudoreplication in phylogenetic studies of correlation between 
categorical (discrete) variables (e.g., Maddison and FitzJohn, 2015; 
Uyeda et al., 2018; Gardner and Organ, 2021; Boyko and Beaulieu, 2022). 
Much of this discussion has centered around cases where one variable 
evolves only once, and the other variable either evolves once (Darwin 
scenario) or repeatedly (unreplicated burst). These scenarios clearly do 
not apply here, since both haplodiploidy and eusociality evolved 
repeatedly across insects. On the other hand, much of the evidence for a 
positive relationship between haplodiploidy and eusociality comes from 
the repeated origins of eusociality after the single origin of haplodiploidy 
in Hymenoptera. This might reasonably be considered phylogenetic 
pseudoreplication. Note that the lack of a significant relationship between 
haplodiploidy and eusociality from the phylogenetic logistic regression 
analysis is not necessarily because this method is more conservative with 

regards to phylogenetic pseudoreplication (e.g., Gardner and Organ, 
2021): our experiments show that if eusociality only evolved in 
Hymenoptera, this method would still yield a significant association with 
haplodiploidy overall (Table 4). Instead, the non-significant results are 
explained by the evolution of eusociality without haplodiploidy in 
termites and aphids (Table 4). An alternative to the pseudoreplication 
scenario is that there is a one-to-one association between each origin of 
haplodiploidy and each origin of eusociality. This scenario clearly does 
not apply here: haplodiploidy alone is not sufficient to explain each origin 
of eusociality in hymenopterans [nor was this suggested by Hamilton 
(1964)], since all hymenopterans are haplodiploid and only some are 
eusocial. Nevertheless, two of our three tests do suggest that 
haplodiploidy might predispose some lineages toward the evolution of 
eusociality (as suggested by many authors; Table 1). We also note that 
other phylogenetic methods could also be applied to test for a relationship 
between haplodiploidy and eusociality beyond those used here (e.g., 
Uyeda et al., 2018; Gardner and Organ, 2021; Boyko and Beaulieu, 2022). 
However, we have already used three diverse methods here, and we think 
that alternative methods would almost certainly arrive at the same 
conclusion we found: that the phylogenetic support for the haplodiploidy 
hypothesis is mixed, rather than being overwhelmingly strong or entirely 
nonexistent. The results are mixed because most origins of eusociality are 
among haplodiploid lineages (in hymenopterans and thrips), but with 
some exceptions (in aphids, beetles, and termites).

Limitations and areas for future research

We also note some limitations to our analyses. Importantly, our 
analyses were conducted using a family-level tree. This family-level 
approach allowed us to include all insects within the same time-
calibrated phylogeny (Rainford et al., 2014), with the sampling of tips 
proportional to the species richness of orders. Furthermore, this 
analysis is largely equivalent to a species-level analysis (but sampling 
one species per family). Using family-level sampling, we were able to 
capture 9 origins of eusociality among five orders (based on the 
conclusions of Kent and Simpson, 1992; Stern and Foster, 1996; 
Chapman et al., 2002; Hughes et al., 2008; Bignell et al., 2010; Kocher 
and Paxton, 2014). These included one in Coleoptera (Curculionidae), 
one in Hemiptera (Aphididae), five in Hymenoptera (one each in the 
families Apidae, Crabronidae, Formicidae, Halictidae, Vespidae), one 
in Isoptera (one origin for seven families), and one in Thysanoptera 
(Phlaeothripidae).

The main disadvantage of the family-level analysis is that it was 
not able to capture the origins of eusociality among genera within 
some families. The origins missed here include three additional 
origins among genera within Hymenoptera, including one each in 
Apidae, Halictidae, and Vespidae (Hughes et al., 2008; Kocher and 
Paxton, 2014). Because hymenopterans are all haplodiploid, including 
these additional origins of eusociality among haplodiploid 
hymenopteran genera would strengthen the support for the hypothesis 
that haplodiploidy helps promote the evolution of eusociality. On the 
other hand, aphids (Hemiptera) are not haplodiploid and are 
estimated to have approximately 6 to 9 origins of eusociality (Stern 
and Foster, 1996; Abbot, 2015). These additional origins were not 
captured in our analysis and would weaken the correlation between 
haplodiploidy and eusociality. It is also notable that aphids are unusual 
in alternating between sexual and asexual generations (Moran, 1992), 
and eusociality may be favored because many individuals in colonies 
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are clones and therefore closely related to each other. This factor may 
favor the evolution of eusociality for similar reasons that haplodiploidy 
favors the evolution of eusociality (Crozier, 2008). Overall, it is clear 
that the phylogenetic support for the haplodiploidy hypothesis is 
somewhat mixed among the 874 tips analyzed here, and would 
continue to be mixed if more tips in hymenopterans and aphids were 
included. We suggest that future studies should test the haplodiploidy 
hypothesis using similar approaches to those used here, as more 
detailed phylogenies become available in insects that span the genus 
and family levels across orders. However, the overall conclusion seems 
likely to be similar to what we found here.

Another caveat about our results is that they are based only on 
hexapods. Some authors (Nowak et al., 2010) have suggested that 
instances of eusociality among non-insect species that are not 
haplodiploid show that haplodiploidy does not drive eusociality. 
Although this is a valid point, this does not prove that haplodiploidy 
is irrelevant for the evolution of eusociality in insects. Even within 
insects, eusociality has evolved repeatedly without haplodiploidy (e.g., 
in aphids, beetles, and termites; Andersson, 1984). Thus, our results 
support the idea that haplodiploidy may contribute to the evolution 
of eusociality, but only in some taxa. They do not show that 
haplodiploidy is the sole explanation for every origin of eusociality in 
every taxon (not even within hymenopterans).

Most importantly, our results are based on a correlative analysis, 
and do not prove a causal relationship between haplodiploidy and 
eusociality. There are likely many factors that led to the evolution of 
eusociality (review in Table  1). Theoretical studies suggest that 
haplodiploidy was an important factor in the evolution of eusociality, 
along with monogamy, overlap of generations in males, population sex 
ratio, and population growth rate (Fromhage and Kokko, 2011; 
Quiñones and Pen, 2017; Nonacs, 2019; Rautiala et  al., 2019). 
We suggest that future studies should use broad-scale phylogenetic 
analyses to test other potential correlates of the evolution of eusociality, 
as we have done here for haplodiploidy.

A crucial variable to test will be  the relatedness coefficient. A 
haplodiploid sex-determination system results in a haploid male and 
a diploid female (Blackmon et al., 2017). Therefore, sisters can be more 
closely related to each other than to their own potential offspring. 
Under the haplodiploidy hypothesis (Hamilton, 1964), this pattern of 
relatedness among conspecific individuals is thought to lead to 
reproductive division of labor, resulting in sterile workers and one or 
more reproducing queens (i.e., eusociality). However, some eusocial 
species have a relatedness coefficient < 0.75 among the workers (i.e., 
less than the crucial value predicted by Hamilton’s equation), due to 
the presence of polyandry (Queller and Strassmann, 1998; Landi et al., 
2003). Therefore, future analyses should use the relatedness coefficient 
as a predictor variable for the evolution of eusociality (e.g., using 
phylogenetic logistic regression), to provide a more direct test of 
Hamilton’s (1964) hypothesis linking haplodiploidy, relatedness, and 
eusociality. We  did not perform such an analysis here because 
we lacked a large-scale dataset on relatedness coefficients.

Summary

In this study, we  show mixed phylogenetic support for the 
decades-old hypothesis that the evolution of eusociality in insects is 
associated with haplodiploidy, with two methods supporting this 
hypothesis and one yielding non-significant results. Nevertheless, 

haplodiploidy is not the sole explanation the origins of eusociality, 
even within insects. Specifically, eusociality evolves in some lineages 
without haplodiploidy (e.g., aphids, termites), and haplodiploidy alone 
cannot explain why some hymenopteran lineages evolve eusociality 
and others do not. Clearly, our study will not be the last word on what 
factors drive the evolution of eusociality in insects. Nevertheless, 
we  suggest that future studies on this topic should also include a 
similar large-scale, statistical phylogenetic approach, if they wish to 
explain the evolutionary origins of eusociality among clades.
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