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Evolutionary biologists have long predicted that evolutionary trade-offs among traits should constrain morphological divergence

and species diversification. However, this prediction has yet to be tested in a broad evolutionary context in many diverse clades,

including ants. Here, we reconstruct an expanded ant phylogeny representing 82% of ant genera, compile a new family-wide

trait database, and conduct various trait-based analyses to show that defensive traits in ants do exhibit an evolutionary trade-

off. In particular, the use of a functional sting negatively correlates with a suite of other defensive traits including spines, large

eye size, and large colony size. Furthermore, we find that several of the defensive traits that trade off with a sting are also

positively correlated with each other and drive increased diversification, further suggesting that these traits form a defensive

suite. Our results support the hypothesis that trade-offs in defensive traits significantly constrain trait evolution and influence

species diversification in ants.
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All species experience constraints arising from developmental,

functional, and energetic limitations. These limitations have fea-

tured prominently in the development of ecological and evolution-

ary theories since Darwin (Darwin 1859), and include optimal for-

aging theory (Krebs 1978), key innovation theory (Crother et al.

2007), and life-history theory (Stearns 1989; Tilman 2011). One

concept shared by these theories is the importance of tradeoffs

between different investment strategies. Ecological theories on

tradeoffs predict differential energy investment in different traits

based on resource limitations or conflicting environmental de-

mands (e.g., Werner and Anholt 1993). In contrast, evolutionary

trade-off theory posits that energy investment in a given trait in

response to some selective force limits investment in other traits

that serve similar functions. Therefore, such traits should be nega-

tively associated with each other across species over evolutionary

time (Stearns 1989; Arnold 1992; Mooney et al. 2010; Tilman

2011; Ferenci 2016).

This article corresponds to Jeremy R. (2016), Digest: Evolve wisely—some

ant defense strategies paved way to diversification, and others to a dead end.

Evolution. Doi:10.1111/evo.13163

Trait trade-offs influence various evolutionary processes, in-

cluding patterns of morphological divergence (DeWitt et al. 2000;

Svanbäck and Eklöv 2003; Muchhala 2007; Holzman et al. 2012;

Heinen-Kay et al. 2015) and rates of diversification (Schluter

1995; Holzman et al. 2012). For example, Muchhala (2007) found

that increased specialization of floral morphology in Burmeistera

is mediated by an adaptive trade-off arising from differential effi-

ciency of bat and hummingbird pollination. Holzman et al. (2012)

showed that biomechanical trade-offs in the feeding morphology

of fishes promote elevated rates of evolution in the traits con-

tributing to the trade-off. Trade-offs could ultimately limit rates

of speciation or morphological evolution by restricting species to

particular regions of morphospace or ecological niches (Shoval

et al. 2012), as seen in guppies (Ghalambor et al. 2004) and bacte-

ria (Ferenci 2016). However, others have suggested that trade-offs

may promote diversification in some cases (Schluter 1995; de Vos

et al. 2015). For example, Herrel et al. (2009) find evidence for a

trade-off between bite force and jaw movement velocity in Dar-

win’s finches, and suggest that this trade-off may lead to differ-

ences in the evolution of song production and, as a consequence,

drive reproductive isolation and subsequent speciation.
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In practice, it can be difficult to assess the role of trait trade-

offs over evolutionary timescales. Determining the ecological

function of focal traits is important, as a negative correlation

between traits may not be the a priori expectation for sets of traits

that are not functionally redundant (Agrawal 2011). Furthermore,

the variability and diversity of processes acting on morphological

and species diversification may influence evolutionary dynam-

ics, leading to unexpected patterns (Bennett and Lenski 2007).

However, despite these challenges, evidence for an evolutionary

trade-off can be assessed in a system with labile traits of known

or likely functions and a fairly complete and sizeable phylogeny

(Maddison and FitzJohn 2015).

Over the past several decades, there has been much interest

in ants as a group of insects that are highly influential in many

terrestrial ecosystems (Hölldobler and Wilson 1990; Lach et al.

2010). In particular, recent work has significantly improved our

understanding of phylogenetic relationships between ant species,

genera, and subfamilies (Brady et al. 2006; Moreau et al. 2006;

Lapolla et al. 2010; Ward et al. 2010; Moreau and Bell 2013;

Schmidt 2013; Blaimer et al. 2015; Brady et al. 2015; Ward et al.

2015), providing a crucial foundation for understanding evolu-

tionary processes. Furthermore, a growing body of research has

focused on relationships between morphological traits and ecolog-

ical niche in ants. Such eco-morphological relationships include

eye size and diet (Weiser and Kaspari 2006), caste specialization

and prey type (Powell and Franks 2006), and morphological spe-

cialization and latitude (Silva and Brandão 2014). Additionally,

a few studies on single genera or geographically restricted com-

munities have correlated aspects of morphological evolution with

some specific evolutionary or ecological process such as ecolog-

ical release or niche adaptation (Wilson 1959; Pie and Traniello

2007; Moreau 2008; Sarnat and Moreau 2011; Blaimer et al.

2015; Price et al. 2016). However, to date, relatively little work

has integrated phylogenetic and eco-morphogical data to address

trait-based diversification and evolutionary processes in ants, es-

pecially on a broad, family-wide scale.

Defensive traits are compelling candidate drivers of evolu-

tion across many taxa, including in ants (Hunt 1983), and may

be strongly selected as an anti-predator defense. Predation has

been invoked as an important selective force influencing clade di-

versification and morphological divergence across many taxa, in-

cluding plants (Agrawal 2011; Weber and Agrawal 2014; Endara

et al. 2015), amphibians (Arbuckle and Speed 2015), dragonflies

(Mikolajewski et al. 2010), and beetles (Ge et al. 2011). In ants,

traits thought to confer defensive benefits to a colony are remark-

ably varied across genera, including stings, spines, chemical de-

fenses, recruitment and deployment of a soldier caste, and cryptic

foraging strategies (Hunt 1983; Lach et al. 2010). These key traits

are likely costly and under strong selection pressure, and should

therefore exhibit some trade-off in energy investment. The diver-

sity of defensive morphologies and life-history strategies suggests

there may be an evolutionary trade-off among some of these traits.

This hypothesis is corroborated by observational evidence of de-

fensive trait trade-offs across subfamilies and genera (Moreau,

pers. obs.), but the role of trait trade-offs in constraining or oth-

erwise influencing evolution in ants has not yet been rigorously

tested. In fact, most general patterns relating to ant morphological

defense have not been investigated (Lach et al. 2010).

We reconstruct an expansive, genus-level phylogeny of ants

that includes 268 described genera (82% of all described ant gen-

era), compile a genus level database for eight morphological and

ecological traits, and conduct trait-based diversification and phy-

logenetic correlation analyses to address whether defensive traits

exhibit evolutionary trade-offs in ants. These data and analyses

additionally allow us to investigate the evolutionary lability of

multiple defensive traits and the impact of these traits on rates

of diversification. Although functional traits are likely to play a

significant role in ant evolution, the influence of these traits on

patterns of diversification have rarely been investigated, and the

processes constraining the evolution of these traits are still un-

known. This study will therefore provide a foundation for future

work on trait-based evolutionary processes in ants.

Methods
MOLECULAR DATA

We inferred a genus-level molecular phylogeny of the ants

using sequences from previously published studies (Lapolla

et al. 2010; Ward et al. 2010; Moreau and Bell 2013; Schmidt

2013; Brady et al. 2014; Ward et al. 2015) and 19 additional

sequences from GenBank (Table S1). The sequences retrieved

from Moreau and Bell (2013) are derived from three prior

studies (Brady et al. 2006; Moreau et al. 2006; and Rabeling

et al. 2008). From these sources, sequences were available for

648 ant species covering 268 described genera, as well as 18

outgroup taxa, spanning nine nuclear and mitochondrial genetic

markers. For each species, all available genes were included even

if derived from different individuals. In total, 45.2% of species

had data for all nine genes, and 96.1% of species had data for

four or more genes. Sequences were aligned using MUSCLE in

R (Edgar 2004; R Core Team 2015). The alignment was then

inspected visually, and ambiguously aligned sites were excluded

manually in Mesquite v3.02 (Maddison and Maddison 2015).

The final aligned data matrix was deposited in TreeBASE (URL:

http://www.purl.org/phylo/treebase/phylows/study/TB2:S19313;

http://www.treebase.org).

PHYLOGENETIC INFERENCE

An initial tree with 666 terminals was inferred under a maximum

likelihood framework in RAxML v8 (Stamatakis 2014) on the
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CIPRES computing cluster (Miller et al. 2010). The concatenated

matrix of all nine genes was partitioned so that the GTR +� model

of evolution for each gene was independent of each other. Support

for inferred relationships was determined with bootstrapping, with

the program automatically halting bootstrapping after a sufficient

number of replicates, and the maximum likelihood tree was then

pruned to include only one species per genus, to control for uneven

genus sampling across the tree. Eighteen genera included in our

study that are currently recognized in the literature are known to

actually represent a polyphyletic grouping of species, but have

yet to be formally revised. When this was the case, we either

chose one species as the representative for the genus or retained

multiple lineages with distinct identifying names (see Table S2 for

a more detailed description of our selection process following the

recent taxonomic literature). When we retained multiple tips for

a genus (only four of our 268 described ant genera), we used the

same trait states for the genus for all tips and evenly divided the

number of species in the genus by the number of tips in our tree. In

addition to 16 outgroup taxa from related Hymenopteran clades,

the pruned genus-level tree includes 275 ingroup ant species from

268 described ant genera (82.0% of all extant ant genera), an

increase of 105 genera compared to the most recent family-wide

phylogenetic study (Moreau and Bell 2013). We will subsequently

refer to the ingroup and outgroup taxa as “genera,” for a total of

291 genera. Using these 291 genera, we then inferred another

tree in RAxML using the same settings described above, and

this genus-tree was used as a starting tree for divergence time

estimation.

DIVERGENCE DATING

Divergence time estimation using Bayesian inference was con-

ducted in BEAST v1.7 (Drummond et al. 2012) on the CIPRES

computing cluster. The inferred maximum likelihood tree (291

genera) was used as the starting tree in BEAST. A total of 73

fossils, including 69 ingroup fossil taxa, were used to calibrate

node age priors under a lognormal prior distribution with an offset

corresponding to the minimum fossil ages (Table S3). A GTR +
� model of sequence evolution was used for our gene-partitioned

dataset, with parameters across partitions unlinked. All settings

were implemented using BEAUti v1.7 (Drummond et al. 2012),

which produces the XML file formatted for BEAST. After ini-

tial test runs, the MCMC length was set to 200 million genera-

tions (sampled every 10,000 generations), the upper bound of the

ucld.mean parameter to 0.1, and the mean of ucld.stdev to 0.6,

with all other settings left at the default. We then used Tracer v1.6

(Rambaut et al. 2014) with a burn-in of 10% to assess effective

sample sizes for each parameter and ensure adequate conver-

gence, and Tree Annotator v1.8.2 (Drummond et al. 2012) with

10% burn-in and a posterior probability limit of 50% to gen-

erate the dated maximum clade credibility tree. This MCC tree

was deposited in TreeBASE (URL: http://www.purl.org/phylo/

treebase/phylows/study/TB2:S19313; http://www.treebase.org).

MORPHOLOGICAL AND ECOLOGICAL DATA

Trait data were compiled from information in the pri-

mary literature and online databases (Table S4; database de-

posited in the Dryad Digital Repository, URL: http://dx.doi.org/

10.5061/dryad.st6sc). We collected data for five traits with a

purported defensive function: cuticular spines (“spinescence”

or “spines”), large eye size, worker polymorphism, unmodified

venom-delivering sting (“sting”), and large colony size. Although

each of these traits may have additional functions (e.g., forag-

ing efficiency), they likely also serve a defensive role in many

or most species in which they occur. Spines and the sting are

both generally considered a direct defense against vertebrates or

invertebrates (Lach et al. 2010; Schmidt 2014). Large eyes likely

confer increased visual acuity allowing individuals to better avoid

attackers (Cronin et al. 2014). Worker polymorphism, and in par-

ticular the recruitment of a soldier caste, is often used as a defense

against arthropods (Lamon and Topoff 1981; Hunt 1983; Powell

2008; Kamhi et al. 2015). Large colony sizes may buffer against

individual worker loss (Kaspari and Vargo 1995) or allow a colony

to better defend itself against attackers (Adams 1990). In addi-

tion to these five traits, we collected data on three ecological niche

traits: diet (herbivore, omnivore, or predator), nesting location (on

the ground or arboreally), and foraging location (on the ground or

arboreally). Historically, morphological and ecological data col-

lection for ants has been heavily biased toward the worker caste,

so we restricted our database to genera for which the worker caste

is known. Traits were scored for each ant genus, and a genus was

considered polymorphic for a trait if at least 10% of the species

in the genus had an alternative trait state. In some cases, there

was no information on a trait for a genus in the primary literature

or online database records, but we assigned a state for the trait

based on the likelihood of the trait state given background expec-

tations. For example, a genus was considered to be monomorphic

in the absence of documented evidence of polymorphism. These

cases are clearly denoted in Table S4. As several analyses used

in this study require traits to be categorical or binary, trait states

were binned into discrete categories, and in some cases alterna-

tive binning schemes were used to test different hypotheses (see

Table S5 for a discussion of trait state binning). For all analyses,

polymorphic scores for a trait in a given genus were converted

to the nonzero number (e.g., a score of “0&1” was converted

to “1”).

ANCESTRAL STATE RECONSTRUCTION

Ancestral state reconstructions were estimated for each trait

at each node of the maximum clade credibility tree using

the make.simmap and describe.simmap functions in phytools
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v0.5-54 (Revell 2012), which utilize a stochastic character map-

ping approach (Huelsenbeck et al. 2003; Bollback 2006). The

model of trait evolution used for each trait was determined by

comparing the log likelihoods of three possible models: “Equal

rates” (ER), “Symmetrical rates” (SYM), and “All rates differ-

ent” (ARD), referring to rates of trait state changes for each trait.

The model with the highest log-likelihood was chosen if the dif-

ference from each simpler model was greater than 2, which is

a standard cut-off for this method (Paradis et al. 2004). We set

the optimization method to “optim,” and all other settings were

left at the default. For each trait, we then ran 500 simulations,

and the percentage of simulations for which each trait state was

inferred at each node was then plotted as a pie chart on our max-

imum clade credibility tree. We also assessed the evolutionary

lability of each trait using this approach, which returns the in-

ferred number and type of changes occurring across the tree for

each trait.

SHIFTS IN DIVERSIFICATION RATES

We used MEDUSA (Alfaro et al. 2009) to identify diversification

rate shifts across the maximum clade credibility tree. MEDUSA

uses a stepwise Akaike information criterion (AIC) method as

implemented in geiger v2 (Harmon et al. 2008; Pennell et al.

2014). This method first assigns a background rate of diversi-

fication to an entire tree and calculates the likelihood for this

singe rate regime under a birth-death (BD) or pure-birth (Yule)

model. The program then searches for the most likely location

for a rate shift based on AIC score. This more parameter-rich

model is then compared to the model with only the background

rate and is accepted if it results in a decrease in AIC score above

a user-defined threshold (default = 4 AIC units). This process

continues for models with an increasing number of rate shifts

until there is no longer a decrease in AIC score greater than the

user-defined threshold. To account for incomplete sampling, the

number of species represented by each tip (i.e., genus in our case)

was included (Bolton 2014; Table S4). We allowed the program

to determine the best-fitting model of evolution for each shift (BD

or Yule), and all other settings were left at the default. We then

used Fisher’s exact test (two-tailed) to investigate associations

between rate shifts (increases and decreases) and defensive traits

based on node states inferred from the ancestral state reconstruc-

tion. Preliminary analyses suggested that trait shifts in trait states

very rarely occurred at the same nodes as rate shifts, so we only

investigated node trait states, given that shifts in diversification

due to a trait can also occur on a phylogeny downstream of the

trait’s origin (e.g., McKenna et al. 2009). However, although the

rate shifts are distributed throughout our phylogeny, this method

may suffer from pseudoreplication. We therefore consider this test

to be a supplement to our core trait-based diversification analysis

(below).

SISTER CLADE ANALYSIS

Assessing the influence of traits on diversification across clades

is a classically difficult problem (Jablonski 2005; Vamosi and Va-

mosi 2011; Ng and Smith 2014; Maddison and FitzJohn 2015).

New methods involving “state-dependent speciation and extinc-

tion” (SSE) models, including the BiSSE model and several

derivatives, appeared to offer a promising solution to known

issues with earlier methods (Ng and Smith 2014), such as the

difficulty of inferring ancestral states for traits that also drive

diversification (Maddison 2006). However, recent analyses have

shown that the SSE suite of models frequently suffer from high

rates of model inadequacy, sometimes resulting in the null model

being rejected in 100% of tested cases, and thus often fail to

properly account for phylogenetic relationships between species

and clades (Maddison and FitzJohn 2015; Rabosky and Gold-

berg 2015). Preliminary analyses using our data and maximum

clade credibility tree suggested that our tree is prone to the sort of

model inadequacy highlighted by Rabosky and Goldberg (2015);

therefore, we decided to instead use sister clade analysis. This

more conservative method, while known to have somewhat low

statistical power (Ng and Smith 2014), also explicitly ensures

phylogenetic independence of included comparisons and is thus

less prone to the artificially high rates of null model rejection seen

in the SSE models (Maddison and FitzJohn 2015; Rabosky, pers.

comm.). The results from our ancestral state reconstructions sug-

gested that there were enough sister clades with differing states

for all the traits included in this study to justify using sister clade

analysis. Furthermore, most traits show numerous state transi-

tions throughout the phylogeny, likely minimizing issues related

to large imbalances in trait states in trait-based diversification

analyses (Maddison 2006). Thus, we use sister clade analysis as

a fairly conservative estimate of associations between traits and

clade diversification.

We conducted sister clade comparisons based on plots of an-

cestral state reconstructions for our five morphological and three

ecological traits. For each trait, sister clades were compared if the

two clades differed in trait states and every genus in each clade

shared a state for the trait. There were at least 10 and typically 20

or more such sister clades for our traits. We then implemented a

model-based sister clade analysis that incorporates species num-

bers and time since divergence for each sister clade (Paradis 2011).

This analysis uses a likelihood ratio test to compare the fit of two

models of diversification–-a null model and an alternative model

where a trait increases or decrease rates of diversification. This

method has been shown to be more powerful than previous tech-

niques, and is implemented using the function richness.yule.test

in the R package ape (Paradis et al. 2004). For each sister clade,

we used the species numbers for each genus in our dataset

(Table S4) and the dates of divergence inferred from our max-

imum clade credibility tree.
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Figure 1. Example of models compared in corHMM to test for correlations between binary traits. The log-likelihood of the four-

parameter, independent model (A) was compared to the eight-parameter, dependent model (B). If the eight-parameter model was

significantly more likely (i.e., traits are correlated), an additional test (parameter restriction test) was conducted to determine the

transition rate differences that significantly increase model likelihood. Four parameter restriction tests were conducted, with one pair

of traits constrained to be equal in each test (B, indicated by line type). The likelihood of each of these seven-parameter models was

compared to the full eight-parameter model, and parameter values are considered to be significantly different if there is a significant

decrease in likelihood when the parameters are constrained.

ANALYSIS OF TRAIT CORRELATION

To assess the evidence for an evolutionary trade-off between de-

fensive traits, we performed a phylogenetic maximum likelihood

correlation test based on Pagel’s method (Pagel 1994; Pagel and

Meade 2013; Beaulieu and Oliver 2015). The phylogenetic cor-

relation test was conducted using corDISC in corHMM v1.16

(Beaulieu et al. 2015), which tests hypotheses of correlated evo-

lution between two binary traits. This test compares the log-

likelihood of a four-parameter model, in which each trait evolves

independently of the other trait, to the log-likelihood of an eight-

parameter model that incorporates different transitions rates for

one trait based on the state of a second trait (Fig. 1). The de-

pendent (i.e., correlated) model is favored if the log-likelihood of

the dependent model is significantly higher than that of the inde-

pendent (i.e., uncorrelated) model, as determined by a likelihood

ratio test (LRT) with four degrees of freedom.

In cases where the dependent model was favored, we tested

additional hypotheses to determine which specific transition rates

were affected by the associated trait. These hypotheses were tested

by constraining certain pairs of parameters to be equal and com-

paring the constrained model to the full eight-parameter model

(henceforth called the “parameter restriction test”). For example,

to test for evidence of a trade-off between eye size and a sting,

the transition rate from small eyes to large eyes in the absence

of a sting was constrained to be equal to the transition rate from

small eyes to large eyes in the presence of a sting (Fig. 1B). If the

log-likelihood of this constrained, seven-parameter model is sig-

nificantly lower than the full eight-parameter model (ascertained

using a LRT with one degree of freedom), and the transition rate

from small eyes to large eyes is higher in the absence of a sting,

then there is support for a negative correlation (trade-off) between

eye size and a sting. But if the rate from small eyes to large eyes

is higher in the presence of a sting, then there is support for a

positive correlation between the two traits. Thus, when there was

evidence that two traits were correlated, the following were tested

using the parameter restriction test (Fig. 1B):

1. Difference in transition rate from absence to presence of Trait

1 based on state of Trait 2.

2. Difference in transition rate from absence to presence of Trait

2 based on state of Trait 1.

3. Difference in transition rate from presence to absence of Trait

1 based on state of Trait 2.

4. Difference in transition rate from presence to absence of Trait

2 based on state of Trait 1.

These tests of correlation were conducted using the maxi-

mum clade credibility (MCC) tree for all possible pairwise com-

parisons between all traits, including for each different binning

schemes for the ecological traits (diet, nesting, and foraging; see

Table S5 for binning schemes).

Results
PHYLOGENETIC INFERENCE

The topology of the full species ML tree (666 tips, Fig. S1) and

the maximum clade credibility (MCC) Bayesian genus-tree (291

tips, Fig. S2) are similar, and both are largely consistent with

previous studies (LaPolla et al. 2010; Ward et al. 2010; Moreau

and Bell 2013; Schmidt 2013; Brady et al. 2014; Ward et al.

2015). The posterior support values for most nodes in our tree are

modest to strong (0.75–1.0), although a portion of the Ponerinae

clade includes a relatively high number of nodes with low support

(Fig. S2). The present tree differs in the relationships between

subfamilies from the most recent family-wide phylogenetic study
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(Moreau and Bell 2013) only in that Martialinae is inferred here to

be the sister group to all other extant ants (with low support, PP =
0.41) as found in Rabeling et al. (2008) and Schmidt (2013),

whereas Moreau et al. (2006), Kück et al. (2011), and Moreau and

Bell (2013) found Leptanillinae to be sister. All other subfamily

relationships match Moreau and Bell (2013). Major phylogenetic

relationships at the tribe level are also consistent with previous

subfamily analyses (Ward et al. 2010; Schmidt 2013; Ward et al.

2015), with a couple exceptions in Dorylinae (Brady et al. 2014).

In this study, the Doryline genera Amyrmex and Leptanilloides

were found within the “army ant” clade, whereas in Brady et al.

(2014) these genera form their own clade. Furthermore, Brady

et al. (2014) found Vicinopone as the basal-most Doryline genus,

while in this study Tanipone takes this position.

DIVERGENCE DATING

The divergence-dated chronogram, generated from the BEAST

analysis using the ML topology enforced as the starting tree,

recovered a mean root age of 176.1 Mya [95% highest poste-

rior density (HPD) 147.3 to 214.4 Mya] for crown-group ants

(Fig. S2, Table S6). This tree includes 275 in-group genera, with

82% of extant ant genera represented. The dating of most major

clades, including the largest subfamilies Myrmicinae, Formici-

nae, Dolichoderinae, and Ponerinae, is congruent with previous

studies (Table S6). A notable exception to this is the inferred age

of crown-group ants, which in this study is inferred to be about

25 million years earlier than the most recent family-wide analy-

sis (Moreau and Bell 2013; Table S6). Although the inferred age

of crown Formicidae and two subfamilies in our MCC tree are

somewhat older than most recent studies, the majority of internal

nodes are consistent with at least one of these studies, so we ac-

cepted this tree as adequate for subsequent analyses. Our MCC

tree includes four genera without a known worker caste, which we

excluded using the drop.tip function in ape (Paradis et al. 2004),

resulting in a tree used for all downstream analyses that includes

271 ant genera (Fig. 2).

MORPHOLOGICAL AND ECOLOGICAL DATA

A dataset for eight scored morphological and ecological traits was

generated for all 313 genera for which the worker caste is known,

out of the total 326 extant ant genera (Table S4). Some data is

missing for traits in some genera, but coverage is high across the

313 genera. Traits with missing data are sting (95.8% total cov-

erage), diet (83.7%), nesting location (98.4%), foraging location

(97.4%), and colony size (69.3%). Among the 271 ant genera in

our tree, coverage is even higher for traits with missing data, which

include sting (96.7%), diet (86.7%), foraging location (99.6%),

and colony size (76.8%). For subsequent analyses involving a trait

with incomplete taxonomic coverage, genera with missing data

for that trait were pruned from the phylogeny using the drop.tip

Martialis heureka CR
Protanilla JAP01
Leptanilla GRE01
Platythyrea mocquerysi
Loboponera politula
Plectroctena ugandensis
Psalidomyrmex procerus
Centromyrmex sellaris
Hypoponera opacior
Mesoponera rubra
Streblognathus peetersi
Hagensia havilandi
Odontoponera transversa
Bothroponera wasmannii
Buniapone amblyops
Paltothyreus tarsatus
Phrynoponera gabonensis
Odontomachus coquereli
Anochetus madagascarensis
Pseudoneoponera rufipes
Megaponera analis
Ophthalmopone berthoudi
Brachyponera atrata
Euponera sikorae
Myopias lobosa
Leptogenys diminuta
Harpegnathos saltator
Diacamma rugosum
Ponera sp Mal1
Emeryopone buttelreepeni
Cryptopone gilva
Austroponera castanea
Pseudoponera stigma
Thaumatomyrmex atrox
Simopelta sp Ecu1
Dinoponera australis
Pachycondyla harpax
Neoponera apicalis
Mayaponera constricta
Paraponera clavata
Ankylomyrma coronacantha
Tatuidris tatusia
Probolomyrmex tani
Discothyrea MAD07
Proceratium stictum
Concoctio concenta
Prionopelta MAD01
Onychomyrmex hedleyi
Amblyopone australis
Stigmatomma pallipes
Myopopone castanea
Xymmer muticus
Adetomyrma MAD02
Mystrium mysticum
Apomyrma stygia
Pseudomyrmex gracilis
Myrcidris epicharis
Tetraponera rufonigra
Nothomyrmecia macrops
Myrmecia pyriformis
Aneuretus simoni
Axinidris mlalu
Technomyrmex voeltzkowi
Tapinoma melanocephalum
Aptinoma mangabe
Liometopum occidentale
Arnoldius AU01
Bothriomyrmex paradoxus
Chronoxenus wroughtonii javanus
Loweriella boltoni
Gracilidris pombero
Azteca instabilis
Papyrius nitidus
Iridomyrmex sanguineus
Ochetellus cf glaber clarithorax
Turneria bidentata
Froggattella kirbii
Philidris cordata
Doleromyrma darwiniana
Nebothriomyrmex majeri
Anonychomyrma itinerans
Linepithema humile
Forelius pruinosus
Dorymyrmex bicolor
Leptomyrmex erythrocephalus
Dolichoderus erectilobus
Camponotus conithorax Colobopsis
Polyrhachis cf vindex
Opisthopsis respiciens
Camponotus maritimus
Calomyrmex albertisi
Anoplolepis gracilipes
Plagiolepis sp
Acropyga acutiventris
Prolasius sp
Notostigma carazzii
Myrmecorhynchus sp
Melophorus sp
Stigmacros sp
Notoncus capitatus
Oecophylla smaragdina
Cataglyphis iberica
Proformica nasuta
Formica moki
Polyergus breviceps
Myrmoteras iriodum
Lasius californicus
Myrmecocystus flaviceps
Paraparatrechina weissi
Zatania albimaculata
Prenolepis imparis
Nylanderia hystrix
Euprenolepis wittei
Paratrechina longicornis
Pseudolasius australis
Myrmelachista flavocotea
Brachymyrmex depilis
Veromessor andrei
Novomessor albisetosa
Stenamma expolitum
Aphaenogaster pythia OW
Oxyopomyrmex santschii
Goniomma blanci
Aphaenogaster occidentalis NW
Messor wasmanni
Trichomyrmex robustior
Royidris longiseta
Eutetramorium mocquerysi
Malagidris jugum
Myrmisaraka brevis
Vitsika suspicax
Metapone madagascarica
Liomyrmex gestroi
Podomyrma silvicola
Huberia brounii
Cataulacus hispidulus
Paratopula TH01
Nesomyrmex echinatinodis
Dilobocondyla borneensis cf
Secostruma MY01
Cardiocondyla mauritanica
Ocymyrmex fortior cf
Acanthomyrmex ferox
Atopomyrmex mocquerysi
Xenomyrmex floridanus
Meranoplus castaneus
Crematogaster acuta
Pristomyrmex orbiceps
Perissomyrmex snyderi
Myrmecina americana
Lophomyrmex ambiguus
Mayriella ebbei
Propodilobus pingorum
Ancyridris polyrhachioides nr
Lordomyrma desupra
Tetheamyrma subspongia
Dacatria templaris
Proatta butteli
Recurvidris TH01
Adlerzia froggatti
Rotastruma recava
Romblonella scrobifera
Poecilomyrma myrmecodiae
Harpagoxenus sublaevis
Formicoxenus diversipilosus
Leptothorax muscorum complex
Temnothorax poeyi
Vombisidris bilongrudi
Gauromyrmex acanthinus
Rhopalomastix rothneyi
Melissotarsus insularis
Terataner bottegoi
Kartidris sparsipila
Cyphoidris exalta
Dicroaspis KM01
Tetramorium spinosum
Strongylognathus testaceus
Vollenhovia emeryi
Calyptomyrmex kaurus
Carebara urichi
Diplomorium longipenne
Dacetinops ignotus cf
Stegomyrmex manni
Rogeria nevadensis NW
Austromorium flavigaster
Epelysidris brocha
Tyrannomyrmex legatus
Anillomyrma decamera
Myrmicaria carinata
Monomorium pharaonis
Syllophopsis fisheri
Baracidris sitra
Cryptomyrmex boltoni
Adelomyrmex paratristani
Tropidomyrmex elianae
Kempfidris inusuale
Solenopsis molesta
Megalomyrmex silvestrii
Oxyepoecus vezenyii
Dolopomyrmex pilatus
Rogeria stigmatica OW
Lachnomyrmex scrobiculatus
Allomerus octoarticulatus
Wasmannia auropunctata
Blepharidatta conops
Diaphoromyrma sofiae
Tranopelta subterranea
Ochetomyrmex neopolitus
Pheidole longispinosa
Cephalotes texanus
Procryptocerus scabriusculus
Strumigenys maxillaris
Pilotrochus besmerus
Phalacromyrmex fugax
Rhopalothrix isthmica
Protalaridris armata
Basiceros manni
Eurhopalothrix australis
Talaridris mandibularis
Octostruma EC01
Mycetophylax conformis
Cyatta abscondita
Kalathomyrmex emeryi
Mycetarotes acutus
Mycetosoritis hartmanni
Cyphomyrmex cornutus
Sericomyrmex sp
Atta texana
Acromyrmex versicolor
Trachymyrmex arizonensis
Mycetagroicus triangularis
Apterostigma auriculatum
Mycocepurus goeldii
Myrmicocrypta infuscata cf
Orectognathus versicolor
Colobostruma unicorna
Mesostruma browni
Epopostruma monstrosa
Microdaceton tibialis
Daceton armigerum
Lenomyrmex colwelli
Acanthognathus ocellatus
Myrmica striolagaster
Manica rubida
Pogonomyrmex angustus
Hylomyrma blandiens
Ectatomma opaciventre
Rhytidoponera chalybaea
Typhlomyrmex rogenhoferi
Gnamptogenys sp
Acanthoponera minor
Heteroponera microps
Simopone dryas
Cylindromyrmex striatus
Acanthostichus kirbyi
Dorylus laevigatus
Cerapachys typhlus clump2
Vicinopone conciliatrix
Aenictus turneri
Neivamyrmex nigrescens
Cheliomyrmex morosus cf
Eciton vagans
Nomamyrmex esenbeckii
Labidus praedator
Leptanilloides nomada
Sphinctomyrmex stali NW
Cerapachys sexspinus sexspinus grp
Cerapachys dohertyi dohertyi grp
Sphinctomyrmex steinheili OW
Cerapachys sauteri clump1
Tanipone zona
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Figure 2. Dated maximum clade credibility (MCC) tree with trait

states and MEDUSA rate shifts mapped. Outgroups are excluded.

Scale bar is in millions of years before present. Trait states for each

tip are denoted using a black square (trait present), a gray square

(trait absent), or no square (no data). Nodes at which rate shifts

occur are denoted by colored branches and labeled with a circle

(red = rate increase, blue = rate decrease). The background rate

begins at the root node.
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Table 1. Rate shifts and rate shift parameters inferred using MEDUSA (+) indicates a significant rate increase, and (−) indicates a

significant rate decrease. r = net diversification rate (λ − μ, where λ = speciation rate, and μ = extinction rate), and ε = relative

extinction rate (ε = μ/λ).

Clades in rate regime Direction [r] # in Figure 2 r ε

Background N/A 0.0309825 0.91215
Heteroponerinae, Ectatomminae, and large portion of
Formicinae and Myrmicinae

+ 2 0.0598134 0.74505

Octostruma, Talaridris, Eurhopalothrix, Basiceros,
Protalaridris, Rhopalothrix, Strumigenys,
Procryptocerus, Cephalotes, and Pheidole

+ 3 0.1031564 0.88741

Calomyrmex, Camponotus, Camponotus (Colobopsis),
Opisthopsis and Polyrhachis

+ 4 0.0606868 0.9801

Anochetus and Odontomachus + 5 0.2278795 NA
Crematogaster and Meranoplus + 7 0.1675758 NA
Proformica and Cataglyphis + 9 0.2755019 NA
Monomorium + 12 0.165836 NA
Tetramorium + 13 0.1466766 NA
Leptogenys, Myopias, Euponera, Euponera,
Brachyponera, Ophthalmopone, Megaponera,
Pseudoneoponera, Phrynoponera, Paltothyreus,
Buniapone, Bothroponera, Odontoponera, Hagensia,
Streblognathus, and Mesoponera

+ 14 0.0943411 NA

Calyptomyrmex, Vollenhovia, Strongylognathus,
Dicroaspis, Cyphoidris, Kartidris, Terataner,
Melissotarsus, Rhopalomastix, Gauromyrmex,
Vombisidris, Poecilomyrma, Romblonella, and
Rotastruma

+ 16 0.068061 NA

Dolichoderus, Leptomyrmex, Dorymyrmex, Forelius,
Linepithema, Anonychomyrma, Nebothriomyrmex,
Deleromyrma, Philidris, Froggattella, Turneria,
Ochetellus, Iridomyrmex, Papyrius, Azteca, and
Gracilidris

+ 18 0.0833777 NA

Trachymyrmex, Acromyrmex, and Atta + 19 0.2129122 NA
Temnothorax, Leptothorax, Formicoxenus, and
Harpagoxenus

– 6 0.0018187 0.9996

Proatta, Dacatria, and Tetheamyrma – 8 0.0069088 NA
Tatuidris, Ankylomyrma, and Paraponera – 10 0.0057103 NA
Martialis – 11 0 NA
Phalacromyrmex and Pilotrochus – 15 0 NA
Ochetomyrmex, Tranopelta, and Diaphoromyrma – 17 0.0169692 NA

function in ape (Paradis et al. 2004), unless the analysis could

incorporate missing data (e.g., correlation test in corHMM).

ANCESTRAL STATE RECONSTRUCTION

Ancestral state reconstructions revealed a range of evolution-

ary lability across the eight morphological and ecological traits

(Figs. S3–S10). The least labile trait was a functional sting, while

the most labile traits included nesting location and colony size

(Table S7). Despite the general lability of colony size across all

ants, the evolution of large colony size only occurred once each

in several subfamilies (Fig. S3), as seen in the recent analysis

of Burchill and Moreau (2016). Among the 14 changes in sting

presence across the tree, none were inferred as secondary gains.

This directionality of trait state transitions was also found, to a

lesser degree, for spines (loss of spines more than twice as likely

as gain), and eye size (eye size increase 50% more common than

decrease). Furthermore, the majority of shifts in diet were to a

predacious or herbivorous diet, with only 14 shifts to omnivory.

SHIFTS IN DIVERSIFICATION RATE

The MEDUSA analysis of our dated phylogeny detected 18 sig-

nificant rate shifts in diversification, including 12 rate increases
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Table 2. Associations between rate shifts and defensive trait

states at nodes with rate shifts inferred by MEDUSA. The per-

centage of rate decreases with a trait present was compared to

the percentage of rate increases with the trait present.

Trait
% state 1 at
rate decrease

% state 1 at
rate increase

Fisher’s exact
test (P-value)

Colony size 0% 33% 0.2605
Eye size 50% 92% 0.0833
Polymorphism 0% 8% 1
Spines 50% 42% 1
Sting 100% 67% 0.2451

Colony Size

     n = 36

Eye Size

  n = 24

Spines
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Figure 3. Results of sister clade analysis of morphological traits

and diversification. An association between diversification and

trait states (0 or 1) was assessed using a model-based likelihood

ratio test (Paradis 2011; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).

and six rate decreases (Table 1). The largest single shift was a

rate increase that includes four subfamilies: Heteroponerinae, Ec-

tatomminae, Myrmicinae, and Formicinae (Table 1, Fig. 2). There

were no rate shifts detected in Dorylinae, Pseudomyrmecinae,

Amblyoponinae, Aneuretinae, or Proceratiinae (Fig. 2).

Based on Fisher’s exact test and the ancestral state recon-

structions at nodes where rate shifts occurred (Table S8), there is

a trend of marginal significance suggesting that large eye size is

associated with rate increases (P = 0.08, Table 2), as well as a

positive but nonsignificant association between large colony size

and rate increases (P = 0.26, Table 2). There was also a non-

significant positive association between a sting and rate decreases

(P = 0.25, Table 2). Spines and polymorphism were not associated

with rate shifts.

SISTER CLADE ANALYSIS

The sister clade analyses provided support for the impact of sev-

eral traits on diversification. Among morphological defensive

traits, colony size, eye size, and spines were associated with in-

creased diversification rate (P < 0.001 for all traits; Fig. 3) and

the sting was associated with decreased diversification rate (P =
0.007, Fig. 3), while polymorphism was not associated with di-

versification. Among ecological traits, broad foraging, and broad

nesting were both associated with increased diversification rate

(P < 0.001 and P = 0.002, respectively), while ground foraging

and nesting and arboreal foraging and nesting were all associ-

ated with decreased diversification rate (P < 0.001, P = 0.016,

P = 0.035, and P < 0.001, respectively; Fig. S11). Diet was not

associated with diversification.

TRAIT CORRELATION

Among the 55 phylogenetically informed pairwise tests for cor-

relation, the model that included correlated transition rates was

favored for 30 pairs of traits (Table S9). These included seven mor-

phological trait pairs and 23 morphological-ecological trait pairs.

Among these 30 correlated trait pairs, the parameter restriction

test found that the model with a difference in a tested transi-

tion rate was significantly favored for 18 trait pairs (Table S9,

Fig. 4). Among morphological traits pairs, the transition rates in

the favored models supported a positive association between large

eye size and large colony size as well as between large eye size

and spines. The transition rates in the favored models also sup-

ported negative associations between the sting and all four of the

other traits (large colony size, large eye size, polymorphism, and

spines).

Among the 23 correlated morphological-ecological trait

pairs, the parameter restriction test found that the model with

a difference in a tested transition rate was significantly favored

for 12 pairs (Table S9). Eye size was positively associated with

omnivory, and negatively associated with a predacious diet and

ground nesting. Polymorphism was both positively and negatively

associated with an herbivorous diet, and negatively associated

with a predacious diet. Spines were positively associated with an

herbivorous diet, and both positively and negatively associated

with broad foraging. A sting was positively associated with a

predacious diet but negatively associated with arboreal foraging

and an herbivorous diet. Colony size was positively associated

with an herbivorous diet, and negatively associated with a preda-

cious diet.

Discussion
Species diversification and morphological evolution are shaped by

diverse processes, including niche adaptation (Evans et al. 2009;

Ricklefs 2010), developmental constraints (Porto et al. 2015), key

innovations (Rainford et al. 2014; Weber and Agrawal 2014), in-

terspecific competition (Rabosky 2013; Price et al. 2014), and

predation (Langerhans et al. 2004; Arbuckle and Speed 2015).

Here, we assessed the impact of evolutionary trade-offs among

defensive traits on the evolution of the ants, an ecologically
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Figure 4. Results of the parameter restriction tests among significantly correlated morphological trait pairs. The 8-parameter model

was compared to 7-parameter models in which one pair of parameters are constrained to be equal (see Methods). In (A)–(F), among all

parameter pairs investigated, the unconstrained parameter difference that significantly increased model likelihood is shown. A thicker

arrow indicates the transition parameter that is larger than its corresponding paired parameter in the model favored by the test.

dominant clade of insects exhibiting remarkable morphological

diversity (Hölldobler and Wilson 1990). We inferred the most

complete phylogeny of ants to date, covering 82% of all cur-

rently recognized ant genera, and produced the first family-wide

database of morphological and ecological traits that includes ev-

ery described genus with a known worker caste (Table S4). Using

this phylogeny and database of traits, we implemented a number

of analyses to determine patterns of diversification across ants,

assess the evolutionary lability of multiple ecological and mor-

phological traits as well as their association with diversification,

and detect correlations between these traits to test the hypothesis

that the evolution of defensive traits is constrained by a trade-off.

TRAIT EVOLUTION IN ANTS

Three of our five morphological defensive traits exhibited sig-

nificant directionality in losses and gains. In particular, eye size

increases were 50% more common than decreases, spine loss

was more than two times as common as spine gain, and the

loss of a sting occurred repeatedly while no gains of a sting

were inferred (Table S7). Furthermore, evolutionary lability var-

ied considerably–-eye size, polymorphism, and spines all changed

more than four times as often as the sting, which was highly sta-

ble. The most labile trait is colony size, with 238 inferred changes

across the 271 genera (Table S7). However, despite the large

number of changes in colony size across the tree, large colony

size in the subfamilies Dorylinae, Dolichoderinae, Formicinae,

and Pseudomyrmecinae arose only once in each subfamily with

subsequent losses in each clade, based on node reconstructions

(Fig. S3). This pattern of variation in colony size evolution is

particularly interesting, as colony size has been shown to be the

ecological equivalent of body size in ants (Kaspari and Vargo

1995; Hou et al. 2010; Dornhaus et al. 2012). In fact, a recent

study found that macroevolutionary trends in colony size par-

tially follow the predictions of a hypothesis initially developed to

explain trends in body size evolution, where large colony sizes

are generally maintained and size changes occur over relatively

incremental steps rather than larger jumps (Burchill and Moreau

2016). Body size is linked to diversification rate in many taxa

(Maurer et al. 1992; Wollenberg et al. 2011; Rabosky et al. 2013),

and is a key feature of several ecological and evolutionary theo-

ries such as Bergmann’s rule (Meiri and Dayan 2003), which has

been observed for colony size in ants (Kaspari and Vargo 1995).

Given the general pattern of repeated evolution of large colony

size across our phylogeny as well as recent evidence of the im-

portance of colony size trends in ant evolution, investigations of

colony size evolution on a broad scale across ants, including com-

parisons between colony size versus body size, is likely to be a

promising avenue for future research.

We also detected differences in evolutionary lability among

the three ecological traits of diet (herbivorous, predacious, or

omnivorous), nesting (arboreal and/or ground), and foraging (ar-

boreal and/or ground). Diet appears to be more stable than spatial

ecological niche, with a trend toward specialization (predation or

herbivory), whereas spatial ecological niche (nesting and foraging

locations) changes much more often, but with no significant trends

in directionality. The trend toward diet specialization is consis-

tent with a previous study on diet transitions in phytophagous in-

sects, which found that the transition rate from diet generalization
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to specialization was greater than the reverse transition rate (Nosil

2002). Furthermore, our finding of frequent evolutionary changes

in nesting location is consistent with a recent study of habitat

changes across all ants (Lucky et al. 2013). It is possible that spe-

cializing in diet minimizes interspecific competition, while fre-

quent changes in spatial niche, including many niche expansions,

decrease the likelihood of extinction due to stochastic environ-

mental change (Futuyma and Moreno 1988; Jablonski 2008).

DEFENSIVE TRAITS AND DIVERSIFICATION

We find support for an association between some defensive traits

and shifts in rates of diversification. In particular, large eye size

and large colony size were associated with rate increases while the

presence of a sting was associated with rate decreases. Although

the statistical support for these trends was modest to weak, our

sister clade analysis found a significant association between both

large eye size and large colony size and elevated rates of di-

versification as well as a significant association between a sting

and decreased rates of diversification (Fig. 3), consistent with

the trends from the rate shift analysis. The sister clade analysis

also found elevated diversification significantly associated with

spinescence, but did not find a significant association between

polymorphism and diversification (Fig. 3).

There are several mechanisms that could cause spines, large

eye size, and large colony sizes to increase diversification rate.

One explanation for why certain defensive traits might drive di-

versification is the escape-and-radiate hypothesis, which states

that species that evolve traits allowing them to escape from nat-

ural predators may be more able to evolve into novel niches and

subsequently radiate (Schluter 2000; Arbuckle and Speed 2015).

The predictions of this hypothesis suggest that both spines and the

increased visual acuity afforded by large eye size allow species

to avoid predation, while large colony size diminishes the cost of

individuals lost to predation, driving increased diversification.

In fact, it is notable that the two ecological traits associated

with elevated diversification represent ecological niche expan-

sion, namely broad foraging and broad nesting, while some niche

specialization (ground foraging and nesting) is associated with

lower rates of diversification (Fig. S11). This expansion of eco-

logical niche can promote diversification through ecological op-

portunity (Moreau et al. 2006; Yoder et al. 2010; Price et al. 2014)

consistent with predictions of the escape-and-radiate hypothesis.

Our results are also consistent with recent evidence that herbivory

is not associated with elevated diversification in Hymenoptera

despite an association in many other insect orders (Wiens et al.

2015). We suggest that diversification in ants is promoted by mor-

phological traits that buffer species against enemy attack and an

expansion in ecological niche traits that may promote speciation

and/or slow extinction. However, further work on ecologically rel-

evant morphological traits is needed to elucidate the mechanistic

forces driving trait-based diversification in ants.

EVOLUTIONARY TRADE-OFFS IN DEFENSIVE TRAITS

The results of our corHMM analyses support the existence of a

trade-off between investing in a sting versus a suite of traits includ-

ing polymorphism, large eye size, large colony size, and spines

(Fig. 4). In particular, the loss of a sting is more likely when spines

or large eyes are present, and the gain of polymorphism or large

colony size is more likely when a sting is absent. Furthermore,

the loss of spines is more likely when eyes are small, and the loss

of large eyes is more common when colony size is small. These

data therefore support an evolutionary trade-off between a sting

and the other defensive traits tested, and also suggest that spines,

large colony size, and large eye size may form a defensive suite.

This finding of a suite of traits that trade off with a sting is

consistent with recent studies in plants that suggest that defense

is characterized more by defense “syndromes” of correlated traits

rather than trade-offs between individual traits (Agrawal 2007,

2011). These traits that trade off with a sting may therefore be in-

terdependent. For example, an increase in colony size may allow

for the division of labor through polymorphism, which would oth-

erwise be too costly for species with smaller colonies (Tschinkel

1988; Thomas and Elgar 2003). Similarly, large eyes may be more

beneficial when colony sizes are large due to a heightened risk of

exposure and subsequent predation. Furthermore, there may be a

trade-off between a “strength-in-numbers” approach (e.g., large

colony size) and individual worker trait investment (e.g., sting)

for active defense strategies.

Considered in conjunction with our trait-based diversifica-

tion results, the trade-offs that we find here have interesting

macroevolutionary implications. Spines, large colony size, and

large eyes are all associated with elevated rates of diversification

and trade off with a sting, which is associated with decreased

rates of diversification. Thus, selection to evolve a sting may be

beneficial in the short term but ultimately suppress rates of diver-

sification over evolutionary time, as having a sting constrains a

given clade from evolving other traits that are drivers of diversi-

fication. This constraint may be driven by the costly production

of a sting and its associated chemicals, as well as the energy cost

resulting from actively stinging a given attacker, and these addi-

tional costs may not be fully compensated for by the alternative

use of a sting in prey capture. Therefore, our data suggest that

sting production at the expense of other defensive traits may be a

type of “evolutionary dead end” in ants (Agnarsson et al. 2006),

and that dynamics at the species or population level (e.g., selec-

tion for a sting) may generate unexpected evolutionary dynamics

at broader taxonomic levels (e.g., lower rates of diversification in

one clade relative to other clades) (Jablonski 2008).
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Conclusion
We have presented here the first multitrait investigation of mor-

phological evolution across all ants, using a well-sampled molec-

ular phylogeny to address the role of trait trade-offs in ant evo-

lution. Our trait database is the first to include information on

every described extant genus with a known worker caste, and we

hope that making the database public and editable will serve to

enhance further research. We find strong evidence for an evo-

lutionary trade-off between sting production and a suite of de-

fensive traits including spines, large colony size, and large eyes,

supported by both phylogenetic and nonphylogenetic analyses.

Our results suggest that defensive traits significantly influence

macroevolutionary patterns in ants. Given that there is little data

on the particular ecological roles of these traits for the majority

of ants (Lach et al. 2010), we emphasize the need for more work

on the functional ecology of defensive traits in this highly diverse

and ecologically important group of insects. Such work is crucial

to expand our understanding of ant evolution, from ecological

process to evolutionary outcome.
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Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S1. Maximum likelihood tree inferred in RAxML, including 648 in-group species and 18 out-group species. Nodes are labeled with bootstrap
support values and branch lengths are proportional to substitution/site as indicated by the bottom legend inset.
Figure S2. Dated Bayesian maximum clade credibility (MCC) tree, including 275 in-group and 16 out-group species. Nodes are labeled with posterior
probability (PP) values. Scale bar is in millions of years before present.
Figure S3. Ancestral state reconstruction (stochastic character mapping) for colony size. The crown nodes for subfamilies noted in the main text are also
labeled A-D.
Figure S4. Ancestral state reconstruction (stochastic character mapping) for eye size.
Figure S5. Ancestral state reconstruction (stochastic character mapping) for polymorphism.
Figure S6. Ancestral state reconstruction (stochastic character mapping) for spines.
Figure S7. Ancestral state reconstruction (stochastic character mapping) for sting.
Figure S8. Ancestral state reconstruction (stochastic character mapping) for diet.
Figure S9. Ancestral state reconstruction (stochastic character mapping) for foraging location.
Figure S10. Ancestral state reconstruction (stochastic character mapping) for nesting location.
Figure S11. Results of sister clade analyses of ecological traits and diversification. An association between diversification and trait states (0 or 1) is
assessed using a model-based likelihood ratio test (Paradis 2011; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p<0.001).
Table S1. Accession numbers for the 19 sequences acquired via GenBank.
Table S2. Notes on tip selection process for polyphyletic genera.
Table S3. Fossil taxa and corresponding dates used to calibrate nodes of the starting tree in BEAST. An age of 42 Ma was used for the Baltic amber
deposit (Perkovsky et al. 2007, Ward et al. 2015). An age of 15 Ma was used for the Dominican amber deposit (Ward et al. 2015).
Table S5. Binning scheme for all morphological and ecological traits based on categories used in Table S4.
Table S6. Inferred dates of divergence for major clades in our MCC tree, with notes comparing the results of this study to those of previous studies.
Table S7. Notes on the frequency of trait state changes inferred using SIMMAP, averaged across 500 simulations.
Table S8. Contingency tables used for Fisher’s Exact Test. For each trait, the trait state at each node with a rate shift inferred in MEDUSA (Table 1, main
text) was noted along with the type of shift (rate increase or decrease).
Table S9. Extended results for the phylogenetic tests of correlation between all possible morpho-morpho and eco-morpho trait pairs. Parameter labeling
corresponds to parameter designations in BayesTraits (Pagel and Meade 2013, p. 10).
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