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Abstract 21 

Rates of species formation vary widely across the tree of life and contribute to massive 22 
disparities in species richness among clades. This variation can emerge from differences in 23 
metapopulation-level processes that affect the rates at which lineages diverge, persist, and 24 
evolve reproductive barriers and ecological differentiation. For example, populations that evolve 25 
reproductive barriers quickly should form new species at faster rates than populations that 26 
acquire reproductive barriers more slowly. This expectation implicitly links microevolutionary 27 
processes (the evolution of populations) and macroevolutionary patterns (the profound disparity 28 
in speciation rate across taxa). Here, leveraging extensive field sampling from the Neotropical 29 
Cerrado biome in a biogeographically-controlled natural experiment, we test the role of an 30 
important microevolutionary process – the propensity for population isolation – as a control on 31 
speciation rate in lizards and snakes. By quantifying population genomic structure across a set 32 
of co-distributed taxa with extensive and phylogenetically independent variation in speciation 33 
rate, we show that broad-scale patterns of species formation are decoupled from demographic 34 
and genetic processes that promote the formation of population isolates. Population isolation is 35 
likely a critical stage of speciation for many taxa, but our results suggest that interspecific 36 
variability in the propensity for isolation has little influence on speciation rates. These results 37 
suggest that other stages of speciation – including the rate at which reproductive barriers evolve 38 
and the extent to which newly formed populations persist – are likely to play a larger role than 39 
population isolation in controlling speciation rate variation in squamates. 40 

Significance Statement 41 

Speciation rate measures how quickly a species gives rise to new species, and this rate varies 42 
up to 50-fold across vertebrate groups. In this study, we explore one hypothesis that explains 43 
this variation: species that form geographically isolated populations more readily should also 44 
form new species more readily and thus should have higher speciation rates. This hypothesis 45 
links microevolutionary studies of speciation with macroevolutionary studies of biodiversity. We 46 
test this hypothesis using a diverse set of lizard and snake species found in the South America 47 
savannahs. We find no effect of geographic population isolation on speciation rates. Our results 48 
suggest that other stages in the speciation process are more important controls on speciation 49 
rate variation. 50 

Introduction 51 

Speciation rates vary widely across the tree of life, and this variation contributes to profound 52 
disparities in species richness among clades, across regions, and through time (1). Despite the 53 
importance of speciation rates for broad-scale diversity patterns, only recently have we been 54 
able to quantify and compare these rates across taxa. Ernst Mayr, who laid much of the 55 
conceptual foundation of modern speciation research, noted in his landmark book Animal 56 
Species and Evolution that "[t]here is perhaps no other aspect of speciation of which we know 57 
so little as its rate. We shall probably never have very accurate information on this 58 
phenomenon" (p. 575) (2). Yet today, our understanding of speciation rate variation has been 59 
fundamentally transformed by the ascendance of molecular-based phylogenetic inference. The 60 



 

availability of time-calibrated phylogenetic trees (3, 4), in concert with analytical models of 61 
macroevolution (5), has demonstrated wide variation in the rate of speciation, even among 62 
closely-related groups of organisms (Fig. 1, Fig. S1; (6–11). In mammals, for example, the 63 
fastest speciating lineages (Rattus rats: 1.12) are estimated to form new species nearly 100-fold 64 
faster than the slowest speciating lineages (aardvarks: 0.013 species myr-1; 12).  65 

To understand why speciation rate varies, we can deconstruct the speciation process into 66 
population-level factors that control, at least in principle, the observed rate of new lineage 67 
origination at the macroevolutionary scale (2, 13, 14).  “Successful” speciation typically requires 68 
that new populations become geographically isolated (15–17) and that reproductive barriers 69 
evolve between the populations. Finally, these nascent species must persist while they acquire 70 
reproductive and potentially ecological isolation from other populations. Any factor modifying the 71 
rate of these processes can potentially influence speciation rate (14, 18, 19). For example, 72 
species with traits leading to high dispersal (e.g., marine organisms with long larval periods) are 73 
predicted to maintain panmictic populations connected by gene flow across large areas in the 74 
face of biogeographic processes that might otherwise fragment species with lower capacity for 75 
cohesion (20–22). If the formation of population isolates is a rate-limiting step for speciation, we 76 
would then predict that species with high dispersal should exhibit reduced speciation rates 77 
compared to species with low dispersal. Similarly, biogeographic and climatic factors — 78 
including the dynamic nature of some high elevation and high-latitude landscapes — can 79 
facilitate increased speciation rates by promoting population isolation in newly colonized 80 
geographic areas (23–25). This framework thus links the microevolutionary processes leading to 81 
species formation with macroevolutionary patterns of species diversification (26), including the 82 
speciation rates we typically estimate from phylogenetic trees or the fossil record (Fig. 1). 83 

Directly estimating the extent to which variation in population processes affects speciation 84 
requires comparable datasets on the population processes themselves (26). These must be 85 
collected across a broad sample of taxa characterized by phylogenetically-independent variation 86 
in both evolutionary rates as well as the focal population processes. Collecting such datasets is 87 
a daunting task for most groups of organisms (27–29). For this reason, studies often use 88 
organismal traits as proxies for population processes, implicitly assuming that these proxies 89 
capture lineage-specific propensities towards reproductive isolation or population splitting (30, 90 
31). For example, avian wing morphology has been used as a proxy for dispersal and 91 
population isolation (32, 33), and sexual dimorphism has been used as a proxy for the strength 92 
of sexual selection and thus the rate at which reproductive barriers evolve (34, 35). Results from 93 
this trait-based approach have generally been mixed. Traits often exhibit inconsistent 94 
associations with speciation across clades (36), and, even for a given clade, purported 95 
relationships vary when challenged with alternate methodologies or different datasets (37, 38). 96 
This inconsistency may partially reflect the differential effects of specific organismal traits upon 97 
diversification across clades. For example, the evolution of reproductive barriers might be a 98 
rate-limiting step in one clade but not another. However, this inconsistency might also indicate 99 
that these organismal traits are imperfect proxies for the population-level processes they are 100 
trying to capture. 101 



 

Here, we apply a direct approach to determining the factors that predict speciation rate. We 102 
measure population isolation across multiple species and then test if population isolation 103 
predicts speciation rate, without relying on organismal traits as proxies for isolation. The 104 
formation of geographically isolated populations is an initial and essential step in most 105 
speciation events (15–17), and population structure has long been recognized as a potential 106 
source of incipient species, across analyses of phylogeographic structure (39, 40), studies of 107 
ecotypes and subspecies (41–43), and explorations of species richness in the fossil record (22, 108 
44). In this study, we focus on the macroevolutionary consequences of population isolation in 109 
the lizards and snakes from a single geographic region: the Neotropical Cerrado, South 110 
America’s second largest biome (45). The Cerrado savannas harbor one of the world's most 111 
diverse squamate reptile communities (46, 47), enabling us to sample phylogenetically-distinct 112 
lineages that span nearly the complete range of speciation rates as measured from fully-113 
sampled squamate phylogenies (Fig. 2A). Because most of these species have large ranges 114 
that span the same geographic area (Fig. 2B, S2, S3), they likely experienced similar 115 
biogeographic histories. Thus, our analyses partially control for the effect of extrinsic factors like 116 
biogeographic changes and environmental conditions on speciation rates. 117 

We characterized population isolation across 66 snake and lizard taxa from vouchered samples 118 
collected over 20+ years of fieldwork in the Cerrado, generating a genome-wide perspective on 119 
intraspecific variation (mean: 5019 loci per individual) from 398 individuals. We then measured 120 
how levels of genetic differentiation accumulate across geographic space (e.g., isolation-by-121 
distance [IBD]). The slope of this IBD relationship both reflects population density of demes and 122 
the extent of gene flow among them (48) and serves as a reasonably direct measure of species 123 
cohesion, which we define here as the capacity of species’ geographic ranges to resist allopatric 124 
fragmentation into new population isolates. We then tested a foundational hypothesis in 125 
speciation research — the formation of geographically isolated populations is often an initial and 126 
essential step in speciation — by determining if an increased propensity for population isolation 127 
correlates with higher speciation rates. 128 

Results 129 

We collected an average of 3.2 Mb across 5019 nuclear loci and 3.8 kb of the mitochondrial 130 
genome for the 398 individuals in this study (Fig. 2D, Fig. S4, Table S1). We deliberately 131 
sampled geographically-unique taxon-locality combinations to maximize spatial coverage, and 132 
thus our dataset spans 386 distinct localities. Using these high-coverage and high-quality data, 133 
we first delimited species-level taxa (operational taxonomic unit; OTU; see Methods) to ensure 134 
our analyses were not confounded by cryptic diversity or taxonomic uncertainty. Fifty-one of our 135 
66 nominal species (76%) directly corresponded to an OTU; for the purposes of analysis, we 136 
revised 15 nominal species in total. Our final dataset consisted of 59 provisional OTUs spanning 137 
375 individuals (Fig. 2C, Fig. S5, S6). 138 

For each OTU, we used an average of 28.5K variant sites to estimate the slope at which genetic 139 
isolation (FST) accumulates across space (βIBD, Fig. 3). On average, geographic distance 140 
explained 31% of the variation in FST across individuals within OTUs (Fig. S7). OTUs showed 141 
notable differences in βIBD, with values ranging from -0.41 (indicating low levels of differentiation 142 



 

across space) to 2.48 (indicating steep turnover of genetic variation across space; Fig. 3, Fig. 143 
4A, Fig. S8). βIBD exhibited moderate phylogenetic signal (𝜆 = 0.24, p = 0.009, Fig. 4A), 144 
suggesting that the variation in βIBD across taxa is phylogenetically conserved. βIBD is expected 145 
to vary as a function of both population density of demes and levels of migration between them 146 
(48). Accordingly, we identified organismal traits that might serve as proxies for density or 147 
migration and tested if they could predict βIBD. We find that βIBD is correlated with a measure of 148 
body elongation (phylogenetic generalized least squares [PGLS], p = 0.004, Fig. 5, Fig. S9, 149 
Table S2) that likely affects both population density and migration. Animals that were more 150 
elongated and had a more snake-like form (e.g., snakes and legless lizards) had lower levels of 151 
differentiation across space than animals with more lizard-like forms. Finally, although the 152 
genetic loci used in this study are likely under purifying selection (49), estimates of genetic 153 
diversity and differentiation across these markers and putatively neutrally evolving loci were 154 
highly concordant (r = 0.81-0.97; Fig. S10). These results suggest our estimates of βIBD are 155 
likely robust to the evolutionary history of the loci used for inference. 156 

Using the most comprehensive squamate phylogeny available to date (50), we estimated 157 
speciation rates using both a model-based (𝜆CLaDS; 8, 51) and semi-parametric approach (𝜆DR; 6). 158 
These estimates of speciation rate are highly correlated both across all squamates (n = 9755, r 159 
= 0.87) and across our focal taxa (n = 59, r = 0.87, Fig. S11). Given this high concordance, all 160 
subsequent results focus on model-based estimates of speciation rate. Speciation rates across 161 
all squamates ranged from 0.018 to 0.424 species myr-1 with the highest rates occurring in 162 
snakes (Fig. 2A). Speciation rates in our focal taxa ranged from 0.027 to 0.280 species myr-1, 163 
encompassing nearly the full variation seen in squamates (Fig. 2A).  164 

We tested the prediction that OTUs with greater rates of population differentiation would show 165 
greater speciation rates, as would be expected if population differentiation is a rate-limiting step 166 
in speciation. We found no such pattern (PGLS r = 0.04, p-value = 0.77, Fig. 4). Rather, we 167 
recovered some evidence for an inverse relationship, which can be seen when comparing βIBD 168 
and rates of speciation in snakes versus lizards (Fig. 5). Snakes have high speciation rates but 169 
low βIBD, opposite to our predictions. 170 

We confirmed that these patterns are robust to possible methodological and technical artifacts 171 
by conducting a series of analyses in which we accounted for limited sampling, measurement 172 
error, alternate measures of genetic differentiation across space, possible taxonomic error, and 173 
the effects of biogeography. Across all these analyses, we recover the same result: no evidence 174 
for a relationship between βIBD and speciation rate (Fig. S12, Table S3). Most importantly, 175 
restricting our analyses to only those OTUs with significant βIBD relationships (n = 29) did not 176 
change these results and, in fact, yielded a non-significant but negative correlation between βIBD 177 
and speciation rate (r = -0.004, p = 0.98, Table S3). Alternate measures of genetic 178 
differentiation (e.g., dxy across geographic space) are only weakly correlated with each other 179 
(Fig. S13, Fig. S14), and across all these robustness analyses, our finding that population 180 
structure and speciation rates are decoupled holds (Table S3). Further, although we sampled 181 
relatively few individuals for some OTUs, both subsampling and simulations show that few 182 
individuals can effectively recover βIBD similar to that seen with larger datasets (Fig. S15 - 17).  183 
Finally, we conducted a power analysis to estimate our power to identify a correlation between 184 



 

isolation and speciation rates, if one exists. We found the power to detect a true correlation was 185 
moderate if correlations were <0.5, and power was >65% if correlations!"#$#!%&'( (Fig. S18A). 186 
However, this analysis also suggests that the potential correlation between βIBD and speciation 187 
rates is unlikely to be substantial – and is indeed equally likely to be negative or positive – given 188 
the small magnitude of our inferred correlation between βIBD and speciation rates (mean r = 189 
0.04; 95% range: -0.37 - 0.45, Fig. S18B). 190 

Discussion 191 

We recovered wide variation in population isolation, as indexed by βIBD, across our focal taxa 192 
(Fig. 4). Moreover, we found evidence that βIBD is an evolutionarily structured trait – close 193 
relatives of species that are prone to population isolation are themselves prone to isolation – 194 
and isolation varies with morphology, with more elongate species showing lower βIBD than more 195 
lizard-like species (Fig. 4, 5). Elongate species might either experience greater dispersal or 196 
maintain greater population density, either of which would result in lower βIBD (Fig. S19). 197 
Whatever the mechanism, these results suggest that species cohesion varies across taxa and 198 
that it is influenced by organismal traits, consistent with previous studies in squamates and 199 
other taxa (21, 28, 52).  200 

Species cohesion is a fundamental property of species that influences the formation of new 201 
species, as described in both verbal and mathematical models (39, 53, 54). The homogenizing 202 
effects of gene flow (55) has long been thought to inhibit speciation by reducing the probability 203 
of population fission. We might thus predict those taxa that have a higher potential for isolation, 204 
as indexed by IBD slopes, will also have greater propensity to form new species (20, 55). Yet, 205 
despite our broad phylogenetic sampling, we found no correlation between the potential for 206 
isolation and speciation rates (Fig. 4).  207 

Factors such as limited sampling and environmental and historical effects can make estimating 208 
IBD slopes challenging, potentially weakening our ability to recover a true underlying 209 
relationship between IBD slope and speciation rate. Our IBD slopes appear to be capturing a 210 
real property of species propensity to isolation, however. These slopes are phylogenetically 211 
structured and correlate with organismal morphology (Fig. 4, 5). Further, our results are 212 
qualitatively and quantitatively similar across a series of robustness analyses (Fig. S12, Table 213 
S3). It is unlikely that our results are solely due to low statistical power. Perhaps the most 214 
substantive and well-supported contrast in our dataset is the evolutionary split between lizards 215 
and snakes. This partition accounts for much of the variation in both speciation rate (ANOVA r2 216 
= 0.54) and IBD slope (ANOVA r2 = 0.27) across our full dataset. Under our hypothesis, we 217 
would expect to see much higher patterns of IBD in snakes than lizards, given that speciation 218 
rates are markedly higher in snakes (lizards: average 𝜆CLaDS = 0.068; snakes: average 𝜆CLaDS = 219 
0.16). However, we see the opposite pattern (Fig. 5). While this pattern reflects just a single 220 
evolutionary contrast, it is a major feature of our dataset and suggests our negative result is 221 
robust and biologically meaningful. 222 



 

Most previous studies exploring the link between population isolation and diversification have 223 
used organismal traits related to dispersal as proxies for gene flow and population isolation. For 224 
example, in birds, species with more elongate, narrower wings are hypothesized to have higher 225 
dispersal (33), higher levels of gene flow, and thus reduced rates of population isolation. Lower 226 
rates of population isolation would then result in lower rates of diversification, as has been seen 227 
in some avian datasets (25, 56, 57). Other organismal traits that have been hypothesized to 228 
predict both patterns of genetic connectivity and broad-scale diversification include pollination 229 
strategy (58), length of pelagic dispersal in marine species (44, 59 but see 38), and seed size in 230 
angiosperms (60). These studies necessarily make several simplifying assumptions about how 231 
organismal traits impact dispersal and thus gene flow. For example, although levels of 232 
population isolation result both as a function of migration and local genetic drift, these analyses 233 
focus solely on the role of dispersal in determining levels of population isolation. However, as a 234 
whole, these studies confirm the potentially important role of variation in dispersal in driving 235 
broad-scale diversity patterns (but see 61).  236 

Studies that have instead directly estimated levels of population isolation have found mixed 237 
results (21, 27–29, 52, 62).  In particular, a previous study in lizards – focused solely on a ~300 238 
species radiation endemic to Australia (28) – also found no connection between population 239 
isolation and speciation (). What might explain our results and the mixed conclusions of 240 
previous studies? First, population isolation can be quantified in many ways. Population 241 
isolation spans a continuum that ranges from isolation-by-distance to discrete phylogroups that 242 
experience little gene flow amongst themselves. In the present study, we chose to estimate 243 
population isolation directly by measuring patterns of IBD. A pattern of IBD reflects an early 244 
stage in population isolation and primarily captures the role of declining gene flow over distance 245 
in determining genetic differentiation. IBD is thus a continuous measure of genetic differentiation 246 
(63). How IBD interacts with landscape stability, geographic barriers, and environmental 247 
gradients then determines the likelihood of formation of discrete breaks characteristic of 248 
phylogeographic lineages (64, 65). We expect these continuous and discrete measures of 249 
population isolation to be correlated; species with greater IBD should also exhibit greater levels 250 
of phylogeographic structuring. With our current sampling, we cannot test this expectation, and 251 
it also remains relatively untested in the broader literature (26). If continuous and discrete 252 
measures of population isolation are uncorrelated, then using alternate metrics of population 253 
isolation like the number of genetic population clusters (63), phylogenetically distinct lineages 254 
within a species (27), or subspecies (66, 67) might better explain speciation rate. That said, 255 
despite its simplicity, IBD explains 31% of the average variation in patterns of genetic 256 
divergence across our focal species (Fig. S7), suggesting IBD remains a powerful approach for 257 
measuring population isolation. Further, exploration of alternate metrics of isolation – including 258 
levels of genetic differentiation at a fixed geographic distance – recover the same patterns seen 259 
when isolation is measured as IBD (Table S3). 260 

Additionally, population isolation might impact speciation in ways more complicated than 261 
typically outlined in verbal and formal models (61). For example, an increased propensity to 262 
form population isolates might lead to smaller populations, which would be more vulnerable to 263 
demographic fluctuations, making them more likely to go locally extinct (44). In such a scenario, 264 
species cohesion — which is expected to increase with gene flow — may have opposing effects 265 



 

on rate of population formation and population extinction. The net effect of increased population 266 
structure on speciation rate might then be neutral. 267 

Alternatively, perhaps population isolation is not a significant factor in determining speciation 268 
rate variation at all. Indeed, our power simulations suggest that if such an effect exists, it is likely 269 
to be small (Fig. S18). Instead, other unmeasured intrinsic and extrinsic factors might be the 270 
source of speciation rate variation in squamates. Speciation consists of multiple stages, and 271 
variation in progress through any of these stages might influence speciation rate. For example, 272 
some species might evolve reproductive barriers more quickly than others, whether because 273 
they undergo more rapid body size divergence (11), more rapid changes in genome structure 274 
and organization (68), or more intense levels of sexual selection (34). If evolving reproductive 275 
barriers serves as a rate-limiting step on speciation, then species that evolve reproductive 276 
barriers more quickly will also have higher speciation rates (but see 69). Additionally, a variety 277 
of factors might influence the propensity for new species to persist through time (19, 70), 278 
including the evolution of ecological traits that reduce competition and facilitate range 279 
expansions and/or secondary sympatry (2, 14, 71–73). Further, historical changes in the 280 
environment and geography can have marked effects on population fission and thus speciation 281 
rate (23–25). In our focal system, however, where all species are found in a common 282 
geographic region, the impact of extrinsic forces on speciation rate variation is likely to be more 283 
uniform across taxa. Of course, multiple factors could reasonably be acting concurrently or 284 
unevenly to influence speciation rates across the squamate tree of life. Given the broad 285 
phylogenetic scale of this study (~50 species spanning all squamate diversity, representing 286 
~180 million years of evolution), the forces that control speciation rate variation might be so 287 
variable across clades that the overall impact of any single force ultimately is rather diffuse.  288 

Focused studies of species complexes — including many in lizards and snakes (74–77) — have 289 
revealed the central role of population isolation in the formation of new species, consistent with 290 
the conceptual model of speciation popularized by Ernst Mayr (2, 78). Given this, it is perhaps 291 
intuitive that population-level processes such as population isolation should predict broad-scale 292 
speciation patterns. Here, we have shown that “population isolation” is itself a trait that varies 293 
widely among clades, consistent with numerous studies that have directly or indirectly linked 294 
organismal traits to broad-scale patterns of population structure. And like most other groups of 295 
organisms (9–11), squamate reptiles from Neotropical savannas are characterized by extensive 296 
clade-specific variation in rates of species formation (Fig. 1). However, we find no support for 297 
the hypothesis that population isolation – as indexed by contemporary patterns of population 298 
structure – is predictably related to phylogenetic variation in the rate of species formation.  299 

This study provides one of the most comprehensive tests of a single component of the 300 
speciation process as described by Mayr and others (2, 13, 14). Generating the comparative 301 
datasets to test the role of other steps in the speciation process will be challenging. In particular, 302 
we need to assemble datasets that measure the rate at which reproductive barriers evolve and 303 
the likelihood that populations persist across species that vary in their speciation rate. Relative 304 
to inferring present-day levels of population isolation, measuring reproductive barriers and 305 
species persistence is difficult. For example, quantifying reproductive barriers in even a single 306 
species or species complex can require decades of work for a single research group, in both 307 



 

controlled and natural settings (79–83). To understand how processes identified from single 308 
species groups contribute to broad-scale diversity patterns, biologists studying a diversity of 309 
taxa will need to collaborate to measure population-level processes in standardized ways that 310 
can be collated across study systems and tested within a common analytical framework (84). 311 
Only then can we truly understand the causes of speciation and the extent to which those 312 
causes underlie the dynamics of biological diversity at the largest scales of time and space. 313 

Methods 314 

Sampling and Genetic Data Collection 315 

We sampled squamate (lizard and snake) taxa broadly across clades that differ in speciation 316 
rates, thus increasing the power of our study by maximizing the amount of phylogenetically-317 
independent variation in both diversification rates and biological traits (Fig. 2A). Our study 318 
leverages over 20 years of field sampling in the Cerrado and adjoining biomes (46, 47, 85, 86). 319 
Most of these samples correspond to voucher specimens preserved at Coleção Herpetológica 320 
da Universidade de Brasília (CHUNB). Across all samples, we identified nominal species )*$!321 

"+,-+!,./,0,/1234!"#$#!42563#/!27!%8!3*-27,*.4'!For each of those species, we included one 322 
individual per sampling locality. Given our levels of genomic sampling, sampling one individual 323 
is akin to sampling multiple individuals in a population for fewer loci (87). In total, we sampled 324 
398 individuals from 66 nominal species (Fig. 2B, Fig. S2, S3). 325 

We sequenced homologous loci across species using a target-capture approach. We used the 326 
Squamate Conserved Loci (SqCL) as our targets, a set of 5,462 loci that span ultraconserved 327 
elements (UCEs), anchored hybrid enrichment loci (AHEs), and single-copy genes used 328 
traditionally in phylogenetics (88–90). This bait set has been shown to work effectively across 329 
lizards and snakes (89, 91). For each individual, we extracted DNA from either tail or liver tissue 330 
using high-salt extraction (92). After shearing DNA to a modal length of ~350 base pairs using a 331 
sonicator, the commercial provider RAPiD Genomics (Gainesville, Florida, USA) then prepared 332 
doubly-indexed libraries following standard Illumina protocols. We created pools of 16 equimolar 333 
libraries, grouping closely related individuals into the same pool. The commercial provider Arbor 334 
Biosciences (Ann Arbor, Michigan, USA) used these pools for the target-capture experiment, 335 
following the myBaits v3 protocol. Finally, we combined six pools (or 96 libraries) and 336 
sequenced each set on one 125-bp paired-end lane of an Illumina HiSeq 4000. 337 

Genetic Data Analysis 338 

Data processing 339 

For the raw sequencing reads per sample, we first trimmed adapters using Trimmomatic v0.39, 340 
removed low-quality sequences, and then merged overlapping paired reads using PEAR 341 
v0.9.11 (93, 94). Next, we then assembled cleaned reads using Trinity v2.1 (95) and annotated 342 
the resulting contigs by comparing them to our SqCL targets via blat v36x2 (96). 343 



 

In target capture experiments, typically anywhere from 50 - 80% of sequencing reads map to 344 
targeted loci; the remaining reads are called by-catch. These by-catch reads can be used to 345 
assemble high-copy loci like the mitochondrial genome, which can be an important source of 346 
additional genetic data. We assembled mitochondrial genomes from our raw sequence reads 347 
using MITObim v1.9.1 (97). As a starting reference, we used the full mitochondrial genome from 348 
the most closely-related species available on NCBI GenBank. We then annotated each 349 
assembled mitochondrial genome for the 13 coding mitochondrial genes and ribosomal RNA 350 
12S and 16S genes using exonerate v2.4.0 (98). Finally, we extracted these loci, aligned them 351 
using mafft v7.310 (99), and concatenated them to generate a mtDNA alignment across all 352 
individuals. 353 

Species delimitation 354 

Studies across lizards and snakes from both temperate and tropical regions have shown that 355 
nominal species often consist of multiple, cryptic lineages (100–102). Accordingly, we first 356 
analyzed our sampled individuals’ genetic data to ensure that nominal species assignments 357 
reflected evolutionary relationships. We delimited lineages (operational taxonomic units; OTUs) 358 
based on evidence for evolutionary cohesion and independence. As detailed below, we used a 359 
combination of phylogenetic, population genetic, and spatial data to identify putative species-360 
level taxa that form a monophyletic group and show a single and continuous isolation-by-361 
distance (IBD) curve across their geographic range. We refrain from providing formal taxonomic 362 
recommendations given our study only collects genetic data. 363 

To determine if individuals within nominal species form monophyletic groups, we first inferred a 364 
nuclear phylogeny across all individuals. We created locus-specific alignments using mafft, 365 
removing any loci sampled for <40% of individuals and any individuals sampled for <5% of loci. 366 
We then concatenated these alignments and used RAxML v8.2.11 (103) to infer a phylogeny 367 
across all individuals. To determine if individuals within nominal species show coherent IBD 368 
relationships, we calculated pairwise genetic divergence (dxy) based on the concatenated 369 
alignment and determined geographic distances among individuals. For each nominal species, 370 
we plotted the monophyletic group spanning all the samples identified to that species, pairwise 371 
levels of genetic divergence (dxy) by pairwise geographic distance, and spatial distribution of 372 
samples. Using this approach, we were able to identify samples that had been misidentified in 373 
the field and cases of likely cryptic speciation (Fig. S6). For a few species complexes that 374 
require major taxonomic revision (e.g., the snake taxon Bothrops moojeni), this approach 375 
provided a provisional taxonomy. In general, we took a conservative approach and only revised 376 
taxa in which monophyletic groups included individuals from other nominal species or where a 377 
taxon consisted of two or more deeply divergent lineages.  378 

Measures of divergence 379 

After defining provisional species limits, we then called genetic variants in each OTU. To do so, 380 
per OTU, we first created a reference set of loci, which comprised the longest assembly per 381 
locus across all individuals. We then mapped individual trimmed reads to the reference using 382 
bwa v0.7.15 (104). We called variants across all individuals using samtools v1.5 (105)9!),37#$#/!383 
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For all pairwise individual comparisons within an OTU, we calculated three metrics of genetic 388 
divergence: FST (107), nuclear dxy (108), and mtDNA dxy. We then used these metrics to calculate 389 
four different rates of differentiation. First, we calculated our focal metric for genetic 390 
differentiation (βIBD), which is the slope of inverse FST across the log of geographic distance 391 
(109). We determined if βIBD shows evidence for phylogenetic signal using Pagel’s lambda (𝜆; 392 
110) as implemented in the R package phytools (111). Further, βIBD is predicted to vary as a 393 
function of both population density and dispersal (48, 109). Accordingly, we tested if βIBD is 394 
predictable based on a few organismal traits that are proxies for these two properties: average 395 
genetic diversity (π), geographic range area, body mass, and elongation index. We calculated 396 
average genetic diversity across synonymous sites with >10x coverage and geographic range 397 
area using squamate geographic ranges presented in (112). Body mass and elongation index 398 
were based on published morphological data (113). We calculated the elongation ratio as a ratio 399 
of length to diameter, treating each individual as a cylinder with length equivalent to its snout-400 
vent length. Correlations between βIBD and these four organismal traits were tested using 401 
phylogenetic generalized least squares (PGLS) as implemented in the R package nlme (114). 402 

We calculated four additional measures that might better capture how individuals differentiate 403 
across space: magnitude of inverse FST at 1000 km (which captures the effects of baseline 404 
differentiation), slope of nuclear dxy across geographic distance, slope of mtDNA dxy across 405 
geographic distance, and slope of FST across environmental distance. To calculate 406 
environmental distance, we extracted climatic data at each individual’s location using the 407 
CHELSA climatic layers (115) and the R raster package (116). We then summarized these 408 
climatic data using a scaled and centered principal component analysis and calculated 409 
environmental distance between individuals as the summed Euclidean distance across all 410 
principal component axes. Finally, we assessed whether correlations between divergence and 411 
distance matrices were significant using Mantel tests using the R package ade4 (117).  412 

Comparison to ddRAD 413 

Many of the loci targeted in the SqCL dataset are highly-conserved loci assumed to be under 414 
purifying selection (49). Using such loci can bias demographic inference (118). To test this 415 
possibility, we compared SqCL-based estimates of genetic divergence with those derived from 416 
double-digest restriction-site aided DNA sequencing (ddRAD). ddRAD loci are randomly 417 
selected across the genome and are assumed to be mostly evolving neutrally (119). We used 418 
61 individuals from 10 species of Australian lizards and snakes for which we have previously 419 
collected and analyzed both ddRAD and SqCL data (28, 120). We then calculated and 420 
compared the correlation in estimates of genetic diversity (π), genetic differentiation (FST), and 421 
rate of genetic differentiation (βIBD) across these two marker sets. 422 



 

Phylogenetic Framework and Speciation Rate Estimation 423 

We estimated “recent” speciation rates (e.g., tip rates) across squamates, which index the 424 
instantaneous rate of lineage splitting in the limit as time approaches the present day (121). 425 
Although tip rates can be biased by incomplete taxon sampling, they are much less susceptible 426 
to biases that affect diversification rates as measured over deeper timescales and/or at earlier 427 
points in a clade’s history (122, 123). The distribution of branch lengths in a reconstructed 428 
phylogenetic tree is a function of rates of lineage splitting and extinction (121); the net 429 
diversification rate is the difference between the rate at which lineages give rise to new species 430 
and the rates at which lineages become extinct. Although tip rate metrics have been interpreted 431 
as estimates of net diversification rate (e.g., DR statistic), theory and simulations show that 432 
branch lengths near the tips of the tree are much more highly correlated with speciation rate 433 
than with net diversification rate (5).  434 

We estimated tip speciation rates across the phylogeny first published in Tonini et al. 2016 (50). 435 
This phylogeny is based on genetic data for 5415 of 9754 squamate taxa. Tonini et al. 436 
generated a pseudo-posterior distribution of 10,000 timetrees by adding the remaining 4339 437 
taxa that lacked genetic data using a stochastic birth-death polytomy resolver (124); 438 
phylogenies constructed in this fashion yield conservative inferences about tip speciation rates 439 
and are more accurate than approaches that rely on analytical “sampling fraction” corrections 440 
(125).  441 

For each of 100 trees sampled randomly from the full Tonini et al. distribution we inferred 442 
speciation rates across each tree sample using both semi-parametric and model-based 443 
approaches and then took the average tip rates across all trees to use in downstream analyses. 444 
For a semi-parametric estimate, we used the inverse-splits statistic (DR, 𝜆DR; 6, 126). The DR 445 
statistic is a weighted mean of inverse branch lengths along the path connecting a given tip to 446 
the root of the tree, with recent branches afforded proportionately more weight. Although the 447 
metric weights recent splitting events more, it estimates tip speciation rates with reasonable 448 
accuracy, even in the presence of extensive stochastic variation in branch lengths (5). For a 449 
model-based approach, we used CLaDS (51) to estimate speciation rates (𝜆CLaDS). CLaDS 450 
applies a Bayesian approach to inferring speciation rates along a phylogeny and assumes that 451 
rates change after every speciation event. Both these approaches to measuring speciation rates 452 
appear capable of capturing fine-scale variation in speciation rates. 453 

Our taxonomic modifications identified a few OTUs that do not occur in the tree. For these 454 
OTUs, in all comparative analyses, we mapped them to a closely-related congeneric taxon. 455 

Test of Genetic Differentiation and Diversification 456 

To test if rates of genetic differentiation (βIBD) positively correlate with rates of speciation, we 457 
used two complementary approaches. First, we tested the correlation between βIBD and 458 
speciation rate using a phylogenetic generalized least squares (PGLS) approach, implemented 459 
in the R package nlme (114). Here, we first took the natural log of both βIBD and speciation rate 460 
and inferred the phylogenetic signal of the residuals under a Brownian motion model. Second, 461 



 

we used the simulation-based approach ES-SIM (127), which tests for correlations between 462 
speciation rates and continuous traits. In this approach, traits are simulated along the given 463 
phylogeny, following the same Brownian motion model parameters inferred from the empirical 464 
trait data. The true correlation is then compared to the null distribution of correlations between 465 
the simulated traits and speciation rate. Under a range of trait evolution scenarios, ES-SIM has 466 
greater power than PGLS. We repeated these two tests for both speciation rates inferred using 467 
𝜆DR and 𝜆ClaDS. Because of the sparseness of our IBD trait data (59 species-level taxa from a 468 
clade with ~10,000 species), we cannot use formal state-dependent models of evolutionary 469 
diversification (128, 129).  470 

We additionally conducted a series of robustness analyses to ensure that our results were not 471 
due to technical or methodological artifacts. First, we investigated the effects of sampling. We 472 
iteratively dropped OTUs sampled for a minimum number of individuals and then tested the 473 
correlation between IBD slopes and speciation rates using these filtered datasets. Further, for 474 
those OTUs where we sampled >5 individuals, we subsampled all possible combinations of four 475 
individuals and measured IBD slopes to determine the potential for error due to small sample 476 
sizes. Additionally, we conducted individual-based forward genetic simulations using SLiM v3.6 477 
(130) to determine how sample size affects error in IBD estimation (see Supplemental 478 
Information for full details). Then, we checked for the effects of error in IBD slope measurement 479 
in three ways. First, we repeated our analysis after removing OTUs with non-significant IBD 480 
slopes. Second, we iteratively dropped OTUs based on minimum r2 and then tested the 481 
correlation between IBD slopes and speciation rates using these filtered datasets. Finally, we fit 482 
a phylogenetic mixed model with the squared standard error of the estimated slope as a factor 483 
in the model (MCMCglmm; 131); IBD slopes with greater error are weighted less in the model. 484 
Next, we used alternate rates of differentiation —  absolute inverse FST at 1000 km, rate of 485 
nuclear dxy divergence across geographic distance, rate of mtDNA dxy divergence across 486 
geographic distance, and rate of FST divergence across environmental distance, because these 487 
alternate estimates might better capture the differentiation of these OTUs across space (132). 488 
Then, we repeated our analyses using species designations as recognized by current taxonomy 489 
to ensure our results were not affected by our revised species delimitations. Finally, a modest 490 
number of individuals were sampled outside of the core Cerrado region (Fig. S20); these 491 
individuals might have experienced a different biogeographic history. We removed these 492 
individuals, recalculated IBD slopes, and again tested our hypothesis. 493 

Finally, we tested the power of our approach to recover a significant correlation between βIBD 494 
and speciation rate, should one exist. Here, we simulated traits on our phylogeny under a 495 
Brownian motion of model, with a known correlation to speciation rate. For a range of 496 
correlations from 0 to 1.0, we simulated 100 datasets and determined how often both PGLS and 497 
ES-SIM recovered a significant correlation. Then, to determine the potential error in estimates of 498 
correlation, we simulated 100,000 datasets, drawing correlations from a uniform distribution of -499 
1 to 1. We accepted correlations that deviated by less than 0.01 from the observed value (r = 500 
0.04). This yielded a distribution of actual correlations between βIBD and speciation rate that 501 
could potentially have generated our observed correlation.  502 
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Figure Legends 811 

 812 
Figure 1: Speciation rate variation across major vertebrate clades. Speciation rates are 813 
estimated using the DR statistic (𝜆DR; 5, 6); data from Cooney & Thomas (2020; 11). Speciation 814 
rate distributions are highly skewed and are thus presented on a log10 scale. Within each 815 
group, the slowest and fastest 2.5% of speciation rates differ anywhere from 14-fold to 46-fold. 816 
The sources of this variation remain largely unexplained. Speciation rates estimated using a 817 
model-based approach to speciation rate estimation (BAMM; 133) are presented in Fig. S1.  818 
 819 
Figure 2: Speciation rates, geographic sampling, and genomic data coverage for focal 820 
lizard and snake taxa. (A) Speciation rate (𝜆ClaDS) across all squamates for the Tonini et al. 821 
2016 (50) phylogeny. Major squamate clades are labeled at nodes: Gekkota (G), Scincoidea 822 
(Sc), Lacertoidea (L), Iguania (I), and Serpentes (S). Phylogeny shown for a random 50% 823 
subsample of lineages to ease visualization. Focal taxa included in this study are labeled with 824 
circles at the tips, with fill color indicating tip-averaged speciation rate. A subset of tips are 825 
represented by photos of taxa; photos not to scale (photos by R. Recoder, GRC, and IP). Inset: 826 
rank-order plot with speciation rates of the focal taxa relative to the distribution of speciation 827 
rates of all squamate taxa. (B) Map of South America with sampling sites shown in white. (C) 828 
Concatenated phylogeny of 4796 loci and 375 individuals; colored tip groupings denote the 59 829 
putative species-level taxa studied here. (D) Summary of genetic data for the 375 individuals 830 
included in this study. (E) Landscape images of the Cerrado, the grassland biome on which field 831 
sampling was centered (photos by D. A. A. Souza and GRC). This study’s focal taxa span a 832 
wide phylogenetic distribution and encompass almost the full range of speciation rates seen in 833 
squamates. 834 
 835 
Figure 3: Illustrative isolation-by-distance slopes (βIBD) generated for two species. These 836 
taxa exhibit strongly contrasting rates of population isolation: after controlling for geographic 837 
distance, the viper Bothrops moojeni (n = 10, top) has a low rate of divergence between 838 
populations, whereas the gymnophthalmid lizard Micrablepharus atticolus (n = 6, bottom) shows 839 
a high rate. Maps illustrate geographic ranges (see Supplemental Information for information on 840 
reconstruction) for each taxon along with sampling points. Scatter plots show how genetic 841 
differentiation (as measured by FST) accumulates across space. Figure S8 shows isolation-by-842 
distance plots across all taxa. 843 
 844 
Figure 4: Correlation between population isolation (βIBD) and speciation rates (𝜆ClaDS) 845 
across squamate reptiles. (A) βIBD exhibits phylogenetic signal, as might be expected if it 846 
tracks intrinsic organismal traits such as dispersal capacity. Snakes (panel A: node “S”) are 847 
nested within squamates; all other lineages are traditionally known as “lizards”. (B) βIBD is not 848 
significantly correlated with speciation rate (PGLS r = 0.04, p = 0.77), and snakes and lizards 849 
show little overlap in the bivariate space defined by βIBD and speciation rate. 850 
 851 
Figure 5: Speciation rate and population structure for taxa with lizard-like and snake-like 852 
body forms. More elongated animals (higher body elongation values) have lower rates of 853 
population isolation but most of this variation is captured by the evolutionary split between 854 



 

snakes and “lizards”. Body elongation was computed as the ratio of length to diameter, treating 855 
each animal as an idealized cylinder. The focal lizards in this study (n = 24) exhibit higher levels 856 
of population isolation than the focal snakes (n = 35). Despite exhibiting higher levels of 857 
population isolation, lizards have overall lower speciation rates compared to snakes, contrary to 858 
our central hypothesis. 859 
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