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Abstract 

Aim 

The latitudinal diversity gradient is the dominant pattern of life on Earth, but a consensus 

understanding of its origins has remained elusive. The analysis of recently diverged, hyper-rich 

invertebrate groups provides an opportunity to analyze latitudinal patterns with the statistical 

power of large trees while minimizing potentially confounding variation in ecology and history. 

Here, we synthesize global phylogenetic and macroecological data on a hyperdiverse (>1100 

species) ant radiation, Pheidole, and evaluate the roles of three general explanations for the 

latitudinal gradient: variation in diversification rate, tropical conservatism, and ecological 

regulation.  

Location 

Global. 

Time Period 

The past 35 million years.  

Major taxa studied 

The ant genus Pheidole. 

Methods 

We assembled geographic data for 1499 species and morphospecies, and inferred a dated 

phylogeny of Pheidole of 449 species, including 150 species newly sequenced for this study.  We 

inferred macroevolutionary rates with BAMM and GeoSSE, tested for correlations between 

diversification rate and latitude, and examined patterns of diversification as Pheidole spread 

around the globe.  

Results 
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We found that Pheidole diversification occurred in series of bursts when new continents were 

colonized, followed by a slowdown in each region.  There was no evidence of systematic 

variation of net diversification rates with latitude across any of the methods.  Additionally, we 

found latitudinal affinity is moderately conserved with a Neotropical ancestor and phylogenetic 

inertia alone is sufficient to produce the gradient pattern. 

Main Conclusions 

Overall our results are consistent with tropical conservatism explaining the diversity gradient, 

while providing no evidence that diversification rate varies systematically with latitude. There is 

evidence of ecological regulation on continental scales through the pattern of diversification after 

colonization.  These results shed light on the mechanisms underlying the diversity gradient, 

while contributing toward a much-needed invertebrate perspective on global biodiversity 

dynamics. 
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INTRODUCTION 

Understanding how ecological and evolutionary processes interact with historical factors 

to shape global biodiversity patterns remains a major goal of biology. The latitudinal diversity 

gradient (LDG) is the most general biogeographic pattern, yet we still lack a consensus 

understanding of its mechanisms1-4. This is likely because many biological, physical, and 

historical factors that could plausibly affect diversity vary systematically with latitude, and thus a 

large number of hypotheses have been developed to explain the pattern. However, testing the 

predictions of different hypotheses empirically and evaluating their relative merits has proven to 

be a challenge.  

Recently, the synthesis of large-scale geographic datasets along with large-scale 

phylogenetic data has provided new opportunities for empirical evaluation of hypotheses for the 

mechanisms underlying the LDG. These tests have mainly focused on vertebrates5-11 and woody 

plants12, since those are the taxa with large-scale comprehensive data available. Several 

pioneering studies have examined insect diversification with latitude13-16, but these have been 

focused on relatively small groups and/or lacked comprehensive distributional data.  

Among invertebrates, ants are emerging as an exemplar taxon for global biodiversity 

studies. Ants are ecologically dominant in most terrestrial ecosystems and are, for an insect 

group, relatively well documented scientifically. Moreover, their diversity is high, but not 

intractably so, with richness on the same order as major vertebrate groups (~15,000 described ant 

species). Recently, a new comprehensive dataset has been compiled which gives the known 

geographic distribution of all described ant species across >400 geographic regions around the 

globe17. These data, combined with progress toward reconstructing the ant tree of life15,18-20, 
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allow for inferences of the evolutionary underpinnings of large-scale diversity patterns in ants.  

Here, we use globally distributed, hyperdiverse (>1100 described species) ant genus 

Pheidole as a model taxon to test hypotheses for the latitudinal diversity gradient.  While over a 

hundred hypotheses have been proposed to explain the gradient1-3, these can roughly be sorted 

into three umbrella hypotheses which we use to frame our study: i) the Diversification Rate 

hypothesis (DRH), ii) the Tropical Conservatism Hypothesis (TCH), and iii) the Ecological 

Regulation Hypothesis (ERH). 

First, the Diversification Rate Hypothesis posits that there is some causal factor that 

affects speciation and/or extinction rates and varies with latitude. This leads to a latitudinal 

disparity in species accumulation rate that underlies the gradient, rather than any top down 

regulation. Many such factors have been proposed. For example, temperature may affect 

mutation rates, which in turn could affect the rates of evolution of reproductive 

incompatibilities21. Or, extinction rates could be higher in the temperate zone to due greater 

climatic variability. The prediction of the DRH is straightforward: net diversification rate 

inferred from a phylogeny should be higher in tropical lineages compared with extratropical 

lineages. 

Second, the Tropical Conservatism Hypothesis (TCH)4,22 posits that the relative youth of 

colder temperate biomes combined with the inertia of phylogenetic niche conservatism 23 has 

limited the accumulation of diversity in the temperate zone. In this scenario, net diversification 

rates do not necessarily vary with latitude, and main difference in richness is due to time for 

diversification. This idea is based on the fact that historically the Earth has been much warmer 

than it is now, and much of what is now the temperate zone was covered by “megathermal” 

biomes. This hypothesis is supported by the fossil record: for example many lineages that used to 
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occur in the Palearctic are now limited to tropical latitudes. This is true for ants as well; the 

Baltic amber ant fauna from the late Eocene has been shown to have more affinity to modern 

Indo-Australian faunas than modern Palaearctic faunas24. The main prediction of this hypothesis 

is that the ancestral region of most groups is the tropics, transitions out of the tropical zone are 

rare, and thus the temperate clades are younger and nested within tropical clades. The fact that 

transition from the tropical to the temperate zones should be difficult is consistent with the many 

nontrivial adaptations that ectothermal organisms such as ants need in order to solve the 

problems associated with overwintering in the higher latitudes. One additional key prediction of 

the TCH is that temperate diversification matches the timing of global cooling: specifically, that 

diversification of cold-adapted lineages accelerated after the Oligocene cooling 34mya.  

Finally, the Ecological Regulation Hypothesis (ERH) posits that due to some causal 

factor that varies with latitude, for example available energy, more species can coexist locally 

and regionally in tropical ecosystems than in temperate ecosystems. In this case, diversity is 

saturated at or near some ecological limits, and this “carrying capacity” of species varies with 

latitude regulating diversity from the top-down25. This is perhaps due to limitations on species 

coexistence that are driven by productivity or other factors4,26. Speciation and extinction rates 

may vary over time to regulate richness at the requisite quota for a geographic region, but are not 

causally responsible for the disparity in diversity. Likewise, latitudinal affinity may be highly 

conserved or evolve quickly, but it would be immaterial to the origins of the gradient if diversity 

is regulated at levels that vary with latitude.  

 In a parallel study 27, Economo et al. examined latitudinal patterns across 262 ant clades 

and tested hypotheses for the latitudinal gradient.  That taxon-wide analysis focused on deeper 

timescales, and lacks phylogenetic resolution within recent radiations. They found that tropical 
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lineages are more ancient than extratropical lineages, which mainly arose since the Oligocene 

cooling (past 34my), consistent with the TCH.  Further, they found that diversification rate is 

highly heterogeneous but uncorrelated with latitude among ant clades, inconsistent with the 

DRH. Due to the limitations of phylogenetic data at such broad scales, they could not explicitly 

test for ecological regulation (ERH). 

As with other studies on broad taxonomic scales (e.g. birds6, mammals8,28), the analyses 

across all ants provide the advantages of the statistical power of large numbers and a deep-time 

perspective. However, as many ecological, functional trait, and historical factors could contribute 

to variation in macroevolutionary rates at these deeper phylogenetic scales, this variation among 

clades may obscure underlying latitudinal effects that could be detectable among more similar, 

closely related lineages. For example, ant diversification has been shown to be related to 

functional traits varying among genera29. Moreover, latitudinal gradients are often present within 

individual clades that evolved recently, and macrophylogenetic studies may miss the relevant 

scale of variation. Thus, the analysis of closely related lineages within younger, hyper-rich 

radiations provides a necessary complement to large-scale taxon-wide studies. In highly diverse 

groups, these radiations can provide both the statistical power of large numbers, while 

controlling to some degree for differences in ecology, functional traits, and historical factors.  

The global radiation of Pheidole arose entirely since the Oligocene cooling (last 34my), 

during which time it has evolved a latitudinal gradient echoing the pattern for all ants.  Thus, 

Pheidole presents an opportunity to examine diversification dynamics in this most recent period 

since the Oligocene, a period where many ant lineages transitioned out of the tropics, 

complementing the deeper timescales of the ant-wide study. While the low number of older 

extratropical ant lineages is consistent with the TCH, there is still an open question of whether 
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niche conservatism or diversification rate differences explain the emergence of the gradient since 

the Oligocene. According to the TCH, the tropical ancestry of Pheidole combined with 

phylogenetic niche conservatism is sufficient to explain why there are more species in the 

tropics.  The DRH predicts that Pheidole diversified more rapidly in the tropics, and this explains 

the disparity in diversity. Finally, we examine whether there is evidence for ecological limits to 

Pheidole diversification (ERH) by examining whether the radiation is undergoing pulse-like 

bursts of diversification. If the latter, we would expect a series of pulses as the genus colonized 

different regions around the globe. 

Here, we reconstruct a new global Pheidole phylogeny, the most comprehensive to date, 

increasing substantially the taxonomic and geographic coverage from previous studies of the 

genus30-33. We use the new phylogeny and geographic data from the GABI database to test 

predictions of the three umbrella hypotheses for the latitudinal gradient. There is no biological 

reason why two or more of these mechanisms cannot be simultaneously operating (e.g. diversity 

can be regulated and speciation rate can vary systematically with latitude, or niche conservatism 

can occur along with diversity regulation). Thus, our goal is to rule out hypotheses rather than 

isolate a single exclusive answer. The analysis of this famously hyperdiverse radiation will 

advance our general understanding of the latitudinal gradient, the most pervasive pattern of life 

on Earth. 
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METHODS: 

 

Geographic Data 

Our geographic data are based primarily on the Global Ant Biodiversity Informatics Project 

(GABI) database17 which can be viewed through the website antmaps.org37, and secondarily on 

the personal collection records of the authors. The former focuses on described species, while the 

second was used to supplement data on morphospecies for taxa included on the tree.  

 

Phylogeny reconstruction 

Taxon Selection: Compared with many other large ant radiations, the effort to reconstruct the 

phylogenetic history of Pheidole is relatively far along. A series of studies, beginning with 

Moreau30 and followed by other studies31-33 has produced a broad picture of diversification in the 

genus. However, for the purposes of understanding geographic patterns of diversification, having 

a larger, and more proportionally sampled phylogeny will provide additional statistical power 

and more robust results. Thus, we continued sampling Pheidole taxa for sequencing, focusing on 

sampling more taxa from the Neotropics, Madagascar, and SE Asia. In all, we increased the 

species number from 295 taxa in the most recent global Pheidole phylogeny31 to 449 taxa in the 

current contribution (Table S2).  

 

Estimation of Sampling Completeness:  One source of uncertainty in large-scale analyses of 

diversity is bias in taxonomic completeness overall and among different areas, particularly in 

relatively poorly known groups such as insects. While there is still a pronounced latitudinal 
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gradient in Pheidole even among described species, there are undoubtedly many undescribed 

species in the genus, and it is probable they are disproportionately found in the tropics. While 

accounting for unobserved species is a challenge in any analysis, we devised a back-of-the-

envelope method to calculate sampling completeness across areas given the information in hand, 

and use these estimates in our analysis of diversification rate. The details of our calculation are in 

the Supplementary Information. 

 

DNA Sequencing:  We added 154 Pheidole taxa to existing molecular datasets by sequencing 

three loci, COI, LR, and H3L. Ant samples from field collections fixed in 95% EtOH were 

extracted for DNAs using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). The whole 

ant body was incubated in the extraction buffer without grinding during the first step, and then 

the complete ant specimen was removed before filtering and cleaning the extracts via a provided 

column. Extracted DNAs were subsequently used for PCR reactions for one mitochondrial 

(CO1)38 and two nuclear (His3.3B and Lop1) regions. Each reaction contained 0.5 ul of extracted 

DNA, 1ul of 10 × buffer, 0.75 ul of MgCl2, 0.5 ul of 10mN dNTPs, 0.2 ul of 1% BSA, 0.4ul of 

of each primer, 0.04ul of Tag DNA polymerase (Invitrogen, USA), and ddH2O to make a total of 

10 ul reaction. Standard PCR procedures were employed with annealing temperatures of 52, 60, 

and 60 C for CO1, His3.3B, and Lop1 regions, respectively. The amplicons were sequenced via a 

ABI3700 machine by the Sequencing Core at the University of Michigan. Sequences were 

checked using SeqMan (DNAStar Inc., USA). 

 

Phylogenetic inference: We used Bayesian methods to infer a dated Pheidole phylogeny 

including 449 ingroup taxa (Table S2), using eight nuclear loci [His3.3B (histone H3.3B F1 
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copy), Lop1 (long wavelength sensitive opsin 1), GRIK2 (glutamate receptor ionotropic, kainate 

2-like), unc_4 (unc-4 homeodomain gene), LOC15 (uncharacterized locus LOC15), CAD 

(carbomoylphosphate synthase), EF-1α F2 (elongation factor 1-alpha F2), Top1 (DNA 

topoisomerase 1)], and one mitochondrial locus [CO1 (cytochrome oxidase 1)]. To generate 

codon-aware alignments for these loci, we first searched NCBI’s non-redundant CDS database39 

for reliable amino acid sequences for all loci and retrieved such sequences for seven of the nine 

loci with the following accession numbers: AIM2284.1 (CAD), ABW70333.1(CO1), 

EZA53539.1 (EF-1α F2), EGI60526.1 (His3.3B), ABW36758.1 (Lop1), EGI59282.1 (unc-4), 

and AIM43286.1 (Top1). These sequences were used as references for generating codon-aware 

alignments. The CAD, unc-4, and Top1 alignments generated using MAFFT v7.205 40 (--retree 

4; --maxiterate 1000) showed no frameshift mutations and/or insertions and deletions. However, 

the CO1, EF-1α F2, His3.3B, and Lop1 alignments did not match the reference sequences, 

showing disruptions in the translated amino acid alignments (such as the presence of numerous 

stop codons). For these loci, we used a codon-aware alignment software, MACSE v1.01b 41, to 

generate the alignments. Reverse translations of the reliable amino acid reference sequences, 

accounting for all possibilities at each codon position, were passed as reliable input sequences to 

the software, we were able to assign codon positions within the exons in these seven loci. The 

resulting alignments were manually inspected and cleaned using Geneious R8 software. 

Furthermore, we identified, extracted, and separately aligned intronic regions wherever 

necessary. The remaining two loci, LOC15 and GRIK-2, were aligned using MAFFT. We 

concatenated all nine alignments and once again manually cleaned the master alignment, 

resulting in an alignment containing 8839 sites.  
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We used PartitionFinder v1.1.142 to determine the partitioning scheme and corresponding 

models of molecular evolution. The model scope included HKY, HKY+Γ, SYM, SYM+Γ, GTR, 

GTR+Γ, TrN, TrN+Γ, K80, K80+Γ, TrNef, TrNef+Γ, JC, and JC+Γ, branch lengths were set to 

‘linked’, and model selection and comparison was set to Bayesian Information Criterion (BIC). 

PartitionFinder identified an optimal scheme containing 16 partitions (Table S3). A ClockstaR 

analysis indicated that a single linked clock across all partitions. 

Our primary phylogenetic inference was conducted in BEAST2 v2.1.343, but we first 

performed maximum likelihood (ML) reconstruction in RAxML v8.0.2544. Using the 

partitioning scheme described above and the GTR+Γ model, we ran 75 ML inferences with 1000 

bootstraps to find the ML tree. Using the chronos function in the ape package in R45, we scaled 

the tree by calibrating the root node to a range of 50-60my. This tree was used as the starting tree 

for the BEAST2 analyses, but the topology was not fixed. The root node (mrca of Pheidole and 

Cephalotes) calibration was set to normal distribution (mean: 58.0 mya, sigma, 4.8my), 

following results for that node from an extensive dating analysis on the subfamily Myrmicinae19. 

We used a relaxed lognormal clock model linked across partitions (according to the ClockstaR 

analysis), and used the partitioning scheme and models identified with PartitionFinder. Six 

independent analyses were run and chains were stopped between 45 and 80 million generations, 

after we observed convergence using Tracer software v1.6.0 (Rambaut 2014). We discarded the 

leading 33% of saved states as burnin, combined the remaining trees from all runs to create the 

posterior set, and generated the Maximum Clade Credibility tree and nodes set to median height. 

This tree was used for all subsequent analyses.  

 

Macroevolutionary rate inference 
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We took two complimentary approaches to estimating macroevolutionary rates and 

potential dependencies on latitude, based on the programs BAMM46 and GeoSSE47. We sought 

conclusions about our data that are robust to methodological assumptions and implementation. In 

general, our focus was on evaluating evidence for latitudinal differences in net diversification 

rate and not speciation and extinction individually, because the latter are more difficult to assess.  

BAMM and GeoSSE each have strengths and weaknesses. One advantage of BAMM is 

that complex mixture models can be assessed with rate shifts across the tree, including 

accelerating and decelerating diversification rates. While trait-dependent diversification models 

are not fit directly, trait-diversification correlations can be assessed post hoc using structured rate 

permutations that account for phylogenetic dependency48. We use BAMM to test for correlations 

between latitude and net diversification rate, and evaluate evidence of decelerating 

diversification (ecological regulation of diversity) overall and in relation to the colonization of 

continents. GeoSSE, on the other hand, fits combined geographic speciation-extinction-dispersal 

models that can be formally tested against geography-independent models. However, GeoSSE 

does not allow for rate-shifts that are unrelated to the focal trait and considers time-invariant 

models only (other than related to trait changes). These restrictions can lead to model 

misspecification and poor performance under some conditions, particularly type-I errors49. We 

use GeoSSE to evaluate trait (i.e. latitude) dependent macroevolution and rates of dispersal 

between the regions.  

 

BAMM approach: Net-diversification, speciation and extinction rates through time based on the 

Pheidole species tree were estimated using the program BAMM V2.5 The initial values for 

speciation rate, rate shift, and extinction rate were estimated using the setBAMMpriors function 
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from the R package BAMMtools50 and specified in the BAMM control file. Specifically, a total 

of 2 × 108 generations of rjMCMC searches with samples stored every 8000 generations were 

performed using speciation-extinction. A total of 1000 post burnin samples (50%) were retained. 

We performed two BAMM runs for each of three assumptions about sampling completeness (L, 

M, H) accounted for by changing the GlobalSamplingFraction parameter (0.3, 0.22, 0.18) 

respectfully (see Supplemental Information). To account for potential oversampling of Nearctic 

species, we performed a series of runs where we lowered the number of Nearctic species by 

randomly pruning 21 (of total 48) Nearctic tips from the tree ten times and performed a BAMM 

run on each replicate, using the M assumption for the GlobalSamplingFraction parameter. 

 Using the posteriors generated from these MCMC runs, we sought to 1) explore the 

overall pattern of Pheidole diversification, 2) assess whether there is evidence of diversity 

regulation, particularly decelerating diversification over time and after colonization of new areas, 

and 3) test for latitudinal dependency in diversification rate while accounting for phylogenetic 

non-independence. We visualized the linage specific diversification with the plot.bammdata 

function from BAMMtools, and the time plot of clade-specific diversification rate was plotted 

with the plotRateThroughTime function. We used STRAPP (e.g. the traitDependentBAMM 

function in BAMMtools) to test for significance of any latitude-diversification correlations. We 

tested for diversification rate vs. either tropicality index or absolute midpoint latitude (one-tailed, 

10000 iterations, Spearman’s rho as test statistic). We also checked whether our results were 

robust to using Pearson correlation as test statistic or coding latitude as a binary variable and 

using Mann-Whitney test (tropicality>0 or tropicality<0). 

 

GeoSSE approach: The GeoSSE model47 implements trait-dependent diversification in a 
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geographic context, where lineages can occur in one of two areas (A or B) or both (AB). 

Extinction and speciation may be different for the different states (controlled by rate parameters 

sA, sB, xA, xB), and dispersal (transition from A->AB and B->AB, with rates dA and dB 

respectively). An additional speciation process (with rate, sAB) splits AB into two species 

localized to the two different areas. Geography-dependent diversification (such as with latitude) 

can be inferred by comparing models in which the parameters are free to differ among the two 

areas or constrained to be equal.  

The hypothesis of different diversification rates between tropical and extratropical 

lineages does not lend itself to a single model assumption about rate constraints that can be tested 

against others. Since net diversification rate is the difference between speciation and extinction 

rates, either or both could vary and lead to a difference in net diversification (or both could vary 

between regions, but in such a way that there was still no difference in net diversification).  Our 

approach was thus to create a set of candidate models with different constraints, fit them with 

maximum likelihood, and compare the models using Akaike’s Information Criterion (AIC) to get 

a set of models that fit the data reasonably well (i.e. DAIC<4). We then compared the differences 

in net diversification and dispersal between the regions across models in the top model set. If the 

top models disagree on differences in net diversification or dispersal rates, we consider the 

results to be inconclusive on rate differences.  

The candidate model set included a full model where all three rates are different across 

the two areas, or that one or more rates are constrained to be equal (e.g., one or more of, sA=sB, 

xA=xB, dA=dB), which makes a total of (23=8 models). In initial testing, we found that the 

between-area speciation rate (sAB) generally converged toward zero and never improved the 

model fit, so to reduce model space we set it to zero (sAB=0) for subsequent analyses.  To ensure 
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we converge on the global model, we first fitted the full model using 20 total parameter values 

including the values suggested by starting.point.geosse(), and 19 parameter sets consisting of 

uniform random numbers between 0 and 1. For the rest of the models, we used the suggested 

starting point, the full model ML parameters, and 18 random parameter sets as starting points. To 

estimate and visualize uncertainty in model parameters for representative results, we ran mcmc 

Bayesian inference on the full model using a chain of 10000 generations, using the ML 

parameter values as the starting point.  

As with the BAMM analyses, we repeated the inference with different values of sampling 

fraction (L, M, H). Since the new world is less broken up by biogeographic barriers, we also 

performed the same analyses on the New World Pheidole clade with the Old World lineage 

removed. Since we detected possible oversampling of Nearctic species we performed an 

additional analysis (M*) with state-specific sampling fraction that accounts for this difference. 

Finally, we performed the analyses with the M global sampling fraction on the 10 trees where 

Nearctic species have been culled, using either all Pheidole or only New World taxa. Again, if 

our conclusions about net diversification differences or dispersal rate differences are sensitive to 

these uncertainties in sampling fraction, we will consider them not to be robust. The above 

analyses were performed with the diversitree package51 in R. 

 

Phylogenetic niche conservatism: We performed additional analyses to evaluate the degree to 

which latitudinal affinity is conserved in Pheidole. For this, we first calculated two measures of 

phylogenetic signal—Blomberg’s K52 and Pagel’s lambda53—treating absolute latitudinal 

midpoint as a continuous trait, using the phylosig() function in the R package phytools54. Second, 

to estimate the overall evolutionary rates, we fit a discrete models of character evolution (treating 
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latitudinal affinity as a binary variable) using the fitDiscrete() function in the R package geiger55. 

To visualize the evolution of latitudinal affinity, we performed 100 stochastic character maps on 

the empirical tree using the make.simmap() function, and plotted a summary of state 

probabilities with the function densityMap(), both from the phytools package. Finally, to estimate 

whether the inferred rate of evolution combined with tropical ancestral state is consistent with 

the observed richness difference even in the absence of diversity regulation and diversification 

rate differences, we simulated niche evolution on the empirical tree and maximum likelihood 

model with the sim.history() function from phytools. While tree shape and trait state are not 

necessarily independent (i.e. the dependent model is implemented in the GeoSSE analysis), this 

analysis asks whether we would be likely to observe a gradient even if they were independent, 

given that Pheidole likely has a tropical ancestor and given the rate that latitudinal affinity 

evolves. Pheidole likely has a tropical ancestor as the most basal Pheidole species, P. fimbriata, 

and the sister lineage of Pheidole, Cephalotes + Procryptocerus, are tropical19,30. 

 

RESULTS 

Pheidole exhibits a latitudinal diversity gradient that is overall similar to ants as a whole 

(Fig. 1). The BEAST analysis inferred a well-supported phylogeny whose major features are 

consistent with previous studies (Figs. 2, S1). The crown age of the group (i.e. the mrca of 

Pheidole fimbriata with the rest of Pheidole) is inferred here to be slightly younger than in a 

previous study (~29mya vs. ~37mya in ref31), although closer to the crown age inferred in other 

recent broader scale phylogenies19. 
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According to the BAMM analysis, the hyperdiversification of Pheidole began after an 

acceleration approximately 15-16 mya, and all species except for two basal species (P. fimbriata 

and P. rhea) are descended from this lineage. Diversification initially occurred in the New World, 

exhibiting a decelerating trend over time. Around 13mya, a single lineage colonized the Old 

World and this was associated with another burst of diversification followed by a slowdown in a 

clade encompassing Asia and Africa. Madagascar and Australia-NG were later colonized, 

followed by accelerations and subsequent decelerations in each clade (Figs. 2, S1, S2). There 

were several other accelerations that were not obviously associated with geographic transitions, 

including one clade in the new world and the megacephala group in Afrotropics. This general 

pattern of sequential colonization-acceleration-deceleration pattern is robust to changing the 

sampling fraction parameter, although as one would expect the inferred degree of deceleration 

becomes less pronounced if one assumes that more species are left to be sampled. 
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The extratropical lineages generally belong to young clades nested within larger tropical 

clades (Figs. 2, S1). While diversification rate varies across the genus to a degree, we could not 

detect a significant correlation (assessed with STRAPP) between BAMM-inferred net 

diversification rate and either absolute midpoint latitude or tropicality index across any of the 

analyses we performed (Fig. 3). These results were similar across variation in the assumed global 

sampling fractions, whether we calculated correlations for individual clades or the whole tree, 
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and including trees where Nearctic species were culled to account for possible uneven sampling. 

Although significance tests were one-tailed for higher diversification in the tropics, we also note 

that none of the observed correlation coefficients were outside the null range in either direction.  

For the global Pheidole, 

GeoSSE inferred a slightly elevated net 

diversification rate for extratropical 

lineages (1.2x-1.6x of net 

diversification rate in the top models, 

Fig. 4, Table S4). This result was robust 

to different global sampling fractions. 

When the New World Pheidole are 

considered alone, net diversification 

rate is also slightly elevated by a similar 

degree. However, when uneven 

latitudinal sampling fractions in the New World are accounted for—either by altering the 

sampling fraction parameter in GeoSSE or by culling species from the tree—the difference in net 

diversification rate disappears  and statistically a single rate model is preferred (Fig. 4, Table S4). 

Broad differences in dispersal rate were statistically supported in all of the GeoSSE analyses, 

with extratropical lineages transitioning to the tropics more easily than the reverse.  

The extratropical lineages are clustered with each other on the tree, although it is clear 

there were numerous transitions out of the tropics (Fig. 5). The tests for phylogenetic signal in 

latitudinal affinity for Blomberg’s K (K=0.34, p<0.002) and Pagel’s lambda (lambda=0.95, 

p<10-57) were both highly significant. Symmetric and asymmetric models of discrete character 
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evolution both fit the data comparably well (symmetric model qtrop->etrop=qetrop->trop=0.015, 

AICc=235.5, asymmetric model qtrop->etrop= 0.013, qetrop->trop =0.060, AICc=234.9). Simulations 

of character evolution on the empirical phylogeny show that a latitudinal gradient is the most 

common outcome if one assumes a tropical ancestor and either model for the inferred rate of 

evolution of latitudinal affinity (Fig. 5). 
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DISCUSSION 

Our analysis of Pheidole macroevolution sheds light on the mechanisms responsible for 

the evolution of the latitudinal diversity gradient. By focusing on the recent evolutionary 

dynamics of a single large radiation, our study complements taxon-wide studies that focus on 

differences among highly divergent clades and deeper timescales.  

We find no evidence of higher diversification rate for tropical Pheidole lineages across 

any of our analyses (Figs. 2-4, S1), as would be predicted by the diversification rate hypothesis. 

For some analyses, there was a weak positive relationship between latitude and net 

diversification rate (Fig. 4), but this result was not robust to different model structures (e.g. 

BAMM vs. GeoSSE) and assumptions about latitudinal sampling biases.  

While there is no relationship between diversification rate and latitude, the pattern of 

diversification suggests Pheidole evolution is being shaped by diversity regulation. Even if one 

assumes that there are over 1300 undescribed Pheidole species (the higher end of our estimates) 

in addition to the 1175 currently described species, our analysis found that diversification is still 

decelerating in the genus. Moreover, there is evidence that diversification accelerated after 

colonization of new areas, specifically when Pheidole colonized the Old World, and again after it 

colonized Australia and New Guinea. This lends further support to the idea that there are 

ecological limits to Pheidole diversity, because when new continents are colonized, ecological 

opportunity is high. However, it is more difficult to determine if these limits vary with latitude in 

a way that is causally responsible for the richness gradient. For example, the limits to diversity 

could be similar at all latitudes, but phylogenetic conservatism could be causing the higher 

latitudes to lag behind tropical latitudes in reaching their steady state. Here we might expect a 

positive trend of Pheidole diversification rate running counter to the richness gradient, because 
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temperate zones would be further from the equilibrium number of species. While there were 

some hints of a positive latitude-diversification correlation (e.g. Fig. 4), there was not a robust 

relationship. 

The results match the predictions of the tropical conservatism hypothesis (TCH) well 

overall.  We found that latitudinal affinity is moderately conserved in Pheidole. While there have 

been a number of transitions from the tropics to the temperate zone, latitudinal affinity evolves 

slowly enough to make a richness gradient the most likely outcome simply due its tropical 

ancestry and phylogenetic inertia. A notable point is that dispersal rates were inferred to be 

higher from the extratropics back into the tropics, rather than from the tropics to the temperate 

zone. This runs counter to the general expectation of the “out-of-the-tropics” model, that posits 

higher dispersal from the tropics out to the extratropics.  However, for ectothermal organisms 

like ants, it makes sense under a niche conservatism scenario that transitions should be more 

difficult from warmer to colder environments than the reverse. Ants need specialized behavioral 

and physiological adaptations to survive high-latitude winters, and presumably it is easier to lose 

those adaptations than it is to evolve them in the first place. This could lead to a “leaky temperate 

zone” effect whereby gene flow from the lower latitude end of ranges drags the species toward 

the tropics, reinforcing the gradient further. Note, however, that niche conservatism was high 

enough to make the diversity gradient a likely outcome under either asymmetric or symmetric 

models of latitudinal range evolution (Figure 5).  

 These results for Pheidole evolution over the last 30my connect well to results on ant 

diversification on deeper timescales27, and together tell a coherent story about the evolution of 

latitudinal gradients in ants.  Most ant lineages older than 34mya are reconstructed to be tropical, 

including the Pheidole stem lineage. Around 15 mya, Pheidole exhibited a many-fold 
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acceleration in diversification rate and began a massive radiation.  The reason for this initial 

acceleration, such as evolution of a key innovation, remains unknown.  It took time for some 

Pheidole lineages to evolve the requisite traits for colonization of high latitudes, however once 

colonization of cold biomes occurred, diversification was not detectibly slower.  In their analysis 

across all ant clades, Economo et al. also found no evidence for elevated net diversification rates 

among clades centered in the tropics relative to those in the temperate zone, although clades are 

quite heterogeneous in rate, probably due to other latent biological and historical differences. 

Within Pheidole, diversification rate is much less heterogeneous, but there is still no hint of a 

negative latitudinal correlation. This implies that biological variation among clades is not 

masking a latitudinal correlation within clades. Pheidole provides additional insight that diversity 

regulation is a prominent feature of the global evolution of the genus, although it is unclear if it 

is causal in the gradient. Finally, since we have a better handle on sampling biases within 

Pheidole than we do for ants as a whole, we can be more confident that latitudinal sampling 

biases are not masking latitudinal diversification rate variation. 

While thus far the evidence is consistent with both phylogenetic niche conservatism 

(TCH) and diversity regulation (ERH) playing a role in ant diversification, determining whether 

one alone or both together are responsible for the diversity gradient remains a challenge for 

future work. Moreover, as these are “umbrella” hypotheses, each individual hypothesis could 

encompass a range of different mechanisms. One way forward is a hierarchical, systematic 

approach, where broad categories of hypotheses are evaluated (e.g. like these in this study), 

followed then by more targeted studies devised to tease apart the mechanisms within the larger 

classes of hypothesis that fit the data well. We also agree with the approach advocated by 

Hurlbert and Stegen34, toward a quantitative formulation of multiple competing and intersecting 
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hypotheses, combined with a simulation-based approach to identify their key predictions. We felt 

initial efforts in this direction were not yet mature enough to use as a basis for the current study, 

but look forward to further development of the approach in the future.  Finally, we need further 

work to resolve and analyze other hyperdiverse ant radiations (e.g. Camponotus, Strumigenys, 

Tetramorium) that also exhibit strong latitudinal gradients. 

Despite the high level of research effort directed toward understanding the latitudinal 

gradient, the matter is far from resolved. Studies have differed in their conclusions about the 

origins of the gradient, probably due to both differences in conceptual and methodological 

approaches, along with real variation in process and history across taxonomic groups. The former 

should continue to improve as we develop more penetrating quantitative methods that make use 

of more diverse data types. Variability across taxonomic groups is best assessed and understood 

by examining more of them. The vast majority of studies on the diversity gradient have focused 

on vertebrates. While of obvious intrinsic interest, vertebrates may not be good surrogates for 

understanding general patterns across the rest of the tree of life. For example, mammals have 

been impacted by human activities so dramatically that it can affect large-scale macroecological 

patterns35,36.  With development of global invertebrate datasets like the one analyzed here, we 

stand to broaden our perspective on large-scale biological patterns and their origins.  
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Figure S2 | Probable locations of rate shifts in Pheidole on the phylogeny 
inferred with BAMM.  Here, branch length indicates probability of a rate shift.  
The colonization of new biogeographic regions generally corresponds to rate 
shifts, which tended to be accelerations as seen in Figure 1.  Several other rate 
shifts occurred that are not obviously explainable by geographic transitions. 
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Supplementary Methods: Calculation of sampling completeness across geography and 

clade.  

 

One challenge to working with relatively poorly known taxa is the possible influence of 

unknown and unsampled taxa. While there are 1159 described Pheidole species and subspecies 

globally, there are many more yet to be described. Moreover, the distribution of this sampling 

completeness is not random. Tropical faunas may be less documented than temperate faunas, and 

different bioregions have received different amounts of attention from researchers. For example, 

it is likely that New World Pheidole species are much better documented than the Old World 

Pheidole, due to a major monograph pursued by Wilson that described a large number of species 
30.  

 We devised a method to account for this potential bias that, while coarse and imperfect, 

should address the big picture of whether our overall sampling reflects the distribution of overall 

Pheidole richness. Over the last years, our project has sought material from Pheidole faunas 

around the world, both described and undescribed. We made a vigorous effort to identify all the 

taxa we included in the phylogenetic study. We are thus quite confident that the morphospecies 

on our tree reflect undescribed, rather than unidentified, taxa. For the purposes of this 

calculation, we made the assumption that the fraction of described species (FD) within each 

clade/region on our tree reflects the true fraction of undescribed species in the region. For 

example, on our tree there is a higher fraction of morphospecies from the Australia-New Guinea 

clade (undescribed: 93, described: 21, FD ~ 0.18) compared to the New World clade (described: 

143, undescribed: 34, FD ~ 0.80). From the GABI data, we know the number of described 

species occuring in each region (and thus clade, given the tight correspondence between region 

and clade), which we call ND. Using the number described from each region and the estimated 

fraction described we can calculate the estimated total richness in the region/clade (ER=ND/FD). 

For example, for Australia-New Guinea there are 112 described taxa, while in the New World 

there are 649 described taxa. Using the FD from our sampling, we estimate there to be ER~608 

species in the Australia-New Guinea clade (ERAUSNG=NDAUSNG/FDAUSNG=93/0.18=608) and 803 

species in the New World clade (ERNEWWORLD=NDNEWWORLD/FDNEWWORLD=649/0.39=803). 

From this we can compare the sampling representation of taxa on our tree to the estimated 
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distribution of richness in Pheidole (Table 1). 

 We performed the calculation two ways, first by estimating sampling fraction for each 

clade, and second by estimating sampling fraction for the tropical and extratropical species of 

each hemisphere (since this latitudinal distinction is important for our analysis). Using clades, we 

estimated there to be 2175 Pheidole species globally using the clade-wise or latitude-wise 

calculation with about 55% of them described. Our sampling of different clades broadly matched 

the estimated proportion of total Pheidole richness in those clades (Table 1). Using latitude and 

hemisphere, we estimated 2127 species globally (54% described). We detected a degree of 

oversampling of New World temperate taxa on our tree (11% actual vs. 6% estimated) and 

undersampling of Old World temperate taxa (3.3% actual vs. 12% estimated). Overall, we 

estimated global fraction of temperate species to be 19%, which was reasonably close to the 

fraction on our tree (14%). 

 For both the GeoSSE and BAMM analyses, we chose to explore a range of global 

sampling fractions (i.e. the fraction of total Pheidole species that are on the tree) that broadly 

encompass the estimated value, and evaluate whether our conclusions are stable within that 

range. We chose a range of 1500, 2000, 2500 total Pheidole species representing the minimum 

and maximum plausible Pheidole richness, and set sampling fraction accordingly at 0.3, 0.22, or 

0.18, which we denote L, M, H, respectively. This range enclosed our estimated values (2127 or 

2179).  

Overall, the distribution across clades and latitudes of our sampling intensity was 

reasonably similar to the estimated richnesses for Pheidole (Table S1). Thus, for the most part we 

did not use clade-specific sampling correction factors. However, the oversampling of taxa on our 

tree in the Nearctic region relative to the Neotropical region is of some concern, particularly as 

we performed analyses on the New World data alone. The latter was performed because the New 

World is less broken up by biogeographic barriers than the Old World and most likely to clearly 

reflect diversification-latitude correlations (if they exist). Thus, we performed two additional 

GeoSSE analyses to account for differential sampling of the tropics and extratropics, which we 

denote M*.  First, we set state-specific sampling fractions to be different for extratropical and 

tropical taxa. For global Pheidole, we calculated the extratropics to be slightly undersampled on 

our tree (tropics=0.22, extratropics=0.16), and for New World Pheidole the reverse was true 

(tropics=0.185, extratropics=0.35), using our estimated total richness (2127).  We used these 
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values to set the state-specific sampling fraction in the GeoSSE analysis (AB range was set to 

middle of the two).  Second, we performed an additional set of analyses on 10 trees where the 

number of Nearctic taxa had been reduced by randomly pruning taxa from the tree to lower the 

number from 48 to 27. The latter adjusts the fraction of Nearctic species to be consistent with the 

estimated fraction using our calculation. We also ran BAMM on these trees using the M 

assumption for the global sampling fraction. 
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Table S2:  Calculation of sampling completeness across regions and clades 

 Taxa on 

tree 

Estimated 

fraction 

described  

Current 

described 

richness 

Estimated 

richness 

(described

/ fraction 

described)  

Fraction 

of total 

taxa on 

tree 

Target fraction 

of total richness 

(estimated 

fraction of total 

richness) 

By Clade       

New World 177 0.81 649 803 0.39 0.38 

Africa-Asia 124 0.60 356 597 0.28 0.28 

Australia-New Guinea 114 0.18 112 608 0.25 0.29 

Madagascar 34 0.29 35 119 0.08 0.06 

Total 449 0.55 1138 2126   

By Latitude/Hemisphere       

New World tropical 129 0.73 512 695 0.29 0.32 

New World extratropical 48 1.00 137 137 0.11 0.06 

Old World tropical 257 0.39 424 1089 0.57 0.50 

Old World extratropical 15 0.33 86 258 0.03 0.12 

Total    2179   
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Table S3: Partitions and nucleotide substitution models, used in the 

phylogenetic analysis, as optimized with PartitionFinder. 

Partition Best Model Subset Partitions Size 

p1 K80+Γ CAD_pos3, EF1AF2_pos3 357 

p2 K80+Γ CAD_pos1, LOP1_pos2, unc-4_pos2, TOP1_pos1 780 

p3 HKY+Γ CAD_pos2 ,TOP1_pos2 417 

p4 HKY+Γ CAD_introns, LOC15, LOP1_introns 2007 

p5 HKY+Γ GRIK2 960 

p6 SYM+Γ COX1_pos1 353 

p7 TrN+Γ COX1_pos2 353 

p8 GTR+Γ COX1_pos3 353 

p9 TrN+Γ EF1AF2AF2_pos1, HIS3.3B_pos1, unc-4_pos1 433 

p10 JC+Γ EF1AF2_pos2, HIS3.3B_pos2 349 

p11 HKY+Γ EF1AF2_introns, unc-4_introns 1210 

p12 GTR+Γ HIS3.3B_pos3 143 

p13 GTR+Γ HIS3.3B_introns 213 

p14 SYM+Γ LOP1_pos1 280 

p15 GTR+Γ LOP1_pos3, UNC-4_pos3 363 

p16 TrN+Γ TOP1_pos3 268 
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