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Abstract

The evolution of eusociality led to severe changes in the general hymenopteran body plan.
In particular, the evolution of reproductive division of labour caused the worker caste to be
largely freed from the demands involved in reproduction. As a consequence, workers were
able to evolve highly specialized morphologies for foraging and colony maintenance,
whereas the reproductive caste became specialized for reproduction. Despite these
important changes, little is known about general patterns of morphological evolution
within the ant reproductive caste. Our goals were to characterize morphological variation
in the ant reproductive caste and to test whether different sexes display variation in their
evolutionary rates. We obtained measurements of 897 specimens from a total of 678 ant
species. The shapes of the size distributions were similar between sexes, with queens being
larger than males in all traits except for eye length. Contrary to the expectation based on
Rensch’s rule, although queens were larger, the degree of dimorphism increased with body
size. Finally, there is strong evidence for an accelerated tempo of morphological evolution
in queens in relation to males. These results represent the first comprehensive treatment
of morphological variation in the ant reproductive caste and provide important new

insights into their evolution.

Keywords: males, queens, sexual dimorphism, Rensch’s rule.

Running head: Morphological evolution in the ant reproductives


https://doi.org/10.1101/2020.07.18.210302
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.18.210302; this version posted July 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

INTRODUCTION

Eusociality is traditionally defined by the presence of three main characteristics:
cooperative care of young, overlapping generations, and reproductive division of labour
(Wilson 1971, Wilson & Holldobler, 2005). Although the first two characteristics are often
found in many organisms with relatively low levels of sociality, as in the case of cooperative
breeding in birds (Koenig & Dickinson, 2004) and mammals (Clutton-Brock, 2006),
reproductive division of labour is both phylogenetically uncommon and most challenging
to explain, ever since it was first framed as Darwin’s “special difficulty” for the theory of
evolution by natural selection in the Origin of Species. Although the conundrum of the
evolution of reproductive division of labour has been assuaged by the advent of kin
selection theory (Hamilton, 1964a,b), its implications for the morphological evolution of
the reproductive caste are still poorly understood. One of the consequences of reproductive
division of labour, particularly in highly eusocial species, is that the worker caste becomes
largely released from the demands involved with reproduction and therefore could evolve
highly specialized morphologies for foraging and colony maintenance, whereas the
reproductive caste might invest more heavily on reproduction (Hélldobler & Wilson 1990).
As a consequence, the reproductive caste effectively functions as the gonads of a
superorganism (colony), possibly being able to evolve a level of morphological
specialization that would otherwise be unattainable in a solitary insect.

Another important consequence of the evolution of the reproductive caste involves
the differences between males and queens in haplodiploid species (Stubblefield & Seger,
1994; Paxton, 2005). In general, males do not take part in colony tasks and are expected to
be short-lived once they leave the nest (Boomsma et al, 2005; however, see Shik et al.
[2013] for a discussion on the male life-history continuum hypothesis). On the other hand,
queens are responsible for colony foundation and often show extraordinary lifespans
(Keller & Genoud, 1997). These asymmetries are likely to have a profound impact on the
selective pressures for different morphological traits within and among sexes, as well as in
their rates, yet little is known about general trends in morphological evolution of ant males
and queens. Most research on ant male evolution has focused on mating, reproductive
investment, and variation in reproductive organs (e.g. Baer & Boomsma, 2004; Boomsma et
al., 2005; Baer 2011; Boudinot, 2013). On the other hand, variation in thorax morphology
between queens and workers is associated with the functions performed by the worker

caste, with nesting strategies accentuating these differences (Keller et al., 2014; Peeters et
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al., 2020 unpubl. data), yet the relative scarcity of comparable information on males
currently prevents large-scale comparisons in traits, particularly those not involved in
mating.

In this study, we investigate the tempo and mode of morphological evolution in the
ant reproductive caste. In particular, our goals were: (1) to characterize morphological
variation in the ant reproductive caste; (2) to assess the level of sexual dimorphism; (3) to
estimate the degree of phylogenetic signal in male and queen traits; and (4) to test whether

different sexes display differences in their rates of evolution.

MATERIAL AND METHODS

High-resolution images of 897 specimens (552 queens and 345 males - lateral, dorsal,
and full-face views) were obtained for a total of 678 ant species using the AntWeb platform
(http://www.antweb.org). Whenever possible, we preferably selected specimens
corresponding to holotypes or paratypes. We did not include ergatoid males, such as those
found in Cardiocondyla (e.g. Heinze et al., 2005}, because they represent a qualitatively
different type of reproductive strategy than winged males. Species names, raw
measurements, and corresponding voucher numbers are indicated in Table S1. Six
measurements were obtained from each specimen (Figure 1): eye length (EL), distance
between the eyes (BE), head width (HW), head length (HL), mesosoma length (ML), and
mesonotum width (MW). Scale bars on each image were used for calibration. Some
measurements were missing (eight out of 6286 measurements) because the position of the
specimen prevented its reliable observation. All measurements were obtained using Image]
1.49 (Schneider et al., 2012).

We began our morphological analyses by exploring the distribution of each measured
trait in males and queens, followed by an assessment of the degree of sexual dimorphism
by plotting male and queen traits against one another, given the expectation that the
absence of dimorphism would lead to a relationship with a slope of 1. We also used the
index of Lovich & Gibbons (1992), calculated as the (size of the queen trait/size of the male
trait) — 1. The main advantage of this index is that it is easily interpretable, with positive
values indicating relatively larger queens and negative values indicating relatively larger
males. In order to explore how dimorphism evolved over the course of ant evolution, we

mapped indices for different traits onto the ant phylogeny (see below) using the contMap
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function in the PHYTOOLS 0.6-44 package (Revell, 2012). Sexual dimorphism analyses
involved a subset of 218 species for which male and queen data were available.

We then explored morphological variation in the reproductive caste using principal
component analyses (PCAs) based on covariance matrices of log-transformed
measurements using the function prcomp in STATS 3.4.2 in R (R Core Team, 2020). In a
preliminary PCA, PC1 accounted for more than 90% of the variation in the dataset. This is
clearly due to the strong pairwise correlation among all measured traits (Figure S1)
indicating a strong influence of body size which could mask important morphological
variation. Therefore, we used the regression residues of each trait against PC1 in a new PCA
analysis to decrease the effect of size on the remaining morphological variation. PCAs were
carried out for each sex separately. PCs retained for further interpretation were selected
using the broken-stick method, which considers as interpretable components those with
observed eigenvalues higher than the variance produced by the broken stick method
(Jackson 1993).

We assessed the degree of phylogenetic signal of each trait in males and queens using
the A parameter of Pagel (1999). More specifically, we test whether a model with an
estimated A provides a better fit than a simpler alternative where A=0. Parameter estimates
were obtained using the PHYTOOLS 0.6-44 package (Revell, 2012). We estimated the rate of
evolution of each trait based on the 62 parameter using the fitContinuous function in GEIGER
2.0.7 (Harmon et al., 2008) under the corresponding estimated value of A for each clade.
Differences in rates of evolution between male and queen traits were tested using the
mvBM function in MVMORPH 1.1.3 (Clavel et al., 2015). This test contrasts the fit of a model
in which males and queens share the same rates against an alternative where each sex has
a separate rate using their AIC scores.

Given that there is no available species-level phylogeny for the studied species, we
used a two-step process to incorporate phylogenetic information in our estimates of
phylogenetic signal and evolutionary rates. We began by building a composite phylogeny
based on the tree by Moreau & Bell (2013), but using the phylogenetic relationships and
divergence times within Myrmicinae from Ward et al. (2015). This phylogeny was then
pruned to keep only a single species per genus to generate a genus-level phylogeny. We
then used the list of species in our dataset to simulate a species-level phylogeny in which

the relationships within genera were obtained from a Yule (pure-birth) process using the
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genus.to.species.tree function in PHYTOOLS. A total of 500 simulated trees were used in

downstream analyses. All analyses were carried outin R 4.0.2 (R Core Team, 2020).

RESULTS

The shapes of the distributions of all measured traits tended to be similar, with
queens being larger in all traits, except for eye length (EL, Figure 2, Table S2). However,
when traits were plotted against each other, there was a clear pattern of sexual
dimorphism, which tended to increase with body size (Figure 3). In particular, dimorphism
was most commonly biased toward larger queens in all traits, except for EL. Interestingly,
when dimorphism for each trait was mapped onto the phylogeny, a remarkably complex
pattern emerged, with the degree and direction of dimorphism varying considerably
among traits (Figure 4). In general, the ancestral condition in ants seems involve some
moderate level of dimorphism involving larger queens, which became more pronounced
independently in several lineages for HW, HL, BE and ML, as well as a few cases of the
dimorphism in the other direction, with larger males. On the other hand, MW showed a
more complex pattern, with several independent instances of the evolution of
disproportionately larger males. Finally, a qualitatively different pattern is found in EL,
with negative dimorphism levels (relatively larger traits in males) in the poneroid clade
giving rise to moderately positive values at the base of the formicoid clade and finally
reverting back to negative dimorphism in myrmicines.

PCA loadings can be found on Table 1. The first PC explained 44% of the total
variance in queens and 36% in males, while PCs 2 and 3 explained 24% and 17% in both
sexes. The first PC in queens mostly reflected overall head width, with the highest loadings
being found on HW and BE. PC2 and PC3 in queens described negative relationships
between MW x HL and EL x ML, respectively. Males showed a qualitatively different
organization in their PCA. Positive scores on PC1l described more elongate males, with
narrow heads and long mesosomas (Table 1). PC2 in males reflected a different trade-off,
with positive scores being associated with eyes that are both large and distant from one
another irrespective of head width. Finally, PC3 in males mostly reflected HL.

Phylogenetic signal was very strong in all measured traits for both sexes (Figure S2),
with A values close to one regardless of variation in the used tree topologies (p< 3.84e-10
in all tests). On the other hand, there were some intriguing differences when phylogenetic

signal was tested on the PC scores for each sex. Males showed lower but still significant
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phylogenetic signal on PC2, whereas the phylogenetic signal for males on this axis was still
high (lowest P value across all 1000 alternative trees = 0.0145 and 2.15e-22, respectively).
Finally, a much lower phylogenetic signal was marginal on PC3 for both sexes, with P
values between 0.00007 and 0.30 depending on the topology.

There were substantial differences in rates of evolution in all measured traits
(Figure 5). The difference was more pronounced when traits were tested separately, as it
tends to conflate the effects of body size and shape, although variation along the size-
corrected PCA also showed differences. In all comparisons, the model with separate rate
parameters showed on average AAIC between 35.8 and 56.6, which suggests overwhelming
support for a difference in rates between sexes. In particular, queens evolved faster than
males in all traits, except for PC3. The latter difference is intriguing given that PC3 was
mostly associated with HW, which evolved faster in males. However, it is important to note
that we used size-corrected residuals for the PCA, so that, even though absolute values of
HL indeed evolved faster on queens, males evolved HL faster than queens in proportion to

their body size.

DISCUSSION

Despite the substantial morphological variation between and within males and
females in the ant reproductive caste uncovered in our analyses, we identified several
robust patterns governing their evolution, namely (1) there was substantial sexual
dimorphism in ants, with queens being larger than males and the degree of dimorphism
increasing with body size, except for eye length (EL); (2) different body regions had
qualitatively different evolutionary trends, underscoring the modular nature of their body
plan; and (3) the tempo of morphological evolution was faster in queens for all traits,
except for EL. Each of these principles will be discussed in turn below.

According to Rensch’s rule, size dimorphism should decrease with increasing
average body size when the queens is the larger sex (Rensch, 1950). Although the existence
of Rensch’s rule has never been tested for ants before, evidence from previous studies
suggest that it is uncommon among insects (Teder & Tamaru, 2005; Blanckenhorn et al,,
2007a). Indeed, our study found evidence for the opposite of Rensch’s rule, with the level
of dimorphism increasing with body size despite queens being larger (Figure 3). A similar

discrepancy, but in a smaller magnitude, in relation to the prediction of Rensch’s rule was
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found in solitary wasps (Blanckenhorn et al, 2007b; Fairbairn et al, 2007), but other
hymenopterans found either no allometry (“primitive” bees [Del Castillo & Fairbairn,
2012]) or conflicting results (Meliponini bees [Quezada-Euan et al, 2019]). However, it is
important to note that these large-scale patterns found in our study belie a remarkable
variation in the degree of dimorphism among ant lineages (Figure 4) and emphasize how
little is known about the life-history and sexual selection mechanisms driving such
variation in dimorphism.

The body in the ant reproductive caste plan of ants has been interpreted as
inherently modular (Molet et al., 2012), with different body regions responding to specific
demands, particularly with respect to colony foundation in the case of queens (Keller et al,,
2014), although little is known about this with respect in males. Such modular organization
seems to extend to differences among sexes as well. For instance, the differences found in
values and associated rates for HW and HL, for example, provide hints of differential
functional and anatomical constraints acting on the evolution of traits between sexes. In
the case of cephalic size variation, most of the internal surface of the ant head act as
support site for the muscles that attach to the mouthparts and antennae (Richter et al,
2019; 2020). This is particular true for the mandibular muscles (i.e. anterior cranio-
mandibular and posterior cranio-mandibular muscles [0md1l and Omd3 in Richter et al,
2020, respectively]), which occupy much of the space of the internal surface of the head
capsule in workers (Richter et al,, 2020). Variation of cephalic values between queens and
males are possibly constrained by differential mandibular usage during life history. Despite
the relaxation of mandibular use by queens after founding (especially in species with
claustral strategies), they retain functional importance in different periods of its life
history. In males, however, most groups have simplified of mouthparts (especially
mandibles), with the putative reduction of muscle volume and area of attachment,
reflecting the sub-usage those components in the life history of this particular sex
(Gronenberg et al., 1997), releasing them from the functional constraints that determine
size variation in the head.

Considering the variation of the MW and its putative constraints, we have to
consider that the ant mesonotum has an intimate relationship with the head, given that it
internally corresponds to the site of origin of the pronoto-laterocervical, pronoto-
postoccipital and pronoto-propleural muscles (Keller et al, 2014; Silva & Feitosa, 2019),

which are mainly responsible for most movements of the head capsule in hymenopterans
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(Miké et al, 2007; Snodgrass, 1942). According to Moll et al. (2010), precise head
movements are essential to reduce displacement of the centre of mass, and retain stability
while carrying objects many times the individuals’ weight and length, with the pronotal
size variation (and related skeletomuscular modifications) playing a major role in
achieving this biomechanical function (see also Anderson et al, 2020 and Keller et al,
2014). In queens, mesonotum width (MW) was most strongly associated with PC2, which
was dominated by a negative relationship between mesonotum width and head length
(HL). On the other hand, MW in males was most strongly associated with PC1, varying in
the same direction as mesosoma length (ML) and negatively with head width (HW). These
results suggest that MW may be a variable that better explains morphological variation
associated to dispersion strategies rather than cephalic mobility. Pronotal width variation
may be constrained by width variation of the prophragma-bearing sclerite (i.e.
mesoscutum), which receives the muscular components related to flight (e.g. the
prophragmo-mesophragmal muscles) (Vilhelmsem et al,, 2010). As mentioned by Peeters
et al. (2020 unpubl. data), the space of the prothoracic region is reduced in winged ants,
whilst the mesothoracic space is proportionately larger, providing a broader area for
attachment of the indirect flight muscles.

The considerable variation in the direction and magnitude of the correlation
structure of males and females is consistent with a considerable reorganization of their
development to respond to sex-specific life-history demands. Interestingly, the trait which
differs the most among sexes in terms of patterns of variation, dimorphism, and
evolutionary trajectory is EL, suggesting very different constraints in eye evolution
between males and queens. One possibility is that males have a disproportionately larger
role in finding conspecific reproductive queens. According to Narendra et al. (2016), optical
recognition in males is extremely important for mate location and during courtship. Most
males tend to have a higher number of ommatidia (although also being comparatively
smaller) if compared to congeneric queens, providing them with a higher sampling
resolution, despite overall lower optical sensitivity (Narendra et al.,, 2016).

The remarkable faster rate of evolution in queen traits is far from obvious. Indeed,
queens have strong selection pressures, especially during the colonial founding stage. In
particular, anatomical variation of the mesosoma in queens appears to be correlated to
specific strategies of colonial founding (i.e. claustral, non-claustral and dependent founding,

see Keller et al, 2014) which would not directly affect males. On the other hand, if we were
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to find the opposite pattern, with faster evolution in males, one could argue that the
relatively shorter lifespan and the lack of demands to carry out colony tasks could lead to
accelerated rates of evolution. Therefore, at the present our interpretations regarding the
causes of such interspecific rate differences are necessarily ad hoc and should be explored
in further studies, particularly by explicitly testing for correlates of rate variation, including
colony size, climate and social organization.

It is important to note that our dataset was not amenable to assessing intraspecific
(and intracolonial) variation in males and queens. In particular, we cannot determine the
extent to which the patterns found in our analyses are consistently found within species as
well. In addition, despite our large dataset, we sampled only a small fraction of the
morphological variation found among ant species, and even for those species, we were only
able to measure the images that were available. In addition, measurement errors based on
variation in the position of the specimens when photographed probably increased the
noise in our measurements. Although these sources of error might decrease the power of
our analyses, they are unlikely to positively mislead our conclusions. However, precise
measurements, in association with more detailed ecological information about focal ant
lineages, might prove to be an invaluable tool to further explore the questions raised here,
particularly in the contrast between intra- and interspecific variation patterns (Bolnick et
al, 2011).

In this study we provide the most comprehensive analysis of morphological
evolution in the ant reproductive caste to date. Several obvious patterns, such as the
substantial variation in sexual dimorphism, the unique pattern of evolution of eye size
between and among sexes, and the intriguing temporal evolution of different ant lineages
are obvious patterns that had not even been recognized in previous studies. We hope our
analyses will provide a basis for new insights into the about the processes and mechanisms

driving morphological evolution in ant males and queens.

ACKNOWLEDGEMENTS
RD and TSRS were funded through graduate and post-doctoral fellowships from CNPq and
CAPES, respectively. We thank Luiz R. R. Faria Jr and Roberto Keller for valuable comments

on the manuscript.

REFERENCES

10


https://doi.org/10.1101/2020.07.18.210302
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.18.210302; this version posted July 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Anderson, PSL, Rivera MD, Suarez AV.2020. “Simple” Biomechanical Model for Ants
Reveals How Correlated Evolution among Body Segments Minimizes Variation in
Center of Mass as Heads get Larger. Integrative and Comparative Biology icaa027.

AntWeb. Version 6.21. California Academy of Science, online at https://www.antweb.org.

Baer B. 2011. The copulation biology of ants Hymenoptera: Formicidae. Myrmecological
News, 14: 55-68.

Baer B, Boomsma J]. 2004. Male reproductive investment and queen mating-frequency in
fungus-growing ants. Behavioral Ecology 153:426-432.

Blanckenhorn WU, Meier R, Teder T. 2007a. Rensch’s rule in insects: patterns among and
within species. In: Fairbairn D], Blanckenhorn WU, Székely T, eds. Sex, size and gender
roles: evolutionary studies of sexual size dimorphism. Oxford University Press, 60-70.

Blanckenhorn WU, Dixon AF, Fairbairn D], Foellmer MW, Gibert P, van der Linde K, Meier R,
Nylin §, Pitnick S, Schoff C, Signorelli M, Teder T, Wiklund C. 2007b. Proximate causes
of Rensch's rule: does sexual size dimorphism in arthropods result from sex differences
in development time? The American Naturalist 169:245-257.

Bolnick, DI, Amarasekare P, Aratujo MS, Biirger R, Levine JM, Novak M, Vasseur DA. 2011.
Why intraspecific trait variation matters in community ecology. Trends in ecology &
evolution 264: 183-192.

Boomsma JJ, Baer B, Heinze J. 2005. The evolution of male traits in social insects. Annual
Review of Entomology 50: 395-420.

Boudinot B. 2013. The male genitalia of ants: musculature, homology, and functional
morphology Hymenoptera, Aculeata, Formicidae. Journal of Hymenoptera Research 30:
29-49.

Clavel ], Escarguel G, Merceron G. 2015. mvMORPH: An R package for fitting multivariate
evolutionary models to morphometric data. Methods in Ecology and Evolution 611:
1311-13109.

Clutton-Brock TH. 2006. Cooperative breeding in mammals. In: Cooperation in primates and
humans. Berlin, Heidelberg: Springer, 173-190.

Del Castillo RC, Fairbairn DJ]. 2012. Macroevolutionary patterns of bumblebee body size:
Detecting the interplay between natural and sexual selection. Ecology and Evolution,
2:46-57.

Fairbairn DJ, Blanckenhorn WU, Székely T. 2007. Sex, size, and gender roles: Evolutionary

studies of sexual size dimorphism. Oxford: Oxford University Press.

11


https://doi.org/10.1101/2020.07.18.210302
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.18.210302; this version posted July 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Gronenberg W, Paul ], Just S, Hélldobler B. 1997. Mandible muscle fibers in ants: fast or
powerful? Cell and Tissue Research 289: 347-361.

Hamilton, WD. 1964a. The Genetical Evolution of Social Behaviour. Journal of Theoretical
Biology 7: 1-16.

Hamilton, WD. 1964b. The Genetical Evolution of Social Behaviour. II. Journal of Theoretical
Biology 7: 17-52.

Harmon L], Weir JT, Brock CD, Glor RE, Challenger W. 2008. GEIGER: Investigating
evolutionary radiations. Bioinformatics 24: 129-131.

Heinze ], Trindl A, Seifert B, Yamauchi K. 2005. Evolution of male morphology in the ant
genus Cardiocondyla. Molecular phylogenetics and evolution 371: 278-288.

Hoélldobler B, Wilson EO. 1990. The Ants. Cambridge: Harvard University Press.

Jackson DA. 1993. Stopping rules in principal components analysis: a comparison of
heuristical and statistical approaches. Ecology 74: 2204-2214.

Keller L, Genoud M. 1997. Extraordinary lifespans in ants: a test of evolutionary theories of
ageing. Nature 389: 958-960.

Keller RA, Peeters C, Beldade P. 2014. Evolution of thorax architecture in ant castes
highlights trade-off between flight and ground behaviors. Elife 3: e01539.

Koenig WD, Dickinson JL. 2004. Ecology and evolution of cooperative breeding in birds.
Cambridge: Cambridge University Press.

Lovich JE, Gibbons JW. 1992. A review of techniques for quantifying sexual size
dimorphism. Growth development and aging 56: 269-281

Miké I, Vilhelmsen L, Johnson N, Masner L, Pénzes Z. 2007. Skeletomusculature of
Scelionidae Hymenoptera: Platygastroidea: head and mesosoma. Zootaxa 15711: 1-78.

Molet M, Wheeler DE, Peeters C. 2012. Evolution of Novel Mosaic Castes in Ants:
Modularity, Phenotypic Plasticity, and Colonial Buffering. The American Naturalist 180:
328-341.

Moll K, Roces F, Federle W. 2010. Foraging grass-cutting ants (Atta vollenweideri) maintain
stability by balancing their loads with controlled head movements. Journal of
Comparative Physiology A 196: 471-480.

Moreau CS, Bell CD. 2013. Testing the museum versus cradle biological diversity
hypothesis: Phylogeny, diversification, and ancestral biogeographic range evolution of

the ants. Evolution 678: 2240-2257.

12


https://doi.org/10.1101/2020.07.18.210302
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.18.210302; this version posted July 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Narendra A, Esquivel FR, Ribi WA. 2016. Compound eye and ocellar structure for walking
and flying modes of locomotion in the Australian ant, Camponotus consobrinus.
Scientific Reports 6: 2233 1.

Pagel M. 1999. Inferring the historical patterns of biological evolution. Nature, 4016756:
877-884.

Paxton R]. 2005. Male mating behaviour and mating systems of bees: An overview.
Apidologie 36: 145-156.

Peeters C, Keller RA, Khalife A, Fischer G, Katzke ], Blanke A, Economo EP. 2020. The loss of
flight in ant workers enabled an evolutionary redesign of the thorax for ground labour.
Frontiers in zoology.

Quezada-Euan JJG, Sanabria-Urban S, Smith C, Del Castillo RC. Patterns of sexual size
dimorphism in stingless bees: Testing Rensch's rule and potential causes in highly
eusocial bees Hymenoptera: Apidae, Meliponini. Ecology and Evolution 9: 2688-2698.

R Core Team 2020. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

Rensch B. 1950. Die Abhingigkeit der relativen Sexual differenz von der Kérpergrésse.
Bonner Zoologische Beitrdge 1:58-69.

Revell L]. 2012. phytools: An R package for phylogenetic comparative biology and other
things. Methods in Ecology and Evolution 32: 217-223.

Richter A, Keller RA, Rosumek FB, Economo EP, Garcia FH, Beutel RG. 2019. The cephalic
anatomy of workers of the ant species Wasmannia affinis (Formicidae, Hymenoptera,
Insecta) and its evolutionary implications. Arthropod Structure & Development 49: 26-
49,

Richter A, Garcia FH, Keller RA, Billen ], Economo EP, Beutel RG. 2020. Comparative
analysis of worker head anatomy of Formica and Brachyponera (Hymenoptera:
Formicidae). Arthropod Systematics & Phylogeny 78: 133-170.

Schneider CA, Rasband WS, Eliceiri KW. 2012. "NIH Image to Image]: 25 years of image
analysis". Nature methods 97: 671-675.

Shik ]JZ, Donoso DA, Kaspari M. 2013. The life history continuum hypothesis links traits of
male ants with life outside the nest. Entomologia Experimentalis et Applicata 1492: 99-
109.

13


https://doi.org/10.1101/2020.07.18.210302
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.18.210302; this version posted July 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Silva TS, Feitosa RM. 2019. Using controlled vocabularies in anatomical terminology: A case
study with Strumigenys Hymenoptera: Formicidae. Arthropod Structure & Development
52:100877.

Snodgrass RE. 1942. The skeleto-muscular mechanisms of the honey bee. Smithsonian
Miscellaneous Collections. 103: 1-120.

Stubblefield JW, Seger J. 1994. Sexual dimorphism in the Hymenoptera. In: Short R, Balaban
E. The differences between the sexes. Cambridge: Cambridge University Press.

Teder T, Tammaru T. 2005. Sexual size dimorphism within species increases with body size
in insects. Oikos 108: 321-334.

Vilhelmsen L, Miko I, Krogmann L. 2010. Beyond the wasp-waist: structural diversity and
phylogenetic significance of the mesosoma in apocritan wasps Insecta: Hymenoptera.
Zoological Journal of the Linnean Society 1591: 22-194.

Ward PS, Brady SG, Fisher BL, Schultz TR. 2015. The evolution of myrmicine ants:
phylogeny and biogeography of a hyperdiverse ant clade Hymenoptera: Formicidae.
Systematic Entomology 401: 61-81.

Wilson EQ. 1971. The Insect Societies. Cambridge: Harvard University Press.

Wilson EO, Holldobler B. 2005. Eusociality: origin and consequences. Proceedings of the
National Academy of Sciences of the United States of America 10238: 13367-13371.

14


https://doi.org/10.1101/2020.07.18.210302
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.18.210302; this version posted July 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure captions

Figure 1. Morphological measurements used in the present study. Measurements in full-
face view: head width (HW), head length (HL), eye length (EL), distance between the eyes

(BE), in lateral view: mesosoma length (ML); in dorsal view: mesonotum width (MW).

Figure 2. Relative distribution of measurements of males and queens across the studied
species: head width (HW), head length (HL), eye length (EL), distance between the eyes
(BE), mesosoma length (ML), mesonotum width (MW).

Figure 3. Relationship between male (x axis) and female (y axis) traits in the ant
reproductive caste and the corresponding level of sexual dimorphism based on the index of
Lovich & Gibbons (1992) : head width (HW), head length (HL), eye length (EL), distance
between the eyes (BE), mesosoma length (ML), mesonotum width (MW).

Figure 4. Ancestral state reconstruction of the evolution of sexual dimorphism in ants
based on the index of Lovich & Gibbons (1992). The used tree was randomly chosen among
the set of alternative topologies (see text for details), but the resulting reconstructions

were largely unaffected by differences between trees.

Figure 5. Variation in evolutionary rates between queens and males for each measured

trait, as well as the scores on the first principal component axes. See text for details.

Figure S1. Pairwise scatterplots of queen (red) and male (blue) traits: head width (HW),
head length (HL), eye length (EL), distance between the eyes (BE), mesosoma length (ML),
mesonotum width (MW).

Figure. S2. Phylogenetic signal of the measured traits, as well as the first three principal
components of their morphological variation. Queens and males are represented by red

and blue bars, respectively.
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Supplementary material

Table S1. Species names, raw measurements, and corresponding voucher numbers of the

specimens included in this study.

Table S2. Descriptive statistics of the studied variables, presented separately for each ant
subfamily. Measurements are indicated as means * SD (range). Nsp and Ngen indicates the

number of species and genera, respectively.
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Table 1. Loadings of the principal component analyses of morphological variation in ant

males and queens. Males and queens were analysed separately using log-transformed data.

Traits Queens Males

PC1 PC2 PC3 PC1 PC2 PC3

MW -0.24 0.69 -0.17 047 0.35 -0.23
HW 0.54 012 0.17 -0.50 0.18 -0.39
HL 030 -0.60 -0.13 -0.31 -0.23 0.74
EL -0.37 -0.21 0.73 -0.18 -0.67 -0.39
BE 0.54 017 -0.09 -0.35 0.57 017
ML -0.36 -0.29 -0.63 0.52 -0.13 0.25

% explained variance 44% 25% 17% 36% 25% 17%
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