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Adaptive diversification is thought to be shaped by ecological opportunity. A prediction of this ecological process of diversification

is that it should result in congruent bursts of lineage and phenotypic diversification, but few studies have found this expected

association. Here, we study the relationship between rates of lineage diversification and body size evolution in the turtle ants, a

diverse Neotropical clade. Using a near complete, time-calibrated phylogeny we investigated lineage diversification dynamics and

body size disparity through model fitting analyses and estimation of per-lineage rates of cladogenesis and phenotypic evolution.

We identify an exceptionally high degree of congruence between the high rates of lineage and body size diversification in a

young clade undergoing renewed diversification in the ecologically distinct Chacoan biogeographical region of South America. It

is likely that the region presented turtle ants with novel ecological opportunity, which facilitated a nested burst of diversification

and phenotypic evolution within the group. Our results provide a compelling quantitative example of tight congruence between

rates of lineage and phenotypic diversification, meeting the key predicted pattern of adaptive diversification shaped by ecological

opportunity.

KEY WORDS: Cephalotes, Chacoan region, ecological opportunity, trait evolution, turtle ants.

Ecological opportunity has long been viewed as a key driver

of adaptive diversification (Simpson 1953; Schluter 2000; Yoder

et al. 2010). Under this ecological process of diversification, a

clade that gains the opportunity to exploit a new resource base

is expected to multiply rapidly into ecologically differentiated

species that ultimately saturate the niche space, leaving little room

for subsequent diversification. Adaptive diversification shaped by

ecological opportunity should therefore be characterized by two

general patterns: (1) a bias toward branching events early in a

clade’s history, due to declining rates of lineage diversification

through time as ecologically differentiated species ultimately sat-

urate niche space, and (2) the partitioning of morphological dis-

parity among, rather than within, subclades due to rapid rates of

diversification early in clade history that slows as niche space

becomes filled (Schluter 2000; Losos and Mahler 2010; Yoder

et al. 2010). These signatures of diversity-dependent lineage and

phenotypic diversification have been regularly recovered in the

fossil record and with molecular phylogenies, supporting the role

of ecological opportunity in shaping the process of adaptive diver-

sification (Simpson 1944; Foote 1993; Weir 2006; McPeek 2008;

Phillimore and Price 2008; Rabosky and Lovette 2008; Etienne

et al. 2012; Hughes et al. 2013a). However, the predicted con-

gruence between rates of lineage and phenotypic diversification

resulting from ecological opportunity (Schluter 2000; Losos and

Mahler 2010; Yoder et al. 2010) has been far more elusive.

Phylogenetic comparative analyses have rarely identified the

early rapid rates of phenotypic evolution expected under an eco-

logical process of diversification (Adams et al. 2009; Harmon

et al. 2010; Burbrink et al. 2012; Slater 2015), and few studies

have found congruence between rates of lineage and phenotypic

diversification (but see Rabosky and Adams 2012; Rabosky et al.

2013). The tempo of lineage and phenotypic diversification could
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still be shaped by ecological opportunity, but may become de-

coupled for a variety of reasons. For example, constraints on

evolution, convergent evolution, or ecological interactions might

all obscure a pattern of early rapid rates of phenotypic evolu-

tion (Harmon et al. 2003; Slater et al. 2010; Derryberry et al.

2011; Frédérich et al. 2013; Slater and Pennell 2014). Addition-

ally, diversity-dependent patterns may be present in a lineage, but

the signal may become erased through elevated rates of extinc-

tion (Quental and Marshall 2010; Liow et al. 2010). Finally, rate

heterogeneity across time or among clades can confound rate es-

timates and potentially obscure predicted patterns of congruence

between lineage diversity and phenotypic disparity (Zelditch et al.

2015).

One potentially common scenario that produces rate hetero-

geneity is a nested radiation of a clade within a larger, lineage-wide

radiation (Etienne and Haegeman 2012). Under this scenario, if

a particular clade gains access to new ecological opportunity not

available to the rest of the lineage, the ecological process of diver-

sification may be retriggered, leading to a pattern of decoupled

diversification dynamics (e.g., Jetz et al. 2012; Jønsson et al. 2012;

Near et al. 2013). Given such a pattern, how do we proceed with

testing the central prediction of congruence between the tempo

of lineage and trait diversification following ecological opportu-

nity? One approach is to identify lineages that have experienced

multiple diversification processes, where speciation and extinc-

tion rates vary with time or lineage diversity, and that also possess

ecomorphological traits that can be understood in light of eco-

logical opportunity. The turtle ants (Cephalotes), a diverse New

World lineage of arboreal ants, represent such a system.

Recent work has identified an intriguing pattern in the diver-

sification dynamics of turtle ants that appears to have been driven

by recent ecological opportunity (Price et al. 2014). Specifically,

evidence indicates an overall decline in the rates of cladogenesis

toward the present, which is starkly contrasted against a burst of

diversification in a young clade endemic to the “dry diagonal”

corridor of South America (Vanzolini 1963), also known as the

Chacoan region (Morrone 2006). This suggests that invasion of

the region presented turtle ants with novel ecological opportunity

and facilitated a secondary, nested radiation of a distinct “Chacoan

clade” within the larger continental radiation of the group. Com-

plementing this insight into lineage diversification in the group,

the arboreal foraging and nesting ecology of turtle ants, and how

their ecology relates to their remarkable body size variation and

body armor traits (Fig. 1), is increasingly well understood (e.g.,

Powell 2008, 2009; Powell and Dornhaus 2013; Powell et al.

2014). The turtle ant system is therefore well-positioned for ex-

amining the complex patterns of lineage and phenotypic diversi-

fication following new ecological opportunity.

Here, we investigate the tempo of both lineage and phe-

notypic diversification in the context of ecological opportunity in

Figure 1. Example of body size variation within the turtle ants.

Images are to the same scale to illustrate the fourfold difference in

worker body length between Cephalotes atratus and Cephalotes

persimilis [insert]. Note the striking differences in use of forag-

ing substrate, with C. atratus foraging on a tree trunk and the

much smaller C. persimilis foraging on a narrow stem (images by

S. Powell).

turtle ants for the first time. Using a nearly complete phylogeny we

apply an analytical framework that reconstructs per-lineage rates

of cladogenesis and phenotypic evolution while accounting for

rate heterogeneity across both time and lineages (Rabosky et al.

2013; Rabosky 2014). Doing so allows us to test the prediction

of congruence between patterns of lineage and trait diversifica-

tion within a radiating lineage, while allowing for decoupling of

dynamics among clades. We focus our trait analyses on worker

body size, which is of importance in turtle ant foraging and nest-

ing strategies (e.g., Powell 2008; Powell and Dornhaus 2013;

S. Powell, unpubl. data) and spans a fivefold range within the

genus (de Andrade and Baroni-Urbani 1999). We identify an ex-

ceptional degree of congruence between rates of lineage and body

size diversification in a young clade undergoing a renewed burst

of diversification in an ecologically distinct continental region.

Methods
PHYLOGENETIC ANALYSES

We generated a completely sampled phylogeny for the turtle ants

(118 species) using data from a published molecular phylogeny

(Price et al. 2014) and morphological dataset (de Andrade and

Baroni-Urbani 1999). Specifically, the dataset consisted of six

gene fragments for 61 species and 131 morphological characters

for 116 species (molecular but not morphological data were in-

cluded for two undescribed species). After running preliminary
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analyses we excluded three species that lacked molecular data

(C. solidus, C. manni, and C. duckei) due to difficulty in the deter-

mination of their phylogenetic placement, meaning that all analy-

ses were conducted with 97.5% taxon sampling. Procryptocerus

hyleaus was used as the outgroup (de Andrade and Baroni-Urbani

1999; Moreau et al. 2006; Moreau and Bell 2013). Data were

partitioned and modeled following Price et al. (2014) and ana-

lyzed using Bayesian inference in MrBayes v3.2.2 (Huelsenbeck

and Ronquist 2001; Ronquist et al. 2012b). Briefly, molecular

data were partitioned by nuclear gene segment and mitochondrial

codon position using a GTR + G model of substitution. The Mk

model (Lewis 2001) with gamma-distributed rates was applied to

the morphological data. Analyses were run for 50 million genera-

tions, sampling every 2000 generations, with a heating parameter

of 0.1. We assessed convergence in TRACER v1.5 (Rambaut

and Drummond 2007) and ARE WE THERE YET? (Nylander

et al. 2008). The first 10% of sampled trees were discarded as

burn-in after confirming that both runs reached stationarity and

effective sample sizes for all parameters were sufficient (>200).

A maximum clade credibility (MCC) tree was computed using

TreeAnnotator v1.7.5 (Drummond and Rambaut 2007).

DIVERGENCE TIME ESTIMATION

Sixteen fossil turtle ant species have been described and coded for

morphological characters (de Andrade and Baroni-Urbani 1999),

so we were able to estimate divergence dates using an approach

where fossils are treated as tips in the phylogeny (Ronquist et al.

2012a). Since �40% of characters are missing from the mor-

phological matrix for each fossil species we first constructed a

phylogram with all extant and fossil species to determine which

fossil species could be robustly placed for analysis (details in

the SI). For divergence time estimation, we included seven fossil

species whose placement was well-supported either in the com-

bined extinct and extant species analysis (posterior probability

[PP] � 0.90) (Fig. S1) or that were located in highly-supported

clades of the extant species tree (Fig. S2).

The age distributions of fossil species were sampled from a

uniform prior spanning 15–20 Mya, which is the estimated age of

Cephalotes amber (Iturralde-Vinent and MacPhee 1996; Grimaldi

and Engel 2005; Kraemer 2007, 2010). We specified a normal

prior for the tree age, and a mean of 65 Mya, which was based on

an estimate of the split between Cephalotes and its sister genus

(Moreau et al. 2006). To account for rate variation across lineages

we specified an independent gamma rates (IGR) model as the

relaxed clock model (Ronquist et al. 2012a), which assumes that

the variance in branch lengths increases over time. To calculate the

prior for the associated variance increase parameter we followed

Ronquist et al. (2012a). Briefly, we performed nonclock and strict

clock analyses in MrBayes using a fixed Cephalotes topology (the

nonclock topology with highest posterior probability) and used

the slope of the regression of the variance in the nonclock branch

lengths over the strict clock branch lengths (19.2388) to set the

median for the exponential distribution of the rate prior. Data were

partitioned and modeled using the same scheme as Price et al.

(2014). The analysis was run for 75 million generations, sampling

every 2500 generations. After evaluating the results in Tracer for

convergence and ESS values, we discarded the first 25% of each

run as burn-in, combined the remaining output, and produced

an MCC tree using TreeAnnotator. As a comparison to the tip-

dated approach we performed divergence time estimation and

downstream lineage diversification and trait evolution analyses

using node-calibration (methods are in the SI).

LINEAGE DIVERSIFICATION ANALYSES

We utilized multiple approaches to investigate lineage diversifi-

cation. To understand the pattern of branching times we tested for

deviations from a constant rates pure birth process by calculat-

ing the gamma statistic (Pybus and Harvey 2000) using LASER

v2.3 (Rabosky 2006) in R v3.3.1 (R Core Team 2015). Because

we excluded three species from the phylogeny, the Monte Carlo

constant rates (MCCR) test to account for incomplete sampling

was used to compute a critical value for gamma (Pybus and Har-

vey 2000). We calculated gamma for two configurations of the

phylogeny: (1) using the whole phylogeny, and (2) truncating the

phylogeny at the time corresponding to the origin of the Chacoan

clade. We performed all analyses on multiple trees to test for ro-

bustness to phylogenetic and divergence time uncertainty. Here,

we calculated the gamma statistic for the tip-dated and node-

calibrated MCC trees as well as for the posterior distribution of

tip-dated trees. We pruned the outgroup and extinct species from

the phylogeny for all analyses.

We used BAMM v2.0 (Rabosky et al. 2013; Rabosky 2014)

to estimate branch-specific rates of speciation and extinction and

to determine the number and location of distinct evolutionary pro-

cess, or regimes, on the phylogeny. The number of transitions be-

tween regimes follows a Poisson distribution, and reversible jump

MCMC is used to explore model space to identify the different

regimes. BAMM produces marginal distributions of evolutionary

rates for each branch and node of the phylogeny. We determined

prior settings on the speciation and extinction rate parameters as

well as the hyperprior on the Poisson rate parameter using the set-

BAMMpriors function in BAMMtools v2.0 (Rabosky et al. 2014)

in R. This function finds the distributions of priors found to be rea-

sonable for most datasets and scales them based on the root depth

of the given tree. The initial starting parameters and the MCMC

scaling operators and move frequencies were left at default values.

We specified the global sampling fraction, the parameter used to

correct for incomplete sampling, as 0.975. We performed analy-

ses on the following tip-dated trees: the MCC tree, the next five

trees in the posterior sample with the highest clade credibilities,
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and five trees sampled at random from the posterior distribution.

The analysis was also performed on the node-dated MCC tree.

To assess for consistency among results we performed three in-

dependent runs of BAMM on the tip- and node-dated MCC trees.

For each tree we ran BAMM for 10 million generations (sam-

pling every 1000 generations), with four Markov chains, and a

temperature increment parameter of 0.1. BAMM tools was used

to visualize and analyze results.

We employed the R package DDD (Etienne et al. 2012;

Etienne and Haegeman 2012) to fit models of diversity-dependent

diversification to the phylogeny. DDD is a likelihood-based

method that can test for decoupled diversification dynamics be-

tween a predefined clade and the rest of the clade. The decoupled

models can be contrasted with coupled diversity-dependent dy-

namics without any shifts in diversification, as well as with an

overall shift in the speciation rate, the extinction rate, or level

of saturation of the clade’s “carrying capacity.” We applied the

approach with the Chacoan clade as our predefined clade against

the background of the rest of Cephalotes. The DDD analysis takes

into account the three nonsampled species as missing species.

ANALYSES OF TRAIT EVOLUTION

We used turtle ant body size data to explore the partitioning of

morphological disparity across the phylogeny. Specifically, we

used the maximum reported total length for the worker caste

(de Andrade and Baroni-Urbani 1999). Maximum values from

the literature correlate highly with maximum values identified in

whole colony collections (Powell 2016). The dataset consists of

measurements from multiple museum collections for all but three

species. Data for C. specularis are from Brandão et al. (2014),

measurements for the undescribed species C sp3 came from a

reproductively mature whole colony (Powell 2016), and length for

the species C sp2 came from one individual (S. Powell, unpubl.

data). Analyses were run with and without C sp2 to ensure it did

not have an undue influence on the results. The data were log

transformed for all analyses.

We performed two analyses to examine body size dispar-

ity through time in turtle ants. First, we calculated the mor-

phological disparity index (MDI) for the whole phylogeny

and considering only the portion of the phylogeny before

the origin of the Chacoan clade with code from G. Slater

(http://fourdimensionalbiology.com/code/). P-values for the in-

dices were based on 1000 simulations (Slater et al. 2010). Negative

values of MDI are indicative of the partitioning of morphological

disparity early in a clade’s history due to lower than expected

values of morphological disparity compared to what is predicted

under Brownian motion (Harmon et al. 2003). Second, to compute

branch-specific rates of phenotypic evolution we applied BAMM

to turtle ant body size data. Prior specifications and Markov chain

settings were the same as in the analysis of lineage diversification.

We calculated the MDI and performed BAMM analyses for body

size evolution for the same set of trees as we used in the BAMM

lineage diversification analyses.

Results
Our phylogenetic analysis using molecular and morphological

data for 97.5% of known turtle ant species resulted in the same

backbone topology as reported by Price et al. (2014) (Fig. S2).

Posterior probability support values were high but slightly lower

for the backbone nodes in this nearly complete phylogeny, likely

due to the missing molecular data for �50% of the species. No-

tably, the 14 species that comprise the Chacoan clade form a

strongly supported monophyletic group. The tip-dated divergence

time estimation approach also recovered largely congruent results

with Price et al. (2014), where crown Cephalotes is estimated to

have originated in the middle Eocene (48.2 Mya). Divergence

time estimation analysis for the tip-dated (Fig. S3) and the node-

calibrated (Fig. S4) approaches were mostly consistent. However,

the tip-dated approach recovered slightly older node ages (approx-

imately 3–5 million years), particularly for nodes located deeper

in the phylogeny.

We calculated the gamma statistic over the whole phylogeny

and for the phylogeny time truncated at the origin of the Cha-

coan clade (Fig. S5). For brevity, the results for all analyses in

the main text are presented for the tip-dated MCC tree. Results

for additional trees were congruent and are presented in the SI.

Gamma was nonsignificant for the whole phylogeny (gamma =
−0.030; gammacritical value = −1.699; P = 0.51), yet results for

the time-truncated tree gave substantially more negative results

(gamma = −1.816; gammacritical value = −1.718; P = 0.04).

We used BAMM to estimate branch-specific rates of spe-

ciation and extinction on the turtle ant phylogeny. Convergence

for each BAMM analysis was assessed by visualization of plots

of the log-likelihood values of the MCMC run and computing

effective sample size (ESS) values of the log-likelihood and

number of shift events in each sample after discarding 10% as

burn-in. ESS values for each run of lineage diversification and

rates of trait evolution were very high (typically > 2000). An

analysis of the samples drawn from the posterior show the highest

support for one shift (posterior probability [PP] = 0.51), with the

next highest supporting no shifts (PP = 0.23) (Fig. S6; Table S1).

These results indicate that there are most likely two diversification

rate regimes occurring within the phylogeny; one lineage-wide

regime consistent with a diversity-dependent pattern, and another

regime showing a marked increase in rates in a young clade (Fig.

2). Because BAMM uses a Bayesian MCMC approach, the exact

location of the rate shift varies depending on the samples drawn

from the posterior (Fig. S7–8). Almost 50% of the probability of

the data encompasses all or most of the Chacoan clade, and 65%

is made up of the Chacoan clade and the clade it is nested within.
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Figure 2. Phylogenies representing rate shift configurations for

lineage diversification (left) and body size evolution (right). The

rate shift configurations are samples from the posterior distribu-

tion showing the location of rate shifts for the lineage diversifica-

tion and body size evolution analyses in BAMM using the tip-dated

MCC tree (the jenks visualization method was used for the plots).

Warm colors indicate fast rates and cool colors indicate slow rates.

The plot for lineage diversification shows the shift configuration

with the highest posterior probability; it includes 12 of the 14

species in the clade endemic to the Chacoan region. Two rate shift

configurations were sampled with equal frequency for body size

evolution; shown is the most inclusive configuration, because the

14 species in the Chacoan clade are always included in the samples.

Bayes factors (bf) were computed for shifts on specific branches,

and the branch with the highest bf is the one leading to 12 of the 14

species in the Chacoan clade (bf = 161.4; bf > 100 indicate strong

evidence for a rate shift) (Fig. S9). Speciation rates further illus-

trate the differences between the evolutionary regimes (Fig. 3).

The mean rate of speciation for all turtle ants is 0.106 (90% highest

posterior density interval [HPD] = 0.073–0.150). In contrast, the

mean rate for the clade with the highest bf is 0.246 (90% HPD =
0.073–0.524), while the background speciation rate (excluding the

clade with the highest shift) is 0.097 (90% HPD = 0.067–0.139).

Multiple runs of BAMM on the MCC tree produced very similar

results.

We used DDD to test several models of diversity-dependent

diversification, including models that (1) assume constant rates,

(2) allow for shifts in the carrying capacity and speciation and

extinction rates, and (3) where the dynamics of a clade (in our

case, the Chacoan clade) are decoupled from the rest of the lin-

Figure 3. Rate through time plots for (A) speciation and (B) rates

of body size evolution for the tip-dated MCC tree. The left panels

show rates for the whole turtle ant lineage, the middle panels

show only the clades in red from the shift configuration plot,

which are both substantially higher than the background rates

shown in the right panels. The shaded area indicates the 10–90%

credible region on the distribution of rates through time.

eage. Akaike weight (wA) values show that all of the decoupled

models were strongly preferred over the constant and shifting

rates models (Table 1; Table S2). The model with the highest wA

value was the one that allowed for the decoupling of diversifica-

tion dynamics but where the speciation rate, extinction rate, and

carrying capacity (K) parameters were the same (KI0wA = 0.43).

The decoupled models where the speciation rate parameter is the

same for the main clade and subclade also received a reasonable

amount of support (KI1wA = 0.18, KI2wA = 0.13). Interestingly,

for the decoupled models where the speciation rate parameter is

the same for the main and subclades (KI0, KI1, KI2), the subclade

is far from saturation, whereas in the models where the parameter

is allowed to differ between clades (KI3, KI4), the subclade diver-

sity is about half of the predicted K. In all the decoupled models

we predict nearly saturated main clades.
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Table 1. Parameter estimates (speciation rate [λ], extinction rate [μ], clade carrying capacity [K]), log likelihood (LL) values, �AIC scores,

and Akaike weights (wA) for models comparing constant rate (CR), shifting rate (SR) and key innovation/decoupled (KI) models in DDD

for the tip-dated MCC tree.

Model λ1 λ2 μ1 μ2 K1 K2 td LL �AIC wA

CR0 0.07 . . . 0.00 . . . � . . . . . . –413.27 15.64 0.00
CR1 0.23 . . . 0.09 . . . 120.38 . . . . . . –410.62 12.34 0.00
SR0 0.09 0.05 0.03 0.00 � � 1.97 –412.04 19.17 0.00
SR1 0.28 0.28 0.12 0.12 135.61 92.33 1.97 –408.09 11.27 0.00
SR2 0.64 0.64 0.32 0.10 121.79 117.42 15.81 –406.69 10.46 0.00
SR3 0.23 3.14 0.10 0.10 245.51 117.54 15.81 –409.02 15.13 0.00
SR4 0.53 9.62 0.25 0.10 102.13 118.00 16.14 –404.92 8.94 0.00
KI0 0.24 0.24 0.07 0.07 104.23 104.23 11.07 –403.45 0.00 0.43
KI1 0.24 0.24 0.07 0.07 104.90 20221.72 11.07 –403.35 1.79 0.18
KI2 0.23 0.23 0.07 0.00 105.15 11484.35 11.08 –402.68 2.45 0.13
KI3 0.20 0.44 0.07 0.07 107.51 21.97 11.07 –402.30 1.69 0.18
KI4 0.20 0.35 0.07 0.00 107.26 32.54 11.06 –402.27 3.63 0.07

The following models were run: CR0 = constant rate birth-death, CR1 = constant rate diversity dependent (linear) with extinction (DDL + E), SR0 = birth-death

with a shift in λ and μ, SR1 = DDL + E with a shift in K, SR2 = DDL + E with a shift in μ and K, SR3 = DDL + E with a shift in λ and K, SR4 = DDL + E with a

shift in λ, μ, and K, KI0 = DDL + E for decoupled main clade and subclade with same parameters, KI1 = DDL + E for decoupled main clade and subclade that

differ in K, KI2 = DDL + E for decoupled main clade and subclade that differ in μ and K, KI3 = DDL + E for decoupled main clade and subclade that differ in

λ and K, and KI4 = DDL + E for decoupled main clade and subclade that differ in λ, μ, and K. Subscripts for the SR models refer to diversification before (1)

and after (2) the rate shift, while subscripts for the KI models denote the parameters for the main clade (1) and subclade (2). td indicates the timing of the

rate shift for the SR models or the timing of decoupling of the main and subclade dynamics in the KI models. The best-supported model is in bold.

We used turtle ant body size data to examine mean clade

disparity through time using the MDI. Results across the whole

phylogeny were somewhat negative and marginally significant

(MDI = −0.034, P = 0.062), whereas results with the tree trun-

cated at the origin of the Chacoan clade were substantially more

negative and highly significant (MDI = −0.070, P = 0.001)

(Fig. S10, Table S3).

Results from BAMM using body size data show three distinct

regimes of trait evolution (Fig. 2). A model with three rate shifts

has the highest posterior probability (PP = 0.44) with the next

highest supporting two shifts (PP = 0.32) (Fig. S11; Table S4).

All rate shift configurations from the posterior distribution show a

shift for the Chacoan clade (Fig. S12–13). In �40% of cases four

additional species are included in the shift. These four species

are part of the larger clade the Chacoan clade is nested within.

A second rate shift in a clade with two species (C. klugi and

C. grandinosus) occurs in many of the rate shift configurations

(further analysis and discussion of this result is presented in the

SI). Bf were computed for shifts on specific branches, and the

branch with the highest bf is that leading to the Chacoan clade

+ 4 species (bf = 1035.8) (Fig. S14). The mean rate of trait

evolution for the whole clade is 0.0005 (90% HPD = 0.0004–

0.0007). The mean rate for the clade with the highest bf is 0.0023

(90% HPD = 0.0011–0.0041), while the background speciation

rate without that clade is 0.0004 (90% HPD = 0.0003–0.0006),

revealing an almost sixfold difference in rates (Fig. 3). Multiple

runs of BAMM on the MCC tree produced similar results.

Discussion
Here, we document a rapid, coupled burst of lineage diversifica-

tion and body size evolution in a young clade of turtle ants that is

endemic to the Chacoan region of South America. Our findings fit

a key prediction of the ecological process of diversification—that

adaptive diversification shaped by ecological opportunity gen-

erates a positive relationship between rates of cladogenesis and

phenotypic evolution. The support for this key prediction is excep-

tional in its quantitative nature and the tightness of the congruence

between rates of lineage and phenotypic diversification.

Several lines of evidence suggest that the congruence in pat-

terns of lineage and phenotypic diversification is due to the eco-

logical opportunity provided by the Chacoan region. First, the

region’s distinct environmental conditions appear to serve as a

“habitat island.” The biomes that comprise the region are charac-

terized by relatively open vegetation patterns and more extreme

seasonality than the surrounding regions, including periods of

drought (Pennington et al. 2000, 2006; Werneck 2011). Second,

the timing of the evolution of the distinct vegetation of the region

and the origin of the Chacoan turtle ant clade is coincident, sug-

gesting that the Chacoan region served as a Simpsonian “adaptive

zone” for turtle ants (Simpson 1944). Based on dated phyloge-

nies of several plant lineages, the vegetation of the region origi-

nated at the end of the Miocene or Early Pliocene (Simon et al.

2009; Simon and Pennington 2012; Hughes et al. 2013b; Roncal

et al. 2013; Trovo et al. 2013; Iriondo 1993; Spichiger et al. 2004;

Pennington et al. 2009), and the dated origin of the Chacoan turtle
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ant clade is around 11 mya (Figs. S3, S4; Price et al. 2014). Third,

plant and animal species that occur in the region are characterized

by high endemism and diversity, and many possess adaptations to

cope with drought stress (Eiten 1978; Navas et al. 2002; Olalla-

Tárraga et al. 2009). Turtle ants are thought to have a suite of

adaptations against the strong desiccation pressure of canopy life

(Wilson 1976). Consequently, they may represent a group that

was preadapted to exploit the ecological opportunity in the dry

Chacoan region. Endemic diversification is likely promoted in

lineages that are able to successfully colonize the region and may

therefore translate to elevated rates following invasion, similar to

new island colonization.

Several other reasons may help explain why this relatively

rare pattern of a congruent increase in rates was recovered in

the turtle ants. We used newly developed methods that estimate

branch-specific rates of lineage diversification and phenotypic

evolution, allowing for complex patterns of rate heterogeneity

to be recovered (Rabosky et al. 2013; Rabosky 2014). Nested

radiations, with congruent rates of lineage and phenotypic

evolution, may prove to be more common than previously

thought as these new methods gain more widespread use (also see

Etienne et al. 2012; Etienne and Haegeman 2012). From a

biological perspective, the relatively young age of the Chacoan

region may also be important in the detection of the coupled burst.

Numerous authors have suggested that the expected congruence

between lineage and phenotypic evolution may often be obscured

or erased by subsequent evolutionary processes (e.g., Harmon

et al. 2003; Liow et al. 2010; Quental and Marshall 2010; Slater

et al. 2010; Derryberry et al. 2011; Frédérich et al. 2013; Slater

and Pennell 2014). The Chacoan clade burst may simply be too

recent for the congruence to have been eroded by subsequent

influences.

A final reason that may have contributed to a strong signa-

ture of coupled lineage and trait diversification is the simplified

functional relationship between worker size and foraging ecology

in turtle ants. In derived eusocial organisms, such as ants, the

colony is the adaptive unit (Strassman and Queller 2010), and it

is often composed of different functionally specialized and inter-

dependent morphs, or castes (e.g., queen, worker, soldier). Like

unitary organisms, worker size in turtle ants is directly connected

with foraging mode and substrate use (e.g., Fig. 1). However,

body size evolution in unitary organisms may face conflicting

selection pressures, such as different optima for food acquisi-

tion and reproduction. In contrast, worker body size evolution

may respond more directly to selection for foraging tasks be-

cause only the queen performs reproductive tasks for the colony.

The evolutionary partitioning of tasks among different specialized

castes may therefore strengthen the coupling of lineage diversi-

fication and the diversification of clearly identified functional

traits.

The renewed burst of diversification in the Chacoan clade

is contrasted against a background pattern of diversity-dependent

lineage dynamics for the turtle ants as a whole. This pattern is

consistent with an early burst model, with initial rapid filling of

ecological niche space and a saturation of niche space toward

the present. It is possible that the decline in rates of diversifica-

tion over time was due to other factors, such as environmental

change leading to the expansion of the Chacoan region, although

the pattern of decline is more continuous with time and not punc-

tuated. In comparison to a clear diversity-dependent pattern for

lineage diversification dynamics, rates of trait evolution at the

level of the whole turtle ant lineage are somewhat equivocal. Re-

sults from BAMM indicate that rates of body size evolution have

been more or less steady through time, while the MDI results

for the phylogeny time-truncated at the origin of the Chacoan

clade support the partitioning of morphological disparity early

in the group’s history. Power to detect the signal of an early

burst pattern using likelihood methods, such as BAMM, is lower

than alternative methods, like MDI, particularly when the decline

in rates over time is slow (Slater and Pennell 2014). However,

our time-truncated MDI analysis removes all clades as young or

younger than the Chacoan clade, complicating simple interpre-

tation of these results. For now, we can only conclude that the

distribution of body sizes in the turtle ants is inconsistent with

an early burst model. However, our results hint at more complex

dynamics; an underlying early burst may have been eroded by

layered complexities of diversification over longer time scales.

Species interactions, such as competition driving bursts of evo-

lution in closely related species, or elevated rates of extinction

could be driving the decreased signal (Slater and Pennell 2014).

Our results provide an exceptional example of tight con-

gruence between rates of lineage and phenotypic diversification,

meeting the predicted pattern of adaptive diversification shaped

by ecological opportunity. These findings are contrary to a grow-

ing body of literature that has not found congruence between

diversity-dependent patterns of lineage diversification and phe-

notypic evolution. We propose that our capacity to detect these

dynamics is unusually strong because of the inherent properties

of the focal lineage and the new methods employed. The extent

to which similar congruent dynamics can be detected in other

lineages remains an important open question.
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Fig. S1. The Bayesian maximum clade credibility (MCC) tree of extant and extinct (†) turtle ant species based on molecular and morphological data (from
Price et al. 2014 and de Andrade and Baroni-Urbani 1999).
Fig. S2. The Bayesian MCC tree based on a molecular dataset for approximately half the turtle ant species (Price et al. 2014) and a morphological character
matrix for all but two species (de Andrade and Baroni-Urbani 1999).
Fig. S3. The MCC chronogram for turtle ants based on a total evidence tip-dating approach where 7 fossil species were treated as tips in the analysis
indicates that crown Cephalotes originated �49 mya.
Fig. S4. The MCC chronogram for turtle ants based on a node-calibration approach, where 4 fossil calibration points were defined.
Fig. S5. Gamma values for the posterior distribution of tip-dated time-calibrated trees (using a 25% burn-in) calculated over the whole phylogeny (left
panel) and time-truncated at the origin of the Chacoan clade (right panel).
Fig. S6. Posterior probability (PP) support from BAMM for the number of evolutionary rate shifts for the tip-dated MCC tree (left panel) and the
node-calibrated MCC tree (right panel).
Fig. S7. The set of shift configurations, or the credible shift set (CSS), that account for almost all of the probability of the data for the tip-dated MCC tree
in BAMM.
Fig. S8. The set of shift configurations (CSS) that accounts for almost all of the probability of the data for the node-calibrated MCC tree in BAMM.
Fig. S9. Turtle ant phylogenies for the tip-dated and node-calibrated MCC trees where the branches are scaled in proportion to the Bayes factor support
for a rate shift on that branch.
Fig. S10. Disparity-through-time (DTT) plots for the whole phylogeny (left panel) and time-truncated at the origin of the Chacoan clade (right panel)
using the tip-dated MCC tree.
Fig. S11. The set of shift configurations (CSS) that accounts for almost all of the probability of the data for the tip-dated MCC tree for turtle ant body size
in BAMM.
Fig. S12. Posterior probability (PP) support for the number rate shifts for body size evolution for the tip-dated MCC tree (left panel) and the node-calibrated
MCC tree (right panel).
Fig. S13. The set of shift configurations (CSS) that accounts for almost all of the probability of the data for the node-calibrated MCC tree for turtle ant
body size in BAMM.
Fig. S14. Turtle ant phylogenies for the tip-dated and node-calibrated MCC trees where the branches are scaled in proportion to the bf support for a rate
shift for worker body length on that branch.
Table S1. Results from BAMM for the analysis of lineage diversification for a sample of trees.
Table S2. Parameter estimates (speciation rate [λ], extinction rate [μ], clade carrying capacity [K]), log likelihood (LL) values, �AIC scores, and Akaike
weights (wA) for models comparing constant rate (CR), shifting rate (SR) and key innovation/decoupled (KI) models in DDD for a sample of 10 trees
from the posterior distribution of tip-dated trees.
Table S3. Morphological disparity index (MDI) results for turtle ant body size data for the MCC and 10 additional trees from the posterior distribution of
tip-dated trees and the node-calibrated MCC tree.
Table S4. Results from BAMM for rates of trait evolution for a sample of 12 trees.
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