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Abstract Colony size is an incredibly important factor in

social insect ecology: it affects everything from foraging

strategies to colony defense to mating systems to the degree

of polymorphism. However, colony sizes vary dramatically

among ant species (Formicidae): sizes range from several

workers living together to super-colonies that stretch for

hundreds of kilometers. Although the origins of eusociality

and colonial life have been extensively theorized, little work

has been done describing the evolution of colony size that

followed after. Our study provides the first large-scale

investigation into such issues, incorporating colony size

data from 118 genera and recently published, nearly com-

plete genus-level molecular phylogenies. We find that

colony size change exhibits a bifurcation pattern similar to

the feedback loop theory posited by Bourke 1999. Once

colony sizes become sufficiently large, they rarely undergo

radical decreases in size on a macroevolutionary scale.

Additionally, the magnitude of colony size changes seem

relatively small: rarely do colony sizes jump from small to

large sizes without first transitioning through an interme-

diate size. Lastly, we echo many previous authors in

advocating for the release of unpublished sociometric data

and a push toward its further acquisition.

Keywords Formicidae � Eusociality �
Comparative methods � Phylogenetics � MuSSE �
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Introduction

The theoretical origin of eusociality in insects is a well-

discussed topic in biology (Wilson 1971; Oster and Wilson

1978; Crozier and Pamilo 1996). There are multiple possi-

ble theoretical routes to eusociality in Hymenoptera (bees,

wasps, and ants), and the specific models continue to be

debated (Wilson 2008; Hughes et al. 2008; Abbot et al.

2011; Nowak et al. 2010).

However, little work has been dedicated to describing the

evolution of the developing complex social characteristics

that followed; the macroevolutionary trends in social char-

acteristics such as colony size, division of labor, and

foraging strategies remain understudied in ants (Anderson

and McShea 2001). Although several myrmecologists have

posited that ants (Hymenoptera: Formicidae) originally

evolved from a solitary wasp-like species—first living in

small family units, then increasing in colony size and

complexity over time (Hölldobler and Wilson 1990; Bourke

and Franks 1995)—the specifics of this progression are

often only implied in the literature and not explicitly stated

or tested (Dew et al. 2012).

Perhaps the most fundamental social characteristic of the

social insect colony is simply its size. In ants, colony sizes

range from a just few individuals living together under a leaf

or stone to decentralized nests with hundreds of millions of

workers. In fact, recent research has suggested that many of

the largest Argentine ant supercolonies across the globe—

each spanning hundreds or thousands of kilometers—to-

gether comprise an intercontinental supercolony that
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represents the most populous recorded animal society (Van

Wilgenburg et al. 2010). Clearly studying the evolution of

colony size across ants can reveal many new insights into

their biology: it is an important factor in ant ecology,

affecting traits such as foraging strategies, lifespan differ-

ential between queen and workers, colony defense,

reproductive output, and colony-wide social immune

responses (Beckers et al. 1989; Anderson and McShea

2001). Dornhaus et al. (2012) argue that as body size is often

considered the most important factor in shaping the life-

history, physiology, and ecology of a unitary organism, so

too might colony size be most important in shaping the life

and collective organization of colonial organisms.

New, reliable molecular phylogenies for the ants, incor-

porating fossil evidence (Brady et al. 2006; Moreau et al.

2006; Moreau and Bell 2013), provide the framework to

address questions of the evolution of ecological characters

in a phylogenetically controlled framework. Unfortunately

at this time, as Oliver et al. (2008) mention, it is impossible

to conduct a large-scale, species-level analysis controlling

for phylogeny when considering all 13,000? species of

living ants. Although ideally a phylogenetic analysis using

comparative methods is done on the species-level, several

studies (Oliver et al. 2008; Koh et al. 2004; Lucky et al.

2013; Moreau and Bell 2013) have already conducted suc-

cessful genus-level phylogenetic analysis on insects.

Asofyet, evolutionarypatterns in colony size across the ant

radiation remain understudied, and theories have never been

tested in a phylogenetic framework (Anderson and McShea

2001). To address this we will leverage the nearly complete,

genus-level ant phylogenies to test various hypotheses and

models of colony size evolution (Dew et al. 2012). Specifi-

cally,wewill testwhether average colony sizes change slowly

across a continuum or in leaps and bounds, whether there is a

bias towards increasing in colony size, or if certain islands of

stability exist from which there is little change.

Materials and methods

Colony size estimates

As noted by Kramer and Schaible (2013), published colony

size data for eusocial insects is generally scarce. Although

several comparative studies on colony size exist, often

correlating size with various factors such as foraging

strategies, physiology, and life history (Beckers et al. 1989;

Hou et al. 2010), much of our data was gathered from the

primary literature to include as many species and data points

as possible. In our literature search, we compiled data for

476 records from controlled experiments, field measure-

ments, and anecdotal observations (see Table S1 for a list of

all data used in this study). Especially for rare species with

small colony sizes, rough estimates were often the only

informed measures available.

We searched for average mature colony sizes—when

available—and when multiple size estimates for a species

were reported, the mean colony size was calculated and

recorded. Yet as Dornhaus et al. (2012) point out, calcu-

lating a mean can be misleading via the inclusion of

immature colonies. Thus when ranges were given, the

maximum value was recorded. When the only information

on colony size was present in graphs averages were calcu-

lated via estimating values.

Average colony size estimates were then calculated for

each particular species: each independently derived esti-

mate was used as an individual data point within the

species-level calculation. In addition, several colony size

estimates were reported without species-level identification;

in an effort to include as much genus-level information as

possible, these data were included in our study but not

incorporated into any species-level mean calculations.

The distribution of species’ colony sizes within a genus

often exhibited a slight to extreme right skew in our data, as

demonstrated in Fig. 1a, d with the example genera Stru-

migenys and Pheidole. In most genera with an adequate

number of species-level estimates, log-transforming the

average species sizes produced a roughly normal distribution,

demonstrated in Fig. 1b, c. However, even after being log-

transformed, several genera remained skewedwith deviations

from normality occurring at the extreme values, Fig. 1e, f.

Thus, to produce a representative size for each genus, average

species sizes were logged and then a trimmed mean—an

estimate of central tendency for small samples that is less

sensitive to outliers than the geometric mean (Tukey and

McLaughlin 1963)—of 15 % was calculated for each genus.

Phylogenetic comparative methods

To control for shared evolutionary history, we used a modi-

fied version of the recent ant phylogeny of Moreau and Bell

(2013), as this tree represents the largest molecular phy-

logeny currently available for Formicidae (incorporating over

295 ant specimens and all 21 extant subfamilies) and is well

supported with 45 fossils as minimum constraints for diver-

gence dating. Several instances of paraphyly in the

ultrametric tree were resolved by examining recently pub-

lished phylogenies for specific clades where taxonomic

revisions elevated these taxa to genus level. In addition 16

genera, which were not previously included, were added

according to recent molecular phylogenies (Ward et al. 2015;

Schmidt 2013). The tree was pruned using Mesquite ver 2.75

(Maddison and Maddison 2011) to include only the genera

for which colony size information was available. Taxonomic

classification follows that available at the beginning of the

study (Bolton 2013).
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To evaluate various models of colony size evolution, we

used the multistate speciation and extinction analysis

(MuSSE) in FitzJohn’s (2012) software package ‘diver-

sitree’ forR (Fitzjohn et al. 2009;RCoreDevelopment Team

2015). MuSSE simultaneously analyzes rates of speciation,

extinction, and transition between several phenotypic trait

categories. To minimize the number of parameters and

estimate change between several broad size ranges, genera

were binned into one of three categories according to the

average colony size estimate for each genus: small (\100

individuals per average colony), medium (between 100 and

10,000), and large (over 10,000). These particular divisions

represent Kaspari and Vargo’s (1995) classifications. In the

models below, small colony sizes are represented by ‘‘S’’,

medium by ‘‘M’’, and large by ‘‘L’’.

We consider five possible models of colony size evolu-

tion (Table 1). First, the labile model assumes colony size

transitions have very few constraints and allows for transi-

tions to occur between any and all size categories

(L ¢ S ¢ M ¢ L). The irreversible growth model posits

that colony size has a tendency to increase, with sizes rarely

decreasing (L / S ? M ? L). The step-wise evolution

model states that colony size increases or decreases in small

steps, and that it must transition through intermediate sizes

instead of jumping from small to large or vice versa

(S ¢ M ¢ L). Lastly, we examine two threshold models

that have a critical ‘point of no return.’ The standard

threshold model posits that once colony size becomes sig-

nificantly large, crossing some specific critical point, it

rarely transitions back to smaller sizes (L / S ¢ M ? L).

Bourke’s bifurcation model is a variation of the standard

threshold model: it merely adds the requirement that chan-

ges are small in magnitude (S ¢ M ? L). Inspired by

hypotheses purposed in Bourke (1999), it can be thought of

as a combination of the step-wise model and the standard

threshold model.

In addition, symmetric versions of each model were

tested when applicable, so as to lower the number of

parameters. In the symmetric models, transition rates

between two categories were set to be equal in both direc-

tions: for example, the transition rate from the small colony

size category to the medium size category would be the

same as from the medium category to the small. Symmetric

transitions are represented here with double-headed arrows
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Fig. 1 Colony size distributions

and normality assessment for the

log-transformed colony size

distributions of typical genera. A

smoothing bandwidth of 35 was

used in the density plots of the

untransformed colony sizes, and

a bandwidth of 0.5 was used in

the logged distributions. Colony

size is on the x-axis in (a and

d) and the logged colony size is

on the x-axis in (b and e).
Strumigenys (n = 22 species-

level estimates) in a–c is typical
of most genera: the recorded

colony size distribution in the

genus is right-skewed (a). When

the colony size estimates are

log-transformed, the distribution

approaches normality (b, c).
However, several genera such as

Pheidole (n = 36 species

estimates) shown in d–f exhibit
an extreme right skew (d) that
persists even after being log-

transformed (e, f). Note that the
extreme values highly deviate

from normality in (f)
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($) between categories. The additional symmetric versions

are as follows: the symmetric labile model

(L $ S $ M $ L), the symmetric step-wise model

(S $ M $ L), the symmetric standard threshold model

(L / S $ M ? L), and the symmetric version of

Bourke’s bifurcation model (S $ M ? L). Lastly, a final

‘‘minimal model’’ was added as a benchmark. In this model,

all transition rates between every category are set to be

identical in magnitude (no representation is available).

Speciation rates were unconstrained in all of our models,

but extinction rates were set to zero, because of their dif-

ficulty in being estimated in MuSSE-like models (Maliska

et al. 2013). These models were analyzed with MuSSE, and

the resulting AIC scores were used to evaluate the various

models and their fits to the phylogeny. Additionally, di-

versitree’s default maximum likelihood-based ancestral

state reconstruction (ASR) function was used to estimate

the probabilities of average colony size categories on the

internal nodes of the phylogeny.

To visualize inferred transition and speciation rates,

posterior probability distributions were calculated for the

most successful model using Markov chain Monte Carlo

(MCMC) Bayesian analysis in the diversitree package. The

chains were run for 20,000 iterations discarding the first

10 % of samples as burn-in. Distributions for the speciation

and transitions rates of all three size categories are pre-

sented for the best fit model in Figs. 2 and 3.

Results

Colony size estimates

Through our review of the published scientific literature, we

were able to include over 400 species from 118 ant genera

(Table S1). Average colony size estimates for species ran-

ged from 2.5 (in Thaumatomyrmex contumax) toT
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Fig. 2 The posterior probability distribution of speciation rates in

Bourke’s symmetric bifurcation model. Speciation rates for the small

colony size category are the lowest, with medium-size colonies

speciating more frequently than even the large colony size category
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3.06 9 108 (in Formica yessensis). Average genus esti-

mates ranged from 4.5 (in Protomognathus) to 3.0 9 106

(inDorylus). After binning our average colony size estimate

for each genus into small (\100 individuals per average

colony), medium (between 100 and 10,000), and large (over

10,000) categories, the bins contained 46, 51, and 19 genera

for analysis, respectively.

Phylogenetic comparative methods

The phylogeny we used representing 118 ant genera, along

with genus-based average colony sizes and ancestral state

reconstructions, is shown in Fig. 4. Our ASR from the most

successful model infers a medium-sized average colony at

the root of the ant phylogeny. Likewise, internal nodes were

dominated by high probabilities of the medium size cate-

gory. We interpret this as a result of our inability to sample

the extinct, basal genera that would presumably reveal a

small ancestral colony size. Additionally, it is likely that

sociometric data on small ant societies is under-represented

in the literature (Dornhaus et al. 2012).

Considering the various evolutionary hypotheses, the

symmetric versions of each model, when such versions were

applicable, consistently produced lower AIC scores than

their higher-parameter counterparts. This is not unexpected,

given that previous studies have found the number of esti-

mated parameters to strongly affect the reliability of model

fitting (de Vos et al. 2014). Results are shown in Table 1,

including an additional ‘‘minimal model’’ in which all

transition rates are constrained to be equal. Noticeably, of

the top four models, three are threshold-based.

Bourke’s symmetric bifurcation model (S $ M ? L)

had the lowest AIC score at 1332.84, closely followed by

the symmetric version of the standard threshold model

(L / S $ M ? L) at 1334.86 (DAIC = 2.02). As

Burnham and Anderson (2004) suggest, DAIC values of

approximately two or less indicate substantial support. It is

also worthy to note that these two highest-ranking models

Fig. 3 The posterior probability distribution of transition rates in

Bourke’s symmetric bifurcation model. The transition rate from the

medium size category to the large category (q23) is significantly

smaller than the transition rate between the small size category and the

medium bin (q12/q21). Note that the transition rate constrained to be

symmetric (q12/q21) has a wide spread, indicating that the actual rates

might not be exactly equal
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Fig. 4 Ant phylogeny including colony size data and ancestral state

reconstruction. Tip decorations are proportional to the logged average

genus colony size, and colors indicate binned size category. Brown

marks the small size category, green the medium, and purple the

largest
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very closely resemble one another in terms of parameter

values. The additional transition rate constrained to zero in

Bourke’s bifurcation model—the transition from small

colonies directly to large—is also incredibly low in the

standard threshold model when it is allowed to vary freely.

Even the asymmetric version of the standard model exhibits

the same pattern.

The posterior probability distributions estimating rates

for Bourke’s symmetric bifurcation model are shown in

Figs. 2 and 3. The medium size category has the highest

speciation rate, followed by the large and small categories,

respectively, although the 95 % confidence intervals of the

distributions overlap. However, the symmetric transition

rate between small and medium colony sizes (S $ M) is

clearly significantly larger than the rate going from medium

to large sizes (M ? L). The spread of these two distribu-

tions is also noticeably different: we suspect the demanded

symmetry may consolidate two rates that are deviate

slightly in magnitude.

Discussion

To investigate the evolution of colony size across the ants,

we leveraged data on colony size from the scientific liter-

ature and a nearly complete genus-level ant phylogeny. We

then tested several models for the evolution of colony size

across the ants in a phylogenetically controlled analysis.

The similarity between the two best-fit models—Bourke’s

symmetric bifurcation model (S $ M ? L) and the stan-

dard symmetric threshold model (L / S $ M ? L)—

tells a particular story: on a macroevolutionary scale,

average colony size rarely jumps from a small to large size

without first transitioning through an intermediate size. This

suggests that multiple traits of smaller effect contribute to

the overall colony size, or that large, punctuated colony size

shifts rarely occurred. This kind of pattern has also been

observed in allodapine bees, where changes in colony sizes

are the result of small, incremental ‘‘tinkerings’’ (Dew et al.

2012).

More obviously, the low AIC scores for the threshold

models suggest that there is some sort of critical point in

terms of colony size for ants; on an evolutionary scale, once

the colony becomes large enough, it rarely decreases in size.

This theory was first proposed by Bourke (1999). Along

with the many correlates of colony size in ants—such as

hunting strategies, degrees of polyethism, etc.—Bourke

(1999) noted several social features, which can form an

evolutionary feedback loop. Specifically, a large colony size

decreases workers’ relative reproductive potential, which

enables the queen to further specialize as a purely repro-

ductive individual, allowing the colony size to grow further.

Lower worker reproductive competition also relaxes the

selective constraints on permissible worker morphologies,

increasing the degree of polymorphism and specialization.

The newly increased efficiency resulting from this special-

ization can lead to an increase in colony size as well. Bourke

(1999) claims that two islands of stability exist, the first in

which ecological pressures—such as limited nesting

resources, short growing seasons, or the competitive

advantage of reproducing earlier at the expense of colony

size—promote the evolution of small colonies composed of

monomorphic workers with higher individual reproductive

potential. The second island consists of the mutually stable,

coevolved ‘‘socially complex’’ traits detailed above. The

mathematics developed by Gautrais et al. (2002) for social

insects corroborate this theory, describing a bifurcation

phenomenon in their models that generates similar patterns:

specializations only occur after the colony size passes some

critical threshold. Our analysis further confirms such pat-

terns across ant genera.

These theories also explain the evolutionary patterns in

the previously mentioned allodapine bees. Dew et al. (2012)

notes that most of the allodapine species have very small,

monomorphic colonies with reproductive workers. One

species, however, Exoneurella tridentata, seems to have left

the island of stability associated with small colonies—pre-

sumably after escaping certain nesting constraints by

inhabiting long-lasting substrates—and landed squarely in

the second island, with exceptionally large colony sizes and

discrete morphological worker and queen castes (Dew et al.

2012). Our results suggest such theories reflect biological

reality on a larger scale: these ideas now have a firmer

foundation when tested in a phylogenetic framework.

However, another prediction by Bourke (1999) could

partly explain the possible upward trend in colony size:

when colonies grow to sizes not previously seen in that

lineage, the ecological niche for such a size is always

vacant. Once these species find themselves without com-

petitors, they stay there. Bourke adapted this argument from

Bonner (1988), who presented it regarding body size in

unitary organisms. Although this theory may apply to

medium colony sizes and larger, the dismal fit of the irre-

versible growth model (L / S ? M ? L) suggests that

such a bias may be marginal, especially concerning transi-

tions between small and medium sizes.

It should be noted that our results from such a large-scale

analysis represent broad brush strokes: huge amounts of

variance exist on almost every level of our analysis due to

data that is both missing and naturally variable. First, our

study suffers from the lack of a species-level phylogeny for

the ants and the limited number of detailed colony size

studies that have been conducted for most species. We

would like to echo Anderson and McShea (2001), as well as

Beckers et al. (1989) and others, in their plea for the release

of more sociometric data for ants (and other organisms).
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Although molecular phylogenies are progressing rapidly—

gaining finer detail and greater reliability—hypotheses

regarding the evolution of social complexity cannot be

tested unless sociometric data for these genera or species is

also published (Tschinkel 1991; Dornhaus et al. 2012).

Already we have much more data on evolutionary rela-

tionships between ants than we do about their social

ecology. Such sociometrics, even if unassociated with a

formal publication, should be made public to aid compar-

ative studies. In addition, there is a high degree of natural

variation in the data gathered, which serves to highlight the

fact that studies across geographic distributions and seasons

are critical. For example, within a single ant colony, sea-

sonal variation in colony size can span an order of

magnitude (Laskis and Tschinkel 2009). Compounded by

differences between colonies and environments, size can

span even greater degrees of variation within a species.

Even within a genus, the differences can be staggering: F.

yessensis has reported colony sizes approximately 5.8

orders of magnitude larger than Formica fusca colonies.

However, such natural variation does not preclude the study

of macroevolutionary patterns in colony size; if anything, it

further highlights the necessity of such work.

The mechanisms that exert selection pressure on colony

size are still not completely understood. Although larger

colonies have been found to outperform smaller colonies in

difficult tasks such as nest choice (Sasaki et al. 2013), recent

theoretical studies suggest that small groups are better

decision-makers in complex environments (Kao and Couzin

2014). However, this situation is complicated further by the

large number of traits that are correlated with colony size in

ants and other social insects. Future studies—in addition to

acquiring more data on colony size—should incorporate and

analyze these traits, such as degree of polygyny, morpho-

logical skew, polydomy, polymorphism, individual worker

reproductive potential, and division of labor, in a phyloge-

netic context to control for shared evolutionary history.

Such efforts could tease apart the causal factors associated

with colony size change and shine light on the optimal

group size debate.

Although our analysis represents an initial investigation

into colony size evolution across the ants, such work is

already proving informative. Our best models reflect and

bolster theories already present in studies of eusociality.

Andrew Bourke’s theorized islands of stability in colony

size evolution (1999) seem to be upheld: colony sizes often

change slowly along a continuum, yet after crossing a cer-

tain threshold in size, a feedback loop forms and decreases

seem no longer feasible.
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