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Abstract 

Explaining variation in the extent of division of labour remains a major problem for our understanding of how complex life evolved. Ants show 

remarkable variation in their extent of reproductive division of labour, from workers who can reproduce sexually and are approximately the same 
size as queens, to workers that are completely sterile and 300x smaller than their queens. Examining data from 546 species of ant, we found 
that: (i) the ancestral ant worker likely had full reproductive potential, though was effectively sterile in the presence of a queen; (ii) the loss 
of worker reproductive potential generally followed a sequential step-by-step process, via reduced capacity for sexual reproduction, then the 
production of males only, and finally complete sterility; (iii) the independent evolution of complete sterility has occurred approximately 17 times, 
with only 42% of ant species having sterile workers; (iv) reproductive size dimorphism has increased to higher levels around 9 times. Exploring 
potential causality, we found support for the size-complexity hypothesis, that increased colony size has favoured increased division of labour 
between queens and workers, examining both queen-worker size dimorphism and the loss of reproductive capacity in workers. 
Keywords: division of labour, worker sterility, ants, the size-complexity hypothesis 
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ntroduction 

ivision of labour has played a pivotal role in driving evo-
utionary transitions to more complex life ( Boomsma, 2022 ;
ourke, 2011 ; West et al., 2015 ; Szathmary & Maynard-
mith, 1995 ). A major evolutionary transition in individual-
ty is when individuals join to form a new higher-level, and
ore complex entity. For example, genes formed genomes,

ells formed multicellular organisms, and animals formed
uperorganismal societies. Division of labour is fundamen-
al to these transitions as it leads to individuals becoming re-
iant upon each other for reproduction (mutual dependence).
onsequently, a major aim is to understand where division
f labour has, or has not, evolved. 
Ants show considerable variation in the extent of repro-

uctive division of labour between the queens (reproduc-
ives) and their workers (helpers) ( Hölldobler & Wilson,
990 ; Matte & LeBouef, 2025 ; Vizueta et al., 2025 ). The
orkers of some species are born with the potential to mate
nd produce diploid offspring, while in other species they
re completely sterile. Similarly, some species have work-
rs and queens of approximately equal size, while others
ave queens more than 300 times larger than the workers
 Figure 1 ). How can we explain this variation? How often
as the extreme reproductive division of labour represented
y sterility evolved in ants? 
The size-complexity hypothesis provides a potential ex-

lanation for variation in the extent of reproductive division
f labour across ants. It predicts that in lineages that have
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ndergone a major transition to a higher-level organism,
arger numbers of lower-level subunits select for increased
ivision of labour ( Bell & Mooers, 1997 ; Bell-Roberts et
l., 2024 ; Bonner, 2004 ; Boomsma, 2022 ; Bourke, 1999 ;
ourke, 2011 ; Oster & Wilson, 1978 ;). Support for the
ize-complexity hypothesis has been provided through evi-
ence that multicellular organisms with larger numbers of
ells have more cell types ( Bell & Mooers, 1997 ; Bonner,
004 ; Fisher et al., 2013 ). Consistent with this, ant species
ith larger colonies have a greater queen-worker dimor-
hism ( Fjerdingstad & Crozier, 2006 ; Kramer & Schaible,
013 ; Bourke, 2011 ; Ferguson-Gow et al., 2014 ; Matte &
eBoeuf, 2025 ; Vizueta et al., 2025 ). Larger colony sizes
ave been hypothesised to favour increased size dimorphism
etween workers and queens because of reduced reproduc-
ive replacement opportunities for workers and increased fe-
undity required for queens ( Bourke, 1999 ). However, the
ossible influence of colony size on the other key aspect of
eproductive division of labour—worker sterility—has not
een tested. 
The possible influence of colony size on reproductive di-

ision of labour remains unclear. First, as discussed above,
he influence of colony size on the evolution of worker
terility has never been tested. Second, the observed corre-
ations between colony size and reproductive size dimor-
hism are correlational and open to multiple interpreta-
ions ( Cornwallis & Griffin, 2024 ). While larger colony sizes
ould have favoured greater size dimorphism, the reverse
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Figure 1. Reproductive dimorphism varies across species. (A) Reproductive dimorphism in ants can arise via size dimorphism and differences in 
reproductive capacity. (B) Dorylus worker perches on the head of a queen, illustrating extreme reproductive dimorphism. (C) Leptothorax queens and 
workers provide an example of minimal reproductive dimorphism. (Photos: A & B: Daniel Kronauer, C: Walter & Heinze, 2015 ). 
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causal relationship is also possible, that greater size dimor- 
phism favoured larger colony sizes. For example, increased 

size dimorphism could have increased colony efficiency, or 
smaller workers could lead to larger colonies. Alternatively,
greater size dimorphism could have been favoured by an- 
other factor that is correlated with colony size. For exam- 
ple, the number of males a queen mates with or the number 
of reproductive queens per colony, could influence the evo- 
lution of both reproductive division of labour and colony 
size ( Cooper & West, 2018 ). Matte & LeBoeuf (2025) ex- 
amined the evolution of queen-worker size dimorphism but 
could not determine whether larger colony sizes favoured 

increased size dimorphism or the reverse. Ultimately, dis- 
tinguishing between these competing explanations requires 
phylogenetic analyses that examine the order of evolution- 
ary change and test for the most likely causal explanation. 

We investigated the evolution of reproductive division of 
labour across 543 species of ants, examining both worker 
sterility and queen-worker size dimorphism. For worker 
sterility, we considered both the “reproductive potential” of 
workers, in terms of what they are physically capable of at 
birth ( Figure 2 ), and the “realised reproduction” of work- 
ers, in terms of their level of reproduction within a normally 
functioning colony. Our aims were to: (1) determine how 

often extreme reproductive division of labour has evolved 

in ants, as represented by loss of worker reproductive po- 
tential or extreme queen-worker size dimorphism; (2) use 
phylogenetic comparative analyses designed to test causal 
hypotheses about how the evolution of these two different 
aspects of reproductive division of labour have been influ- 
enced by three potential explanatory variables—colony size,
he number of males that queens mate with (polyandry) and
he number of queens (polygyny) ( Fjerdingstad & Crozier,
006 ; Frumhoff & Ward, 1992 ; Oster & Wilson, 1978 ). 

aterials and methods 

easuring reproductive division of labour 

e measured reproductive division of labour in two ways: 
he ability of workers to reproduce and queen-worker head 

ize dimorphism. 

olony size and queen mating frequency 
e used information on colony size and queen mating 

requency from the dataset published previously in Bell- 
oberts et al. (2024) . Our calculation of colony sizes used

he total number of workers across all nests in a colony, so
ur colony sizes for polydomous species will be the total 
umber of workers in their colony, not just in a single nest. 

easuring worker reproduction 

e used a Web of Science search to gather data on worker re-
roduction for all species where we had colony size or queen
ating frequency data. We used the search terms: 

((
(ovar∗ ) OR (steril∗ ) OR (reproductive − constraint ∗ ) OR (ants ) AND (species name )

))

We assigned each species to one of four categories of
orker physical reproductive potential: 1 = full capacity to 

roduce male and female offspring, 2 = reduced capacity to
roduce male and female offspring, 3 = capacity to produce
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Figure 2. Variation in physical reproductive capacity of ant workers. Ant species were assigned to one of four categories of worker physical reproductive 
potential. 1 = full capacity to produce male and female offspring, 2 = reduced capacity to produce male and female offspring, 3 = capacity to produce 
male offspring only, 4 = no capacity to produce offspring. The numbers indicate degree of sterility but do not imply any particular evolutionary order, i.e., 
they are categorical, not ordinal (inspired by Khila & Abouheif, 2010 , and similar to Gotoh et al., 2016 ). 
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ale offspring only, 4 = no capacity to produce offspring
 Figure 2 ). 

The concepts of “full” and “reduced” reproduction are
efined relative to a more reproductive (queen) caste. In
pecies where workers can sexually reproduce but a queen
aste with greater reproduction is present, the workers
ould be categorised as having “reduced” capacity. In con-

rast, in species with no caste with greater reproductive ca-
acity, sexual workers could be considered to have “full”
apacity. 

We categorised worker reproduction in two ways. First,
e considered the “reproductive potential” of workers, in

erms of their physical potential to reproduce at birth. Sec-
nd, we considered the “realised reproduction” of workers,

n terms of how much they reproduce in normal colonies
ith queens present. The reproductive potential and realised

eproduction of workers can differ for several reasons, in-
luding behavioural interactions with or policing by other
orkers or queens ( Bourke, 1999 ). 

easuring queen-worker head size dimorphism 

e used head size to estimate the difference in size be-
ween queens and workers as it is the most reported mea-
ure of queen and worker size in the literature and corre-
ates with body size ( Ferguson-Gow et al., 2014 ; Hölldobler
 Wilson, 1990 ; Kaspari, 1993 ; Vaino et al., 2004 ;; Matte
 LeBoeuf, 2025 ). We used the AntWeb online database 

antweb.org) to find scaled images of all the species where we
ad previously found colony size, queen mating frequency,
nd queen number data ( Bell-Roberts et al., 2024 ). Usually,
everal images of each specimen were included in the web-
ite’s species pages to aid identification. This included front-
iew images of the ants’ heads, which we downloaded and
easured at the widest point excluding the eyes using the

mage-processing software ImageJ. The number of workers
easured per species ranged from 1–37, with a mode of 5.
he number of queens measured per species ranged from 1–
0, with a mode of 1. 
Some species have multiple worker castes, which can vary

n size. We are interested in the evolution of extreme special-
sation, so we measured maximum size dimorphism within
 species, by using the minimum worker head width (i.e.,
mallest individual worker). Specifically, we measured repro-
uctive size dimorphism as: 

Reproductive size dimorphism = mean queen head width / 

minimum worker head width 

A value of reproductive dimorphism equal to 1.0 im-
lies that workers and queens are the same size, while val-
es > 1.0 imply that queens are larger than workers. We
ere able to compile head size information for a total of
,062 workers and 132 queens. 

nalyses 

e began by testing alternative models of state evolution
o build a picture of the evolutionary history of worker re-
roductive potential. We then used phylogenetic regressions
o test for correlations between the variables that we mea-
ured. Finally, we used three methods to test hypotheses
bout the likely causality of these correlations: (i) phyloge-
etic path analysis, (ii) transition rate analysis between pairs
f traits, and (iii) ancestral state reconstruction. We used dif-
erent methods to both examine different but closely related
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questions, and to test the robustness of our results. We al- 
ways analysed with the maximum number of species, where 
data for all the variables being considered was available.
Consequently, the number of species varied across analyses 
because of variation in the data availability. We retained con- 
tinuous variables as continuous, except when the form of 
analysis required that we binarize them. 

Before running the analyses, we filtered out any species 
without the required data and any species known to be 
supercolonial, socially parasitic, clonal, or hybrids ( Bell- 
Roberts et al., 2024 ; Helanterä, 2022 ). These species have 
very different life histories, meaning that we would need to 

make different predictions, and our variables cannot always 
be measured in the same way. We categorised all species 
by whether the reproductive state of their workers was ex- 
plicitly described (high confidence subset) or inferred from 

congeners in cases of no known intrageneric variation (all 
species subset) and repeated all analyses with these two sub- 
sets. Each analysis used the largest set of species that had 

data for both the predictor and response, so sample sizes 
vary across analyses. 

As trait similarity may be the result of shared ancestry, all 
our methods controlled for phylogeny ( Dewar et al., 2025 ).
We used different numbers of phylogenetic trees depending 
on the method employed. For Bayesian regressions and an- 
cestral state reconstructions, we incorporated phylogenetic 
uncertainty directly by running models across 400 poste- 
rior trees. Phylogenetic path analysis, however, relies on fre- 
quentist statistics and does not readily allow for integration 

across a posterior sample of trees. For this reason, we used 

four maximum clade credibility (MCC) trees generated from 

different tree-building methods. This provided an alternative 
way of testing whether our results were consistent across 
plausible phylogenetic relationships. 

Order of state evolution 

The variation that we see in ant worker reproductive poten- 
tial could have arisen in different ways. It is possible that 
states 1 (full sexual capacity) and 4 (no offspring) represent 
extreme ends of a continuum, and that to reach either ex- 
treme, species must pass through the intermediate states as 
steps on a ladder of increasing or decreasing social complex- 
ity. However, an alternative possibility is that the four states 
could be non-ordinal categories, where one state can transi- 
tion directly into any other ( Supplementary Figure S1 ). 

To test which model has stronger support, we used Mul- 
tiState in BayesTraits ( Pagel, 1994 ). The free model was 
run with the following priors: HyperPriorAll exp 0 0.1,
scaletrees 0.001, burn-in 3,000,000, iterations 30,000,000, 
stones 100 10000. For the restricted (sequential) model, we 
ran with the same priors except that we restricted non- 
sequential transitions to zero. We also tested two intermedi- 
ate models in which non-sequential transitions could occur 
but were rarer than the sequential transitions. We compared 

the models in a pairwise manner (simpler model vs complex 

model; Supp Info Table 1). 

Phylogenetic correlations 
We tested whether colony size, queen mating frequency (es- 
timated number of mates weighted by the proportion of 
offspring sired by each male), or number of queens per 
colony were correlated with the worker reproductive poten- 
tial or queen-worker dimorphism of ant species in a series of 
airwise simple phylogenetic regressions. Colony size was 
og10 transformed and colony size, mating frequency, queen 

umber, and queen-worker dimorphism were analysed as 
ontinuous variables. Worker reproductive potential was 
nalysed as categorical, divided between the four categories 
utlined in Figure 2 (1 = full capacity for male and female
ffspring, 2 = reduced capacity for male and female off- 
pring, 3 = male offspring only, 4 = no offspring). Ants
ave a haplodiploid sex determination system where male 
ffspring are haploid and hatch from unfertilised eggs, while 
emale offspring are diploid and hatch from fertilised eggs.
here are rare cases of species where diploid female off- 
pring can be produced clonally but these were among 
pecies filtered out prior to our analyses. Species in categories
 & 2 (capacity for male and female offspring) can therefore
e considered the species with worker mating, while those in
ategories 3 & 4 (male offspring only & no offspring) have
orkers unable to mate. 
We performed all regressions in R v 4.2.3. We con-

rolled for phylogenetic non-independence by running 
ayesian phylogenetic generalised linear mixed models (BP- 
Ms) with the R package “MCMCglmm ” version 2.34 

 Cornwallis & Griffin, 2024 ; Hadfield, 2010 ). We used the
ackage “mulTree” version 1.3.7 to repeat the analyses over 
ll the possible ant phylogenetic trees produced by Economo 

t al. (2018) . Economo et al. produced 100 posterior trees
ith each of four methods, giving a total of 400 possi-
le trees. We repeated each regression analysis over all 400
rees to examine the effects of phylogenetic uncertainty.
t present, only genus-level phylogenies exist for ants and 

pecies topology is largely unknown. Therefore, we want to 

now whether this uncertainty can change our results. 
We ran all models for at least 11,000,000 iterations with 

 burn-in of 1,000,000 and a thinning interval of 5,000. We
sed the “coda” package version 0.19–4.1 to calculate the 
egree of autocorrelation between successive iterations in 

ach chain. We fitted each model independently two times 
nd used Gelman and Rubin’s convergence test to com- 
are within- and between-chain variance ( Gelman & Rubin,
992 ; Plummer et al., 2006 ). We encountered convergence
ssues with the models when setting worker reproductive po- 
ential as the response variable ( categorical family distribu- 
ion), and so to test the robustness of results, we also ran the
odels with predictor and responses swapped. It is possible 

hat the relationship effects could be in either direction. In
hose cases, we applied a gaussian family distribution to the
olony size regression and exponential to queen number and 

ating frequency. 

hylogenetic path analysis 
e used phylogenetic path analyses (“phylopath” package 

ersion 1.1.3; Von Hardenberg & Gonzalez-Voyer, 2012 ) 
o evaluate alternative causal models for the evolution of 
ueen-worker dimorphism and worker reproductive poten- 
ial, including paths of direct and indirect influence among 
he variables. Path analysis compares alternative causal 
odels and disentangles direct and indirect effects between 

ariables. The models we tested were based on the results
f our correlational analyses ( Supplementary Figures S5 & 

6 ). This technique uses frequentist statistics, meaning we 
annot combine posterior samples run over 400 trees, and 

o we instead ran our analyses with four Maximum Clade
redibility (MCC) consensus trees and compared the results.

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data


316 Turner et al.

A  

w

C
W  

c  

t  

(  

q  

q  

W  

w  

t  

e
 

v  

c  

(  

s  

l  

w  

a  

v  

l  

s  

o  

m  

l  

m  

m  

p  

b  

t  

t  

e  

l  

(  

t  

p  

p  

a
 

o  

a  

p  

t  

t  

t  

p  

C  

d  

A  

o  

A  

l  

p
 

(  

v  

s  

E  

a  

c  

(  

d  

s  

f  

a  

K  

s  

s

A
T  

l  

p  

s  

a  

s  

t  

d  

f  

h  

t  

f  

i  

b  

m
 

r  

d  

s  

o  

s  

q  

t  

p
p  

w  

e  

u  

B
2  

a  

h  

c  

h

R

W

W  

t  

h  

3  

o  

h  

s  

1  

s  

r
s  

t  

w

ll variables were analysed as continuous or, in the case of
orker reproductive potential, categorial. 

orrelated trait evolution and transition rate analysis 
e used BayesTraits V4.0 ( Meade & Pagel, 2023 ) with Dis-

rete MCMC estimation to test for correlated evolution be-
ween (i) worker reproductive potential and colony size,
ii) worker reproductive potential and queen number, (iii)
ueen-worker size dimorphism and colony size, and (iv)
ueen-worker size dimorphism and queen mating frequency.
e compared the fit of a dependent model of evolution (in
hich the state of one variable is dependent on the state of

he other), with that of an independent model in which traits
volve separately. 

BayesTraits requires both traits to be modelled as binary
ariables: Worker reproductive potential (originally four
ategories) became (i) sex/no sex (categories 1, 2 vs 3, 4) and
ii) non-sterile/sterile (categories 1, 2, 3 vs 4). Queen-worker
ize dimorphism (initially a continuous variable) became
ow size dimorphism vs high size dimorphism, defined by
hether values were above or below the median, excluding
 5% buffer zone. Colony size was transformed into a binary
ariable using the threshold of whether it fell above or be-
ow the median excluding a 10% buffer zone. We had more
pecies with colony size data so could afford to discard more
f them with a larger buffer zone. Queen number and queen
ating frequency both used the threshold of above or be-

ow two. Having two or more queens per colony (polygyny)
eans that workers are not full siblings and therefore maxi-
al relatedness cannot be achieved. Consequently, different
redictions have been made about the expected reproductive
ehaviours of workers in single queen (monogynous) vs mul-
iple queen (polygynous) colonies ( Bourke, 2001 ). Similarly,
wo or more matings for queens (polyandry) reduces relat-
dness among workers, resulting in an average worker re-
atedness that is halfway between the theoretical maximum
0.75) and minimum (0.25) for single-queen colonies. Addi-
ional matings beyond two have a progressively smaller im-
act on relatedness, and mating with two males marks the
oint at which worker policing is favoured ( Bell-Roberts et
l., 2024 ; Ratnieks, 1988 ). 
We scaled the tree, so the branches had a mean length

f 0.1 (as recommended in BayesTraits V4.0 manual), en-
bling the algorithm to better explore parameter space and
reventing rates from becoming very small or difficult to es-
imate. Scaling the branches does not affect results, since
he parameter space of the transition rates is scaled by
he same constant ( Meade & Pagel, 2023 ). All models em-
loyed reversible-jump Markov chain Monte Carlo (rjM-
MC) methods and an exponential prior, with a mean
rawn from a uniform hyperprior ranging from 0 to 0.1.
ll models were run for 1 billion iterations with a burn-in
f 1,000,000 iterations, sampling every 10,000 iterations.
nalyses were repeated three times and the median log like-

ihood value was reported. We also repeated across all 400
osterior trees from Economo et al., 2018 . 
Trace plots were visually examined in Tracer V1.7.2

 Rambaut et al., (2018) ) to check chain mixing and con-
ergence. Parameter acceptance rate was examined via the
chedule file. All effective sample sizes were at least > 3,000.
ach model was run three times to check for consistency,
nd that with the median log marginal likelihood was
hosen. Model support was evaluated using Bayes Factors
BFs). Natural log marginal likelihoods of both the indepen-
ent and dependent models were estimated using a stepping
tone sampler ( Xie et al., 2011 ), set with 100 stones, running
or 10,000 iterations and the default parameters of α = 0.4
nd β = 1 ( Xie et al., 2011 ). BFs were interpreted following
ass & Raftery (1995) : 0–2, minimal support; 2–6, positive

upport; 6–10, strong support; greater than 10, very strong
upport. 

ncestral state reconstructions 
o better understand the order of trait evolution and the re-

ationship between colony size and our two measures of re-
roductive dimorphism, we carried out ancestral state recon-
tructions and analyses at transition points ( Cornwallis et
l., 2017 ; Hadfield, 2010 ). We examined: (i) whether colony
ize was higher at the ancestral nodes of lineages that had
ransitions to a state of high dimorphism versus those that
idn’t; and (ii) whether colony size was higher preceding or
ollowing transitions to high dimorphism. If colony size is
igher in lineages that undergo the transition versus those
hat don’t (part i), this would suggest that large colony size
acilitated the transitions to high dimorphism. If colony size
s higher after the transition to high dimorphism than it was
efore the transition, it would suggest that transitions in di-
orphism facilitated the evolution of larger colonies. 
For these analyses we transformed our measures of

eproductive division of labour into binary variables (as
escribed in Correlated Trait Evolution ) but kept colony
ize, queen number, and queen mating frequency continu-
us. First, we reconstructed the ancestral states of worker
terility (sterile/non-sterile), worker sex (sex/no sex), and
ueen-worker size dimorphism (low/high) to find where
hese transitions occurred. We ran the analysis with all 400
osterior trees ( Economo et al., 2018 ) with the “corHMM”
ackage, version 2.8 ( Beaulieu et al., 2013 ) and ran models
ith different rate categories (1–3 rates) and models of

volution (ER equal rates and ARD all-rates-different ). We
sed AIC values to identify the best model. We then used
ayesian Phylogenetic Mixed Models ( BPMMs; Hadfield,
010 ) to examine (i) whether colony size was higher at the
ncestral nodes of lineages that had transitions to a state of
igh dimorphism versus those that didn’t and (ii) whether
olony size was higher preceding or following transitions to
igh dimorphism. 

esults 

ork er reproducti ve potential 

e categorised 546 species of ant by the reproductive po-
ential of their workers. We found that 58% of ant species
ave workers with some potential for reproduction ( Figure
B ). The majority of those are only able to produce male
ffspring (47% of all species). However, 11% of species
ave workers able to produce both male and female off-
pring, comprised of 10% sexually reproducing species, and
% species clonally reproducing. We filtered out the clonal
pecies and further divided the species where workers could
eproduce sexually by whether they have “full”or “reduced”
exual capacity in relation to the queens (8 & 12% of the
otal respectively). The remaining 42% of the species had
orkers that were completely sterile. 
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Figure 3. Worker reproductive potential. (A) Support for the mostly sequential model of trait evolution. Values are mean transition rates between states 
of worker reproductive potential at birth. We found strongest support for the model of evolution where ant workers lost or gained reproductive potential 
in a mostly sequential manner, except for one transition (full capacity → no offspring) where complete loss of potential occurred in one step. (B) 
Distribution of worker reproductive potential across 535 species of ant (their physical capacity) and (C) Distribution of realised worker reproduction 
across 522 species (the actual reproduction that workers do in a normally-functioning colony; not counting gamergate queens as workers)—not used in 
correlational or causal analyses owing to lack of variation. 
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We found a very different distribution of worker realised 

reproduction when compared to the distribution of worker 
physical capacity. Almost all species for which data were 
available (95%) show no worker offspring production in 

normal functioning colonies, with only 5% of species pro- 
ducing males ( Figure 3C , n species = 522). This did not pro- 
vide enough variation for correlational or causal analyses,
and so we focused our further analyses on worker physical 
reproductive potential. 

Order of state evolution 

We found strongest support for a model of evolution where 
transitions in worker reproductive potential occur predom- 
inantly in a stepwise sequential manner, except for one non- 
sequential transition ( Figure 3A ). This suggests that ant 
workers usually lost their reproductive potential in ordered 

steps: first reduced capacity for sexual reproduction, then 

the production of males only and then complete sterility (1 

→ 2 → 3 → 4). The exception was one non sequential tran- 
sition type, where states of full sexual capacity transitioned 

to no offspring (1 → 4), which can either be interpreted as 
a loss of all reproductive potential in one step, or as step- 
wise losses that happened so rapidly that the intermediate 
steps could not be detected. We reached this conclusion by 
testing different models against each other in each pairwise 
comparison (Supp Info Table 1). Note that this result does 
ot mean that the realised worker reproduction gradually 
ecreased. 

ncestral state reconstruction of worker reproduction 

he ancestral ant worker most likely had full reproductive 
otential, but was effectively sterile in the presence of a
ueen (most likely root state: = category 1 when looking at
eproductive potential, category 4 when looking at realised 

eproduction). 
The credible intervals for all states of reproductive po- 

ential include values close to zero, suggesting that while 
full potential” has the highest probability, there remains 
onsiderable uncertainty ( Supplementary Figure S 4 ; full 
eproductive potential = 0.59, CIs = < 0.01–0.97, reduced 

eproductive potential = 0.11, CIs = < 0.01–0.63, male 
ffspring only = 0.11, CIs = < 0.01–0.45, completely ster-

le = 0.13, CIs < 0.01–0.71, n species = 389; Supplementary 
igure S7 ). However, when examining realised reproduc- 
ion, the root state of “no offspring” was far more likely
han the others (full reproductive potential < 0.01, CIs =
 0.01–0.01, male offspring only = 0.03, CIs = < 0.01–
.07, no offspring = 0.78, CIs = 0.50–0.99, n species = 368;
upplementary Figure S8 ). 
We estimated that there have been a mean of 5 gains and

6 losses of the capacity to reproduce sexually in ants (tran-
itions between full or reduced sexual capacity versus male 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data


318 Turner et al.

Figure 4. Ancestral state reconstruction of worker reproductive potential. We reconstructed worker reproductive potential as a four-level categorical 
variable using the all-rates-different model with two rate categories. Plot shows transitions of only one tree, but we repeated across 400 possible 
phylogenies to calculate mean transition numbers (n species = 389). 
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roduction only or no offspring; categories 1 & 2 ←→ 3
 4); and a mean of 17 gains and 20 losses of complete
orker sterility (transitions between full or reduced sexual

apacity or male production versus no offspring/complete
terility; categories 1, 2, & 3 ←→ 4) ( Figure 4 ). The evo-
ution of decreased reproductive potential in workers was
ssociated with larger colony sizes, but this association was
ot significant ( Supplementary Figure S3 ). 

orrelational analyses 
e found that ant species with less worker reproductive po-

ential have larger colonies and more queens, but showed
o correlation with queen mating frequency (BPMM: colony
ize and worker reproductive potential: pMCMC = 0.015,
I = 0.07–0.56, nspecies = 221; queen number and worker

eproductive potential: pMCMC = 0.04, CI = 0.02–0.81,
species = 98; queen mating frequency and worker repro-
uctive potential: pMCMC = 0.950, CI = -0.66–0.68, n

pecies = 60). Queen-worker size dimorphism was not a sig-
ificant predictor of worker reproductive potential (pM-
MC = 0.266, CI = -0.2765–1.0043, nspecies = 32). 

hylogenetic path analyses 
e found consistent support for the size-complexity hypoth-

sis, but with a bidirectional relationship between colony
ize and worker reproductive potential. This suggests that
arger colony sizes favoured the loss of reproductive poten-
ial, and the loss of reproductive potential favoured larger
olony sizes ( Figure 5A , n species = 44). This conclusion
as robust across analyses with different levels of certainty

whether worker reproductive potential was inferred or de-
cribed), different phylogenetic trees, and the inclusion of
upercolonial species ( Supplementary Data tabs 3 & 4 ;
upplementary Data Table 9 ). In contrast, we did not find ev-
dence of an effect of queen number on loss of worker repro-
uctive potential. The results were similar when analysing
oss of worker reproductive potential as binary, dividing
pecies by which have workers that can mate and those with
o worker mating ( Supplementary Figure S4 ). 

orrelated evolution 

e again found support for the size-complexity hypothesis
ith larger colony sizes having favoured reduced worker re-
roductive potential ( Figure 5B , n species = 124). Correlated
volution analyses require worker reproductive potential to
e analysed as a binary variable. This involved comparing
pecies where the workers reproduced sexually (producing
ales and females, categories 1 & 2) or not (producing just
ales or no offspring, categories 3 & 4). We found evidence

hat larger colony sizes favoured the loss of worker sexual
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Figure 5. The best-supported causal models identified by phylogenetic path analysis and correlated evolution tests. (A) Path analysis. Best-supported 
causal model identified by phylogenetic path analysis: Reduced worker reproductive potential favours larger colony sizes, and larger colony sizes favour 
reduction of worker reproductive potential. We analysed reproductive potential as four categories (categories 1, 2, 3, 4; Figure 2 ). All other variables are 
continuous. We display the results of our highest confidence data (nspecies = 44) and the FBD Crown MCC consensus tree, but we repeated the 
analyses for three others which can be found in the Supplement ary Dat a . Arrows indicate the direction of the relationship bet ween variables, with 
thicker lines indicating larger path coefficients. Dashed arrows would indicate a negative relationship, while unbroken lines indicate positive, (B) 
Correlated evolution. The best-supported causal models identified by correlated evolution tests: Larger colony sizes favour the loss of worker mating. 
Workers rarely lose sexual capacity in small colonies and rarely gain sexual capacity mating in large colonies. Values represent mean transition rates, 
with thicker arrows indicating higher rates. Here we display the results of our highest confidence data (nspecies = 124). Both reproductive potential and 
colony size are binarized, with reproductive potential analysed as (sex/no sex) and colony size as (below/above median colony size 214). 
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reproduction. This involved comparing species where the 
workers reproduced sexually (producing males and females,
categories 1 & 2) or not (producing just males or no off- 
spring, categories 3 & 4). The strength of the correlation be- 
tween colony size and worker sexual reproduction was posi- 
tive to strong (BF 2.6–5.6; Meade & Pagel, 2023 ). We found 

that ant workers more often lose the ability to reproduce sex- 
ually in large colonies, but rarely in small colonies (and the 
opposite with the gain of sexual reproduction). This was ro- 
bust to different classifications of colony size and whether 
worker reproductive potential was explicitly described or 
inferred from genus-level information ( Supplementary Data 
Table 1 ). 

In contrast, we found no evidence that loss of worker sex- 
ual reproduction influences colony size ( Figure 5B ). We also 

did not find evidence for colony size influencing a different 
aspect of reproductive potential (complete sterility) or for 
correlated evolution between queen number and worker re- 
productive potential. As an alternative analysis, we binarized 

reproductive potential by dividing between species where 
the workers could reproduce (categories 1–3) or were com- 
pletely sterile (category 4). We found no evidence for cor- 
related evolution between colony size and complete worker 
sterility, suggesting that the capacity for male production is 
not dependent on the size of the colony (median threshold 

BF = -5.7, mean threshold BF = -1.07). We also found no ev- 
idence for correlated evolution between queen number and 

worker sex or worker sterility, suggesting that the loss or 
gain of worker reproductive potential is not dependent on 

the number of queens in the colony (worker sex and queen 

number BF = -1.1, worker sterility and queen number BF = 

-3.8; Supplementary Data Table 1 ). 
ueen-worker size dimorphism 

e measured worker head size of 153 species, and 

ueen head size of 132 species, and found that worker
ead size ranged from 0.29mm to 5.59mm, while queen 

ead size ranged from 0.25mm to 5.26mm. After filter- 
ng, we have an overlap of 76 species for which we
ould calculate queen-worker dimorphism. We found that 
he reproductive size dimorphism, as measured by mean 

ueen head width/minimum worker head width, varied 

rom 0.84 (Harvester Ant Veromessor pergandei ) to 7.03 

Driver Ant Dorylus nigricans ; Figure 1 ). Assuming that
verall size is proportional to width3 this means that 
eans that the greatest dimorphism involves queens be- 

ng approximately 350 times the overall size (volume) of 
orkers. 

orrelations 
hen looking at queen-worker size dimorphism, we found 

hat ant species with greater queen-worker size dimorphism 

ave larger colonies and higher effective mating frequency,
hile there was no significant correlation with the number 
f queens per colony (BPMMs: colony size pMCMC = < 5e-
4, CI = 0.03–0.08, nspecies = 54; queen mating frequency 
MCMC = < 5e-04, CI = 0.06–0.33, nspecies = 54; queen
umber pMCMC = 0.43, CI = -0.09–0.05, nspecies = 51).
e found no correlation between worker reproductive po- 

ential and queen-worker size dimorphism (BPMM: pM- 
MC = 0.19, CI = -0.06–0.31, nspecies = 32). The signif- 

cant correlations between queen mating frequency, colony 
ize and reproductive dimorphism highlight the need to carry 
ut analyses that can test the most likely causal explanation.
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Figure 6. The best-supported causal models identified by phylogenetic path analysis and correlated evolution tests. (A) Path analysis. Larger colony sizes 
appear to have facilitated the increase of queen-worker size dimorphism. There is some evidence for a weak effect of queen mating frequency on size 
dimorphism. Here we display the results of one MCC consensus tree but repeated the analysis for three more which can be found in the 
Supplement ary Dat a . Arrows indicate the direction of the relationship bet ween variables, with heavier lines indicating larger path coefficients. A dashed 
line indicates a negative relationship, while unbroken lines indicate positive relationships. (B) Correlated evolution. The co-evolution of queen-worker size 
dimorphism and colony size: larger colony sizes appear to have facilitated the increase of queen-worker size dimorphism. Arrows are weighted by mean 
transition rates, with heavier arrows indicating higher means. 
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orrelations between potential predictors 
e found that colony size and effective queen mating fre-

uency are correlated with each other, but that neither
olony size nor mating frequency are correlated with queen
umber (colony size and mating frequency log10 MF pM-
MC = 0.02, CIs = 0.19–1.96, nspecies = 57; colony size
nd queen number log10 colony size pMCMC = 0.81, CI
 -0.08–0.06, nspecies = 91; queen number and mating fre-
uency queen number pMCMC = 0.19, CI = -0.12–0.64,
species = 57). 

hylogenetic path analysis 
e found strong support for the size-complexity hypoth-

sis, with larger colony sizes favouring the evolution of
ncreased queen-worker size dimorphism ( Figure 6A , n
pecies = 47). This result was consistent across phylogenetic
rees and robust to the inclusion of supercolonial species
 Supplementary Data Tables 7 & 8 ). We also found a con-
istent but weak positive effect of queen mating frequency
n size dimorphism. 

orrelated evolution 

e again found support for the size-complexity hypothesis,
ith larger colony sizes favouring the evolution of increased
ueen-worker size dimorphism ( Figure 6B , n species = 45).
he strength of the correlation between colony size and
ueen-worker size dimorphism was positive or strong de-
ending on whether we used the median or the mean size di-
orphism threshold for grouping species as having “large”
r “small” size dimorphism (BF median threshold = 3.5 or
F mean threshold = 6.8, Supplementary Data 1 ). This anal-
sis required both colony size and queen-worker size dimor-
hism to be modelled as binary variables—we used the me-
ian to divide our data sets into binary but also repeated size
ith the mean to test the robustness of our conclusions (see
ethods). This analysis ran across all 400 phylogenetic trees.
e found that ants rarely evolve greater queen-worker size
imorphism in small colonies, but more often do in large
olonies. We also found that ants rarely lose high dimor-
hism in larger colonies but often do in small colonies. In
ontrast, we did not find support for a causal relationship
etween queen mating frequency and size dimorphism (BF
 −1.9). 

ncestral state reconstruction of queen-worker size dimor-
hism 

hen looking at the origins of queen-worker size dimor-
hism, we estimated a mean of 9 gains of high dimorphism,
nd 8 losses ( Figure 7 ). The evolution of increased queen-
orker size dimorphism was associated with larger colony

izes, but this difference was not significant ( Supplementary
igure S2 ). The most likely root state was high queen-worker
ize dimorphism (probability low = 0.46, CIs = 0.39–0.50,
robability high = 0.54, CIs = 0.50–0.60, nspecies = 59,
low” if dimorphism ≤ median of dataset, “high” if > me-
ian; Supplementary Figure S9 ). 

iscussion 

e found support for the hypothesis that increased colony
ize favoured greater division of labour between queens
nd workers in ants, examining both the loss of reproduc-
ive capacity in workers and queen-worker size dimorphism
 Figures 5 & 6 ). Our analyses suggest that the “ancestral ant
orker” had full reproductive potential, with the ability to
ate and produce either male or female offspring, though
ould not produce offspring in queenright colonies. The

oss of reproductive potential appears to have then gener-
lly followed a sequential step-by-step process via a reduced
bility to produce both males and females, then the loss of
he ability to mate (male production only), and finally com-
lete sterility ( Figure 3A ). Overall, the evolution of complete
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Figure 7. Queen-worker size dimorphism. (A) Ancestral state reconstruction of queen-worker size dimorphism. We reconstructed gains and losses of 
high size dimorphism using the equal rates model with one rate category. Plot shows transitions of only one tree, but we repeated across 400 possible 
phylogenies to calculate mean transition numbers (n species = 59). (B) Distribution of queen-worker head size dimorphism. We calculated size 
dimorphism by mean queen head width divided by minimum worker head width (n species = 76). Larger values indicate greater dimorphism, with 
queens relatively larger than workers. The median (1.50) is shown by a red dashed line. 
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sterility has occurred around 17 times in ants, with 42% of 
examined species having completely sterile workers ( Figure 
3B ). Analogously, the evolution of higher queen-worker size 
dimorphism, where queens can be up to 300 times size of 
workers, has occurred around 9 times in ants, and the com- 
mon ancestor was more likely to have greater than average 
queen-worker size dimorphism. 

The ancestral ant and loss of reproductive potential 

Our analyses suggest that the most recent common ancestor 
of ants likely had workers with full reproductive potential,
consistent with recent findings ( Meurville et al., 2025 ). How- 
ever, we also examined realised reproduction and found that 
these workers most likely produced no offspring in queen- 
right colonies, despite their reproductive potential. 

There was substantial uncertainty around our root state 
estimate of reproductive potential, indicating that further 
data or alternative modelling approaches with additional 
Hymenopteran species may be needed to fully resolve that 
state. The closest relatives of the ant family are the Scolioidea 
and Apoidea ( Peters et al., 2017 ). All Scolioid wasps are soli- 
tary, and the most basally divergent lineage of Apoidea is 
Ampulicidae, which is also solitary ( Melo, 2021 ). By exam- 
ining realised reproduction as well as reproductive poten- 
tial, we show that although the ability to reproduce was lost 
gradually, workers stopped reproducing earlier, and were 
already effectively sterile ( Boomsma, 2022 ; Linksvayer & 

Johnson, 2019 ). 

How was reproductive capacity then lost in ants? 

We found strongest support for a model of evolution where 
the loss of worker reproductive capacity usually occurs in a 
sequential manner: first reduced capacity for sexual repro- 
duction, then the production of males only and then com- 
plete sterility ( Figure 3 ). Ancestral state reconstruction sug- 
ested that workers have lost the ability to reproduce sex-
ally 16 times (gained 5 times), and that complete sterility 
as evolved 17 times (lost 20 times) ( Figure 4 ). Both phylo-
enetic path analysis and correlated evolution analyses sup- 
orted the hypothesis that larger colony sizes favoured this 

oss of worker reproductive potential ( Figure 4 ). The path
nalysis further suggested that this relationship was bidirec- 
ional, with the loss of worker reproductive potential having 
lso favoured larger colony sizes ( Figure 4A ). 

olony size and queen-worker size dimorphism 

oth phylogenetic path analysis and correlated evolution 

nalyses supported the hypothesis that larger colony sizes 
ad favoured increased queen-worker size dimorphism 

 Figure 6 ). Our ancestral state reconstruction suggested that
igher queen-worker size dimorphism has evolved 9 times 
nd been lost 8 times ( Figure 7 ). 

he size-complexity hypothesis 

here is now support for the hypothesis that larger colony
izes have favoured an increase in both reproductive and 

on-reproductive division of labour in ants. Examining re- 
roductive division of labour, larger colony sizes appear to 

ave favoured both a reduced reproductive potential ( Figure 
 ) and greater queen-worker size dimorphism ( Figure 6 ).
xamining non-reproductive division of labour, we have 
reviously found support for the hypothesis that larger 
olony sizes favoured more worker castes ( Bell-Roberts et 
l., 2024 ). 
There are several potential hypotheses for why larger 

olony sizes would select for increased division of labour. In
arger colonies, there is a lower chance for each worker to re-
lace the queen if she dies, which could reduce the potential
ost of becoming specialised to perform helping functions 
 Bourke, 1999 ; Bourke, 2011 ). Larger colonies may require 
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 greater number of tasks, favouring increased specialisa-
ion ( Bourke, 2011 ; Ferguson-Gow et al., 2014 ). In larger
olonies there is a reduced chance of stochastically having
 lower than optimal number of individuals performing a
ask ( Cooper et al., 2022 ; Liu et al., 2021 ). Larger colonies
ay be more likely to be associated with non-predatory di-

ts that allow workers greater control of the allocation of
esources to offspring ( Matte & LeBoeuf, 2025 ). A combi-
ation of comparative and experimental methodologies may
e required to test these different hypotheses. 

ueen number and reproductive division of labour 

e found weak support for an influence of queen num-
er on size dimorphism and worker reproductive poten-
ial. Overall, the relationship between queen number and
eproductive division of labour was inconclusive, with dif-
erent methods producing conflicting results. Phylogenetic
ath analysis indicated that higher queen number favours
he loss of worker sexual reproduction, but that it is not im-
ortant for overall reduced reproductive potential. Ancestral
tate reconstructions revealed that differences in queen num-
er were not significant but were associated with a general
rend towards fewer queens preceding the loss of worker sex
 Supplementary Figure S3E ). This result may reflect the in-
reased uncertainty associated with this method which uses
ll 400 posterior trees, compared to averaged trees used in
ath analysis and the subset of the 400 used for tests of cor-
elated evolution. In contrast, the tests for correlated evolu-
ion identified co-evolution between worker sex and colony
ize, but not between worker sex and queen number, or be-
ween complete worker sterility and either colony size or
ueen number ( Figure 4B ). 

omparison with other studies 

izueta et al. (2025) performed a comparative analysis of
63 ant genomes and found a positive correlation between
arger colony sizes, queen-worker dimorphism, and worker
terility, but they did not test the causal relationship between
his correlation. 

Matte & LeBoeuf (2025) attempted to test causality but
ould not determine whether larger colony sizes favoured
ncreased size dimorphism or the reverse. In contrast, we
nd strong evidence that the evolution of larger colony sizes
acilitated greater reproductive division of labour—both
ueen-worker dimorphism and loss of worker reproductive
otential. Our conclusions about causality were robust
o three different methods of phylogenetic analysis: path
nalysis, transition rate analysis, and ancestral state recon-
truction. There are several differences in the analytical
ethods that could potentially explain the difference
etween studies. These include: (a) different datasets—
lthough we expect broad similarity as they incorporated
ata from the GAGA project which we had contributed to
nd cross-checked with ( Bell-Roberts et al., 2024 ; Vizueta
t al., 2025 ); (b) different variables—Matte & LeBouef also
ncluded larval passiveness, adult diet, and worker poly-
orphism, whereas we included queen number and queen
ating frequency; (c) different analysis methods—Matte &
eBouef used only phylogenetic path analysis whereas we
sed multiple methods to test robustness; (d) differences

n number of phylogenetic trees used—we used 400 for
ll analyses except for path analysis, where we used four
aximum clade credibility trees, whereas Matte & LeBouef
2025) used 200 posterior trees for path analysis using

ultitree phylogenetic path analysis; (e) differences in the
ossible evolutionary models considered. 
Meurville et al. (2025) examined the relationships be-

ween worker reproductive autonomy, stingers, colony size,
rophallaxis, and diet. They found that loss of worker re-
roductive autonomy promoted the evolution of trophal-

axis, which in turn contributed to enlarged colony sizes.
owever, they did not test alternative causal models for

he relationship between worker reproduction and colony
ize, testing only one causal direction and keeping it
onsistent while varying the paths of influence between
heir other variables. They also examined worker repro-
uction as a binary presence or absence of reproduc-
ive gamergate workers, whereas we measured reproduc-
ive potential as four categories ( Figure 2 ). Meurville et
l. (2025) reconstructed the reproductive potential of the
ncestral ant, finding that the ancestor most likely had
ull reproductive potential—a result that we confirm with
ur own analyses here ( Figure 4 ). We expanded on this
y examining realised reproduction and found that al-
hough ancestral workers had full reproductive potential,
hey most likely did not reproduce in queenright colonies,
nd so were already effectively sterile ( Boomsma, 2022 ;
inksvayer & Johnson, 2019 ). 

osses and gains of organisational 
omplexity—other systems 

ur results demonstrated that organisational complexity
ay be more changeable than expected in ants. We found

hat ant workers have gained and lost reproductive poten-
ial many times over, with changes occurring both as in-
reases and decreases in complexity (complexity defined here
s mutual dependence and specialisation, e.g., 17 gains of
orker sterility, 20 losses). This illustrates that evolution
oes not occur in a simple linear progression from simpler
o more complex life forms ( Boomsma, 2022 ; Linksvayer
 Johnson, 2019 ). Losses of previously gained organisa-

ional complexity have been found in other insects, such
s the loss of a soldier caste in termites, aphids, and
hrips ( Revely et al., 2024 ; Chapman et al., 2008 ; Stern &
oster, 1996 ). Another example is provided by the emer-
ence of transmissible cancers, where cells formerly part
f a cooperative multicellular organisms break away and
roliferate independently, sometimes even infecting other
pecies as hosts ( Garcia-Souto et al., 2022 ). This is anal-
gous to the loss of colonial living in lineages that have
ecome social parasites, dependent on the social struc-
ure of another species but lacking their own caste system
 Chapuisat, 2023 ). 

onclusions 

e have provided clear support for how colony size can
nfluence the evolution of reproductive division of labour
n ants, but there are at least three open questions: First,
n ants, what came first—reproductive (sterility and queen-
orker dimorphism) or non-reproductive (worker castes)
ivision of labour ( Molet et al., 2012 ). Second, does colony
or group) size play a similar role in other insect lineages,
ncluding those that have not undergone a major transition

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf250#supplementary-data
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to superorganismality? Third, does the number of cells have 
an analogous causal influence on division of labour in mul- 
ticellular groups? 
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