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The size-complexity hypothesisis aleading explanation for the evolution
of complex life on earth. It predicts thatin lineages that have undergone a

major transition in organismality, larger numbers of lower-level subunits
select for increased division of labour. Current data from multicellular
organisms and social insects support a positive correlation between the
number of cells and number of cell types and between colony size and the
number of castes. However, the implication of these results is unclear,
because colony size and number of cells are correlated with other variables
which may also influence selection for division of labour, and causality could
beineither direction. Here, to resolve this problem, we tested multiple
causal hypotheses using datafrom 794 ant species. We found that larger
colony sizes favoured the evolution of increased division of labour, resulting
inmore worker castes and greater variation in worker size. By contrast,

our results did not provide consistent support for alternative hypotheses
regarding either queen mating frequency or number of queens per colony
explaining variation in division of labour. Overall, our results provide strong
support for the size-complexity hypothesis.

Division of labour has played a pivotal role in the evolution of life
on earth, by facilitating evolutionary transitions to more complex
organisms' ™. In these transitions, individuals cooperate to form a
new higher-level individual (organism). For example, cells formed
multicellular organisms, with germline and soma, and insects formed
complex colonies termed ‘superorganisms’, with queen and worker
castes’. Division of labour is fundamental to these transitions because
specialization allows the individuals that form a higher-level organism
to perform more diverse functions and to become more reliant upon
each other for reproduction (mutual dependence)*. Consequently, a
major aim in evolutionary biology is to understand the factors that
favour anincreased level of division of labour>>*.

The size-complexity hypothesisis one of the leading explanations
forthe evolution of increased division of labour because of the general-
ity of its explanatory power across different levels of life. In lineages that
have undergone a major evolutionary transition, such as to obligate
multicellularity or superorganismality, the hypothesis predicts that

larger numbers of lower-level individuals (subunits) select for increased
division of labour**™°, This prediction arises because organisms or
superorganisms formed by larger numbers of individuals have more
tasks that require doing and are better able to maintain the optimal
ratio of specialized individuals performing each task**'>", Support
for the size-complexity hypothesis has been provided by examining
division of labour in bothindividual multicellular organisms and insect
colonies. Across multicellular species, organisms with larger numbers
of cells have more cell types’°. Across ants, species with larger colony
sizes have more worker castes'> . However, despite these correlations,
challenges to the size-complexity hypothesis remain.

First, alternative factors have been suggested to explain varia-
tionin the level of division of labour. For example, in ants, variation
in both queen mating frequency and number of queens per colony
has been predicted to influence the evolution of number of worker
castes®'®'”, When colonies are formed by a single monogamous pair,
relatedness among colony members will be maximal, which may
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Fig. 1| Distribution of colony characteristics across ant species. a, Number
of worker castes (Ngpecies = 699). b, Colony size (Ngpecies = 541). ¢, Queen mating
frequency (Ny,ecies =126). d, Number of queens per colony (Ngecies = 252).

e, Variation in worker size quantified using the CV for worker head width
(Ngpecies = 152). f, Ants vary in their number of physical worker castes. Left: Lasius

claviger, aspecies characterized by havingjust a single physical worker caste.
Right: Two distinct physical worker castes of the same species, Eciton burchelli,
representing one of the most extreme cases of morphological caste variation
(photo by Alex Wild (https://www.alexanderwild.com/)). Axes for colony size and
number of queens per colony are plotted on alog,, scale.

reduce conflict within the colony and favour the evolution of multiple
worker castes®'’. Alternatively, the opposite prediction could also
be made in hymenopteran species, where multiple mating by the
queen selects for workers to remove (police) the eggs laid by other
workers?. Policing could reduce conflict, leading to a positive cor-
relation between the number of castes and queen mating frequency’®.
The problem of multiple hypotheses is exasperated by the fact that
colony size can be correlated with queen mating frequency™'**.,
Consequently, the correlation between colony size and number of
castes could just be the result of a relationship caused by variation
in queen mating frequency.

Second, in superorganismal social insects, the correlation
between colony size and number of worker castesis open to alterna-
tive causal explanations. For example, while larger colony sizes may
favour the evolution of greater division of labour, it could alterna-
tively be that increased division of labour favours the evolution of
larger colony sizes. The problem of causal direction becomes even
greater whenwe consider that there are multiple correlated variables.
For example, it could be that an increase in colony size favours an
increase in queen mating frequency, and it is an increase in queen
mating frequency that favours the evolution of a greater number
of worker castes. In this case, colony size and the number of castes
would be correlated. However, this pattern would lead to the false
impression thatlarger colony size directly favoursincreased division
oflabour and misses theinvolvement of anintermediate factor. Ulti-
mately, distinguishing between the role of different factors requires

phylogenetically based analyses examining the causal direction and
order of evolutionary changes?.

We resolve this problem by performing a series of phylogenetic
analyses on the number of physical worker castesin ants. We focus on
physical castes which are irreversibly fixed for life and determined
during development, rather than behavioural differentiation among
workers. This is because extreme specialization, involving mutual
dependence, requires differencesin size and morphology. Ants provide
an excellent opportunity for testing the size-complexity hypothesis
because they are a single monophyletic clade in which the number of
worker castes varies across species from one to four, and there is con-
siderable information on factors that could influence the evolution of
castes” ¥, We analysed data from 794 species to examine the influence
of three possible factors: colony size, queen mating frequency and
number of queens per colony. We performed phylogenetic regressions,
todetermine how these three traits are correlated with the number of
castes and each other. This step provided an overview that helped to
guide further causal analyses and allowed comparison with previous
studies. We then examined the likely causal relationships between
number of worker castes, queen mating frequency and colony size with
three methods: (1) phylogenetic path analysis®, (2) transition rate anal-
ysis between pairs of traits®® and (3) ancestral state reconstruction’.
These analyses allowed us to tease apart the different roles of each
variable. Last, to assess the robustness of our results, we also tested
whether the same patterns emerged when examining an alternative
possible measure of division of labour—variation in worker size'>>%>,
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Fig.2|Evolutionary origins of multiple worker castes (worker
polymorphism). The ancestral state at the root of the ant phylogeny is a single
physical worker caste. Coloured circles represent evolutionary increases in
number of worker castes, with colour corresponding to the number of castes
that have evolved. The number of worker castes presentin each speciesis also

.
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displayed around the outside of the phylogeny. Branch lengths are not to scale.
Ant phylogenetic lineages, of varying levels, are displayed in black text around
the outside of the phylogeny. Analyses were repeated over 400 phylogenetic
trees, but we display the results of a single representative tree.

Results

Summary of antsocial traits

Across different ant species, there was considerable variation in the
characteristics of a colony. The number of discrete physical worker
castes varied from one to four, although 76% of species had only one
worker caste (Fig. 1a). Ancestral state reconstruction suggested that
polymorphic workers, with more than one caste, had evolved from
monomorphic ancestors at least 27 times (Fig. 2 and Supplementary
Table1). Colony sizes varied from 7to 14,750,000, withamedian of 300
(Fig. 1b). The effective number of males that inseminated each queen
varied from1to 26, with 31% of species mating with a single male, 36%
mating with between 1and 2 males and 33% mating with more than
2 males. The median value for queen mating frequency was 1.1 mates
(Fig.1c). The number of queens per colony varied from1to 70, with 63%
of species possessing a single queen, 18% possessing between1and 2
queens and 19% possessing more than 2 queens. The median number
of queens per colony was 1 (Fig. 1d). The dataset was not complete for
all traits for each species, and so for each analysis we used the maxi-
mum amount of dataavailable. Therefore, sample sizes vary between
analyses depending onthe variables being analysed, as detailed within
each section.

Phylogenetic correlations
We used Bayesian phylogenetic mixed effect models (BPMMs) to test
for correlations between the different ant traits. We found that colony

size and queen mating frequency were both positively correlated with
number of worker castes (Fig.3a,b; BPMMs: colony size: =0.17,cred-
ibleinterval (CI) = 0.11to 0.24, n,..es = 436; queen mating frequency:
=0.47,Cl=0.04t0 0.91, Ny ies = 104). By contrast, we found no rela-
tionship between number of queens per colony and number of worker
castes (Fig.3¢c; BPMM: =-0.14, CI=-0.56t0 0.30, Nyecies = 192).

We also found that species with higher queen mating frequen-
cies had larger colony sizes (Fig. 3e; BPMM: =1.25,CI=0.50t02.03,
Nypecies = 109, R? = 0.08). The significant correlations between queen
mating frequency, colony size and number of worker castes emphasizes
the needto carry out analyses that can examine the underlying causality
betweenthese variables. By contrast, we found norelationship between
number of queens per colony and colony size (Fig. 3f;BPMM: =0.07,
Cl=-0.37t0 0.49, Ngpecies = 195,R> = 0.00). However, we did find a nega-
tive relationship, which was close to significance, between number
of queens per colony and queen mating frequency (Fig. 3d; BPMM:

=-0.20,Cl=-0.39t0 0.01, Ny = 111, R* = 0.00). Based on the results
of our correlational analysis, we excluded the number of queens per
colony fromour causality analysis, except for a potential relationship
between number of queens per colony and queen mating frequency,
where a negative relationship was also observed previously®.

Causality analyses

We then used three different methods to examine the causal relation-
ships that underly these correlations: (1) phylogenetic path analysis,
(2) transition rate analysis and (3) ancestral state reconstruction.
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Fig. 3| Relationships between colony size, queen mating frequency and
number of queens per colony, both among themselves and with number of
worker castes. a,b, Species with larger colony sizes (Ng,c.es =436) (a) and higher
queen mating frequencies (Ny,ecies = 104) (b) had significantly more worker
castes. c,d,f, We did not find a significant association between number of queens
per colony and either number of worker castes (Ngpecies = 192) (c), queen mating
frequency (Ngpecies = 111) (d) or colony size (Ngpecies = 195) (f). €, Species with higher

queen mating frequencies had significantly larger colony sizes (Ngecies = 109).
a-d, Datashow mean * standard error. e,f, Fitted lines are mean regression slopes
with 95% Cls from BPMMs using a single phylogenetic tree. Solid regression lines
represent significant relationships, while dashed regression lines represent
non-significant relationships. Dots represent species averages. Axes for colony
size, queen mating frequency and number of queens per colony are plotted on a
log,, scale.

These forms of analysis required number of worker castes to be
modelled as a binary variable, and so we classified species as pos-
sessing either a single (monomorphic) or multiple (>1, polymorphic)
worker castes.

Phylogenetic path analysis. We used phylogenetic path analysis to
test four alternative causal models of the relationships between the fol-
lowing: number of worker castes, colony size, queen mating frequency
and number of queens per colony (Extended Data Fig. 1). We found
strongevidencein favour of the size-complexity hypothesis. The analy-
sissupported asingle causal model, where large colony sizes favoured

the evolution of multiple worker castes, and size was the only variable
that directly did so (Fig. 4, Extended Data Fig. 2 and Supplementary
Tables2and 3; (relative weight of support for a model within a set
of competing models) = 0.67, Ny, = 94). We found no support for
alternative causal models where colony size isinfluenced by number of
worker castes or where number of worker castes is influenced by queen
mating frequency (Supplementary Table 2; ng,e.ies = 94).

Transition rate analysis. We used transition rate analysis as a second
method totest the hypothesized causal relationships between number
of worker castes and both colony size and queen mating frequency.
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Fig. 4| The best-supported causal model identified by phylogenetic path
analysis. Larger colony sizes facilitated the evolution of multiple worker

castes. We display the results from the analysis of one MCC consensus tree
(Supplementary Tables 2 and 3). However, we repeated the analyses on three
additional MCC trees and, in each case, found that the conclusions drawn
remained unchanged due to the similarity in the presence, direction and
magnitude of the causal relationships identified (Extended Data Fig. 2 and
Supplementary Tables 2 and 3). Values represent standardized path coefficients
with 95% confidence intervals (path coefficients describe the strength and
direction of the relationship between two variables in terms of their correlated
variance, after accounting for the effects of other variables in the model). Arrows
indicate the direction of the relationship between variables, with heavier lines
indicating larger coefficients. Number of worker castes was modelled as a
discrete binary variable, while colony size, queen mating frequency and number
of queens per colony were modelled as continuous variables.

This method allowed us to test whether the evolution of two traits is
correlated, as well as the underlying causal direction, but required all
traits to be modelled as discrete binary variables. We classified spe-
cies as having small or large colony sizes depending upon whether
colony size was smaller (<300) or larger (>300) than the median colony
size. We classified species as having low or high mating frequencies
depending on whether queens mated more (>2) or less than or equal
to (<2) two times.

We found very strong support for the size-complexity hypothesis,
with correlated evolution between colony size and number of worker
castes (Supplementary Table 4; Bayes factor (BF) = 20.83, Njecies = 436;
BFs quantify the relative support for two competing models where
BF >2 offers positive evidence, > 5 provides strong evidence and >10
very strong evidence that the more complex model performs better
than the simpler model*’). Transitions to multiple castes only occurred
in species with large colony sizes (Fig. 5). In species with only a single
worker caste, transition rates from small colony sizes to large colony
sizes were slightly elevated in comparison to species with multiple
castes (Fig. 5). By contrast, we found that variation in queen mating
frequency does notinfluence the evolution of number of worker castes,
as queen mating frequency evolved independently of the number of

worker castes (Supplementary Table 5; queen mating frequency and
worker castes: BF =-1.39, n.ies = 104).

Ancestral state reconstruction. We used ancestral state reconstruc-
tionas athird method to examine the underlying causal relationships
and again found support for the size-complexity hypothesis. We found
that the ancestors of species that evolved multiple worker castes had
colony sizes that were more than 3.5 times larger compared with the
ancestors of species that retained one worker caste (Extended Data
Fig.3a; BPMM: ancestral colony size in species with one worker caste,

=281.67,Cl=40.04t01,590.90; ancestral colony size in species with
multipleworker castes, =1,025.05,Cl=137.17t09,064.82; Psievsmuttiple
< 0.01, Ngpecies = 436). By contrast, queen mating frequency did not
differ significantly between ancestors that evolved multiple worker
castes and those that did not (Extended Data Fig. 3b; BPMM: ancestral
queen mating frequency in species with one worker caste, =1.99,
CI=0.95t03.90; ancestral queen mating frequency in species with
multiple worker castes, =2.46, Cl=1.10t0 5.55; Pgigie vs mutiple = 0-16,
Nypecies = 104). The phylogenetic signal present in both colony size and
queen mating frequency across ants allowed us to estimate ancestral
values relatively accurately in these traits (Supplementary Table 6;
BPMMs: phylogenetic heritability of colony size = 72.61%, Cl = 59.67% to
84.02%; phylogenetic heritability of queen mating frequency = 88.94%,
Cl=74.01%1t099.86%).

Division of labour and worker size

Taken together, our analyses on the number of worker castes provide
strong support for the size-complexity hypothesis. Larger colony
sizes correlate with and appear tolead to the evolution of more worker
castes (Figs. 3-5). However, most ant species do not possess more than
one physical worker caste. Despite this, there can be considerable
variation in worker size within castes, and there is some evidence that
different-sized workers perform different roles even within ant species
that have a single physical worker caste®’. Consequently, an alterna-
tive method for testing the size-complexity hypothesis would be to
examine the relationship between colony size and variationin worker
size, rather than number of castes, as a measure of non-reproductive
division of labour?"*'83,

Using data obtained from AntWeb, we examined variationin the
head width measurements of 1,064 workers from152 species and found
mixed support for the size-complexity hypothesis (Extended Data
Fig.4). We found a positive correlation between colony size and vari-
ationinworker size and that larger colony sizes may favour the evolu-
tion of greater variationin worker size (Fig. 6, Extended Data Fig.5and
Supplementary Tables 7 and 8; BPMM: colony size, =0.05,CI=0.03to
0.08, Ngpecies =122, R? = 0.14; path analysis: Ngyeqies = 94). However, there
was some uncertainty regarding the causal direction of the relationship
between colony size and variationin worker size. Among the three sup-
ported causal models identified by path analysis, larger colony sizes
favoured the evolution of greater variationin worker size in two cases,
and greater variation in worker size favoured the evolution of larger
colony sizes in the third case (the model fit was compared using the
corrected C-statistic Information Criterion (CICc), where models within
2 CICcunits of the best model were considered to have equal support;
Supplementary Table 7; combined weight for the models supporting
the hypothesis that variationin worker sizeisinfluenced by colony size:

=0.55). Duetotheuncertainty regarding the best-supported model,
the confidence intervals for the path coefficientsin the average model,
linking both colony size and queen mating frequency with variationin
worker size, were relatively large and overlapped with zero (Fig. 6b).
When examining species with only a single worker caste, we found
the contrasting result that greater variation in worker size favours
the evolution of larger colony sizes (Fig. 6a, Extended Data Fig. 6 and
Supplementary Tables 9 and 10; BPMM: =0.04, CI=0.01to 0.07,
Nepecies = 84, R?= 0.08; path analysis: = 0.75, Ngecies = 60).
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Fig.5|Evolutionary transitions between number of worker castesand
colonysize. Multiple worker castes only evolved in lineages with large colony
sizes. Values represent the inferred transition rates between number of worker
castes and colony size, accompanied by 95% CIs (Nypccies = 436). Transition rates
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were estimated using jMCMC implemented in BayesTraits. Each possible state
isshown as abox, and the direction of transitions between states are shown with
arrows, with higher rates of transition indicated by a heavier line.

By contrast, we did not find support for the hypothesis that vari-
ation in worker size is influenced by queen mating frequency. This
was the case when analysing either all species or just those with a
single worker caste (Fig. 6b, Extended Data Fig. 5-7 and Supplementary
Tables 7-11).

Sensitivity analyses

We examined whether our results were robust to alternative meth-
ods of quantifying variation in queen mating frequency and num-
ber of queens per colony as categorical rather than continuous
variables®**, Detailed statistics for each analysis are presented in
the supplementary material (Extended Data Figs. 8-10 and Supple-
mentary Tables 11-19). In all cases, the size-complexity hypothesis
was still supported, but some of the other relationships depended
upon how datawere categorized. Our conclusions regarding the phy-
logenetic correlations were robust, except for the finding that the
number of worker castes did not significantly differ between singly
mated and facultatively multiply mated species (Supplementary
Table 19). The conclusions of our causal analyses were also robust,
except when analysing the number of discrete worker castes using
phylogenetic path analysis. We identified a single supported model
where the evolution of multiple worker castes was favoured by both
larger colony sizes and obligate multiple mating by queens. However,
the confidence interval for the path coefficient associated with queen
mating frequency overlapped with zero (Extended Data Fig. 8 and
Supplementary Tables 12 and 13).

Discussion

We found strong and consistent support for the size-complexity
hypothesis, with larger colony sizes appearing to favour the evolu-
tion of multiple worker castes (Figs. 3-6). By contrast, we did not
find consistent support for the hypothesis that multiple mating
favours the evolution of multiple worker castes (Figs. 3, 4 and 6b).
We found no evidence to suggest a direct relationship between
the evolution of number of worker castes and number of queens

per colony (Fig. 3c). Our conclusions were robust to different
analysis methods.

Our results suggest that larger colony sizes favour the evolution
of multiple worker castes in ants. Previous studies had highlighted a
positive correlation betweenincreased division of labour and both cell
numberinmulticellular organisms and colonysizeinsocialinsects, but
these results were open to multiple explanations” 2182 Qur results
revealadistinctevolutionary pattern where larger colony sizes tend to
evolve before multiple worker castes (Figs. 4 and 5). There are at least
two reasons why larger colonies may promote the evolution of multiple
castes. First, as colony size increases, the number of tasks that need to
be performed also increases?. For example, species with larger colonies
may experience greater logistical challenges in transporting food or
waste within or outside the colony. Second, species with larger colonies
arebetter able to maintain the optimal ratio of the different castes'***.
Consequently, these species face alower risk of losing essential worker
functions if workers are lost.

Our analysis also suggests that larger colony sizes favoured the
evolution of greater variation in worker size (Fig. 6). However, there
is some uncertainty regarding the direction of this relationship, as
causality could potentially be reversed. In addition, we found that
this result only applied when analysing across species with variable
numbers of physical worker castes. When analysing variation in worker
size exclusively in species with a single caste, we found that greater
variationinworker size preceded the evolution of larger colony sizes.
Consequently, while our analyses of variation in worker size support
the size-complexity hypothesis, they suggest that colony size is not
responsible for the evolution of variation in worker size in species that
lack discrete physical worker castes.

We did not find consistent support for the hypothesis that multiple
mating favours the evolution of multiple worker castes. There is a posi-
tive correlation between both number of worker castes and variation
inworker size with queen mating frequency, regardless of whetheritis
analysed as a continuous or categorical trait (Fig. 3b). However, when
analysing the causal relationship between these variables, we found
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Fig. 6| Larger colony sizes may favour the evolution of greater variationin
worker size. a, Species with larger colony sizes possess significantly greater
variation in worker size when analysing either of the following: (1) all species for
which datawere available (all dots and regression line in black, ngyecies = 122) or

(2) only species which possess a single worker caste (dots and regression line
inlight blue, ny,..s = 84). Fitted lines represent mean regression slopes from
BPMMs. Dots represent species averages. Colony size is plotted on alog,, scale,
while variation in worker size is on a square root scale. b, Averaged model from
the three supported path analysis models (Supplementary Tables 7 and 8). Larger
colony sizes may favour the evolution of greater variation in worker size, but
opposite causation remains possible. Analysis performed using all species where

datawere available for variation in worker size, colony size, number of queens per
colony and queen mating frequency (Nyye.ies = 94). We display the results from the
analysis of one MCC consensus tree. We repeated the analyses on three additional
MCCtrees and, in each case, found that the conclusions drawn remained
unchanged due to the similarity in the presence, direction and magnitude of the
causal relationships identified (Extended Data Fig. 5and Supplementary

Tables 7 and 8). Values represent standardized path coefficients with 95%
confidence intervals. Arrows indicate the direction of the relationship between
variables, with heavier lines indicating larger coefficients. Variation in worker
size, colony size, queen mating frequency and number of queens per colony were
modelled as continuous variables.

that higher mating frequency was not consistently associated with
evolutionary transitions from single to multiple worker castes (Figs. 4
and 6b, Extended DataFigs. 8 and 9 and Supplementary Tables 5and 18).
This finding is consistent with the interpretation that queen mating
frequency is positively correlated with number of worker castes due
to both variables being positively associated with colony size (Figs. 3
and 4). Colony size and queen mating frequency may be positively
correlated due to the advantages of increased genetic diversity that
result from multiple mating?-**., If species with larger colony sizes
are at greater risk of infection from pathogens, for example, result-
ing from increased traffic of foragers into the nest, they may benefit
more fromthe protection offered against disease by increased genetic
diversity*©*,

Excluding ants, possessing more than one physical worker
caste is extremely rare in the social Hymenoptera. Multiple worker
castes appear to be entirely absent in vespine wasps, while in bees,
the presence of two castes has only been identified in some sting-
less bee species®*., For example, Tetragonisca angustula possesses
two castes—soldiers are both approximately 30% heavier than for-
agers and have a different morphology*. This contrasts with the
much larger variation in ants—for example, major workers in Atta
colombica leafcutter ants can be 60 times heavier than the smallest
workers**. Why does the causal link between colony size and num-
ber of castes that we have identified in ants seemingly not apply in
superorganismal species of bees and wasps®'? Multiple hypotheses
have been proposed, suggesting that factors such as the presence of
a powerful sting or body size constraints imposed by having winged
workers could have impeded the evolution of multiple worker castes
in bees and wasps®***’, However, the phylogenetic power available
to carry out statistical tests of these hypotheses is low. Other ways
to test the size-complexity hypothesis include examining behav-
ioural variation in bees and wasps or the physical caste variation
in termites®*¢~*8,

To conclude, our results provide strong support for the size-com-
plexity hypothesis in ants, suggesting that larger colony sizes have
favoured the evolution of greater division of labour (more castes and
greater variation in size). The generality of this hypothesis could be
tested by carrying out similar analyses on other forms of division of

labour, such as the number of cell types in multicellular organisms®*>*°

or the difference between queens and workers in superorganismal
social insects*®*.

Methods

To test whether colony size, queen mating frequency or number of
queens per colony explains variation in non-reproductive division
of labour in ants, we performed a large-scale phylogenetic compara-
tive analysis. We first tested which factors correlate with number of
worker castes and then used three different methods to examine the
causal relationships that underly these correlations: phylogenetic path
analysis, transition rate analysis and ancestral state reconstruction. We
examined causality in these three different ways as it also allowed us
totest that our results are robust to different methods of analysis. We
alsoexamined whether our results were robust to alternative methods
of quantifying variation in queen mating frequency and number of
queens per colony. All the species used in the analysis are listed in the
supplementary materials (Supplementary Table 20), and we follow the
taxonomic classification of antslisted in Bolton’s Catalogue available
from AntCat.org®>. When analysed as continuous variables, colony
size, queen mating frequency and number of queens per colony were
log,, transformed for all analyses, while variation in worker size was
square root transformed.

Datacollection
We collected data on five ant traits: (1) the number of discrete physical
worker castes, (2) colony size (number of workers in mature colonies),
(3) effective queen mating frequency”-** (estimated number of mates
weighted by the proportion of offspring sired by each male; referred
to as ‘queen mating frequency’), (4) observed number of queens per
colony and (5) variation in worker size. We started by gathering data
from major reviews, comparative studies and books and then per-
formedatopicsearch of the primary literature using Web of Science® 7.
We also incorporated data collected by the Global Ant Genomics
Alliance consortium®. In total, we collected dat