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Snake diversity varies by at least two orders of magnitude among extant lineages, with numerous groups containing only one or

two species, and several young clades exhibiting exceptional richness (>700 taxa). With a phylogeny containing all known families

and subfamilies, we find that these patterns cannot be explained by background rates of speciation and extinction. The majority of

diversity appears to derive from a radiation within the superfamily Colubroidea, potentially stemming from the colonization of new

areas and the evolution of advanced venom-delivery systems. In contrast, negative relationships between clade age, clade size, and

diversification rate suggest the potential for possible bias in estimated diversification rates, interpreted by some recent authors as

support for ecologically mediated limits on diversity. However, evidence from the fossil record indicates that numerous lineages

were far more diverse in the past, and that extinction has had an important impact on extant diversity patterns. Thus, failure to

adequately account for extinction appears to prevent both rate- and diversity-limited models from fully characterizing richness

dynamics in snakes. We suggest that clade-level extinction may provide a key mechanism for explaining negative or hump-shaped

relationships between clade age and diversity, and the prevalence of ancient, species-poor lineages in numerous groups.
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speciation.

Many taxonomic groups comprise clades with vast disparities in

species richness, even among closely related lineages in adja-

cent areas (Fischer 1960; Rosenzweig 1995). A prime example is

Lepidosauria: tuataras are represented by only two extant species,

while their sister group Squamata (lizards and snakes) contains

nearly 9000 species (Vitt and Caldwell 2009). Many hypotheses

have been proposed to explain these patterns, although the under-

lying causes are still unclear for most groups (Rosenzweig 1995;

Mittelbach et al. 2007; Butlin et al. 2009). Species richness is

generally attributed either to clade age and diversification rate

(Magallón and Sanderson 2001; Stephens and Wiens 2003;

Cardillo et al. 2005; McPeek and Brown 2007), or primary con-

trols on diversity, such as ecological limits on clade size, constrain-

ing total diversity in clades or species richness in areas through

a variety of potential mechanisms (Levinton 1979; Walker and

Valentine 1984; Rabosky 2009a,b, 2010a). Explaining variation
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in diversity has typically relied heavily on this small group of

models, potentially limiting our ability to adequately characterize

these processes through time (see Gould et al. 1977; Nee et al.

1994).

When diversity is modeled as a function of speciation and

extinction using a birth–death model, a geometric distribution of

clade sizes results (Ricklefs 2007). Such a rate-limited process

produces a positive relationship between clade age and diversity

(Rabosky 2009a). This general mechanism has been used to ex-

plain patterns in biodiversity at numerous scales (Stephens and

Wiens 2003; Wiens and Donoghue 2004; McPeek and Brown

2007). However, many groups lack a positive age–diversity re-

lationship (Ricklefs 2006, 2007) prompting some authors to

suggest that clade size may be diversity regulated (Ricklefs et al.

2007; Rabosky 2009a), potentially involving ecological factors

such as area or energy limiting the total number of species that

can exist (see Losos and Schluter 2000; Evans et al. 2005; Hurl-

bert and Jetz 2010). Recently developed models account for such

ecological controls on diversity independent of clade age by com-

paring rate-limited process to total time-integrated speciation (�;

Rabosky 2010a).

Although many ecological or temporal circumstances may

impact diversification in a group, species richness in clades is

always controlled by two and only two processes: speciation and

extinction. Thus, any other biotic or abiotic factor resulting in

any impact on diversity must therefore act by affecting one of

those two processes, bringing both rates into equilibrium to yield

a steady number of taxa through time (see Wiens 2011). Addition-

ally, neither rate- nor diversity-limited processes typically account

for deterministic extinction (where extinction exceeds speciation),

despite its apparent prevalence (i.e., the possible deterministic ex-

tinction of entire clades) in the fossil record (e.g., Sloss 1950;

Van Valen 1975; see Raup 1985). Such a process would lead to a

hump-shaped or decreasing distribution of diversity through time

(Fig. 1). A negative relationship between clade age and diversity

has been noted in several groups (see Rabosky 2009a). Deter-

ministic extinction could also account for the prevalence of old,

depauperate lineages in many groups (see also Strathmann and

Slatkin 1983; Jablonski 2002).

Thus, the assumptions made by both rate- and diversity-

limited processes, that a lineage will either continue to diversify

or maintain a constant richness through time, respectively, seem

unlikely. For example, young clades may show a positive age–

diversity relationship (e.g., New World [NW] geckos; Gamble

et al. 2011). However, it seems likely that after a sufficient amount

of time has passed (e.g., the “half life” [hL] of a clade; see Raup

1985), a lineage will either decline to extinction (Foote 2007),

or diverge into new biogeographic or ecomorphological adaptive

zones (Simpson 1953), thus becoming multiple daughter clades.

Figure 1. Cartoon illustration of the different expectations of

species richness through time and the age–diversity relationship

under a rate-limited process (A), diversity-limited process (B), and

an extinction-limited process (C). These models are tested empiri-

cally for the snakes .(Table 2).

Support for these patterns, particularly the tendency for lineages

to exhibit deterministic extinction, is found for numerous taxa in

the fossil record (e.g., Gould et al. 1977; Foote et al. 2007). Thus,

over time, we might expect higher taxa (e.g., groups of biogeo-

graphically or ecomorphologically distinct species) to either (1)

undergo an initial period of diversification and subsequently de-

cline toward group extinction (e.g., ornithischian dinosaurs; the

apparent fate of tuataras and coelocanths), or (2) diverge suffi-

ciently to be considered “new” lineages, occupying distinct bio-

geographic provinces or ecomorphological zones (e.g., lizards

and snakes, saurischian dinosaurs and birds).

Here, we examine patterns of diversity in snakes and test

several hypotheses regarding speciation, extinction, and primary

controls on clade size. Snakes represent a large radiation of ter-

restrial vertebrates with an extremely large distribution, compris-

ing nearly 3500 species distributed across every continent except

Antarctica (Vitt and Caldwell 2009; Burbrink and Crother 2011).

Extant snakes originated in the late Jurassic or early Cretaceous,

and the largest group, the superfamily Colubroidea, diversified
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in the Cenozoic (Burbrink and Pyron 2008; Vidal et al. 2009).

Some lineages, such as the subfamily Dipsadinae, contain over

700 species (22% of all snakes), whereas others (e.g., Aniliidae,

Loxocemidae, Calabariidae, etc.) contain only one known species

(Vitt and Caldwell 2009; Burbrink and Crother 2011; Pyron et al.

2011). In addition to the extant snakes, numerous extinct families

are known worldwide throughout the Mesozoic and Cenozoic,

many having attained substantial diversity (Rage 1984; Holman

2000).

For the first time, we present a phylogeny containing repre-

sentatives of all known extant families and subfamilies of snakes

based on data from 27 independent loci. We use the MEDUSA

algorithm (Alfaro et al. 2009) to identify lineages that appear to

have experienced significant shifts in diversification rate based on

their age and estimates of current diversity while using a birth–

death model that permits multiple rate shifts across the tree. We

then use clade-based methods to determine if species richness in

snakes can be explained by simple models of diversification. We

use estimated rates of diversification to generate confidence limits

on clade size through time under a birth–death model (Magallón

and Sanderson 2001) to identify clades with more or less species

than expected. We then test for a relationship between clade age

and extant diversity. Finally, we fit a series of models to determine

whether the diversity of snakes is best explained by rate-limited or

diversity-limited processes (Rabosky 2010a), and derive a model

that incorporates clade-level extinction after an initial period of

diversification.

Neither rate- nor diversity-limited processes can fully explain

diversity patterns in extant snakes. For several colubroid groups,

colonization of the NW or the evolution of advanced venom-

delivery systems and toxic salivary components may have facili-

tated extraordinary diversification. However, although increasing

diversification rates may be responsible for the extraordinary

species richness of several relatively young lineages, this can-

not explain the presence of numerous ancient clades with only

one or a few species. The inability of both rate-based and

diversity-regulated models to adequately capture diversity dy-

namics may be related to their failure to consider extinction as

a key force in diversification and as the ultimate fate of both

species and clades (e.g., Van Valen 1975; Gould et al. 1977;

Foote et al. 2007; Fig. 1). Diversification analyses using molec-

ular phylogenies typically focus only on diversification rates

in extant taxa, representing a vanishingly small fraction of the

billions of species that have ever existed. Thus, extinction has

clearly had a massive but often overlooked impact on both cur-

rent and historical diversity patterns. Despite the difficulty of

studying extinction with molecular phylogenies (e.g., Rabosky

2010b), we suggest that it should play a much larger role in

the interpretation of species richness patterns in both clades and

areas.

Materials and Methods
SEQUENCE DATA

We combined several existing DNA datasets (Vidal and Hedges

2002; Lawson et al. 2004; Gower et al. 2005; Vidal et al. 2007,

2008, 2009, 2010; Wiens et al. 2008) to produce a matrix including

one representative from every known, extant family and subfam-

ily of snakes, for a total of 40 terminal taxa (Wiens et al. 2008;

Pyron et al. 2011), plus Varanidae as an outgroup (Vidal et al.

2009; Wiens et al. 2010). In most cases, these 40 higher taxa were

represented by sequences from a single species, but in nine cases

(Aparallactinae, Atractaspididae, Leptotyphlopidae, Pareatidae,

Pseudoxenodontinae, Tropidophiidae, Typhlopidae, Uropeltidae,

and Varanidae), we used sequences from multiple species in the

same genus to create the terminal “taxon” to increase the to-

tal number of genes represented for that taxon. We exhaustively

surveyed the available data, so that the species chosen for each

terminal were the ones with the greatest number of loci, such that

the percentage identity of each terminal was as high as possible.

This approach has been shown to be robust under empirical con-

ditions (Campbell and Lapointe 2009, 2010). The final matrix

contained sequence data totaling up to 18,924 bp from 29 genes

for 41 taxa (terminal taxa, genes, and accession numbers are in

Appendix S1; the matrix and trees are available in Dryad reposi-

tory (doi:10.5061/dryad.63kf4), with an average of 20 genes sam-

pled per taxon. The matrix was 67% complete in terms of the num-

ber of total gene sequences present. However, for some rare taxa

(e.g., Anomochilidae, Xenophiidae, and Scaphiodontophiinae),

we obtained only one or a few genes (Lawson et al. 2004; Gower

et al. 2005; Pyron et al. 2011), as these groups are known from

only a few specimens.

PHYLOGENETIC ANALYSES

We estimated phylogeny and divergence times simultaneously

using an uncorrelated lognormal relaxed-clock model in the pro-

gram BEASTv1.6.1 (Drummond and Rambaut 2007). The matrix

was partitioned by gene, with the optimal model for each gene

determined using jModeltest (Posada 2008). Although previous

studies have found codon-position-specific partitions to yield a

better fit for at least 20 of the 27 protein-coding genes (Wiens

et al. 2008), this resulted in apparent overparameterization with

this dataset, causing problems with Markov chain Monte Carlo

(MCMC) convergence and the ability to properly identify param-

eters (see Rannala 2002) in preliminary analyses. However, lack

of codon partitioning has been shown to have a small impact on

divergence-time estimates in similar multilocus datasets (Brand-

ley et al. 2011). We ran two independent analyses for 25 million

generations sampling every 10,000 generations using a birth–

death prior on speciation, and examined plots of −lnL values in

Tracer (Rambaut and Drummond 2007) to ensure convergence of
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the two runs. We discarded the first 2.5 million generations in

each run as burnin after visually assessing stationarity and ensur-

ing convergence of the two runs on similar optima, and combined

the log and tree files for a total of 45 million postburnin genera-

tions. Convergence was assumed when the estimated sample size

(ESS) for most parameters reached 200 (Drummond et al. 2006).

To estimate branch lengths in units of absolute time (millions of

years, Ma), we applied the following temporal and topological

constraints to five nodes, based on the fossil record:

(1) Root node: Normal distribution, mean = 169.5 Ma, SD =
12.5, 95% prior credible interval (PCI) = 145–194 Ma. The

nearest outgroup to the snakes is unclear, but most evidence

suggests Anguimorpha, Iguania, or a clade containing both

of those groups (Vidal et al. 2009; Vitt and Caldwell 2009;

Wiens et al. 2010); we used Varanidae. Confidence intervals

for the node representing the Most Recent Common Ances-

tor (MRCA) of Serpentes, Iguania, and Anguimorpha have

ranged from 145 to 194 Ma, with most studies inferring a

date between 158 and 178 Ma (Vidal et al. 2009). Thus, we

place a normally distributed prior on this node.

(2) MRCA of Alethinophidia: Normal distribution, mean =
102.75 Ma, 95% PCI = 93.5–112.0 Ma. Recent phylo-

genetic analyses strongly support the placement of several

“snakes with legs” and relatives (Haasiophis, Pachyrhachis,

and Eupodophis) in the crown-group Alethinophidia

(Tchernov et al. 2000; Wiens et al. 2010), indicating a

minimum age of 93.5 Ma for this node from the ages of

those fossil species. The oldest known snake fossils from the

Aptian–Albian boundary (Rage 1984; Rage 1987) provide

a rough older bound on the age of this node approximately

112.0 Ma (Vidal et al. 2009).

(3) Stem-group age of Colubroidea: minimum of 48.6 Ma.

Based on the Eocene (Ypresian: 55.8–48.6 Ma) snake Pro-

cerophis, the oldest known colubroid (Rage et al. 2008), we

place a minimum of 48.6 Ma on the divergence between

Acrochordidae and Colubroidea. We place a maximum of

112.0 Ma on this node, consistent with the constraints on the

MRCA of Alethinophidia, using a uniform distribution. We

use a uniform distribution for this node, as a more informa-

tive prior (e.g., a lognormal distribution) would not be based

on robust fossil data, as information for the parameters (i.e.,

the mean and variance) is not given by the fossil record.

(4) Stem-group age of Colubridae: minimum of 33.3 Ma. Based

on the Oligocene (Orellan: 33.9–33.3 Ma) snake Texasophis

galbreathi, the oldest known colubrid (Holman 2000), we

place a minimum of 33.3 Ma on the divergence between

Elapidae, Lamprophiidae, and Colubridae, and a maximum

of 112.0 Ma, consistent with the constraints on the MRCA

of Alethinophidia, using a uniform distribution. As with the

previous constraint, robust information for parameterizing

a more informative prior is not available in the fossil record,

as the minimum comes from the oldest known fossil, and

medians or older limits are thus unknown.

PHYLOGENETIC DIVERSIFICATION ANALYSES

We used the MEDUSA algorithm (Alfaro et al. 2009) to determine

if extant snake diversity could be explained by background rates

of speciation and extinction, or whether significant increases or

decreases in the rate of diversification were present in the major

lineages. Using the Reptile Database (Uetz 2009), we classified

3256 species of snake (>99% of the known extant diversity) into

each of the 40 terminal lineages in our tree, including several

recent revisions to snake taxonomy (Appendix S1). Given the

dated chronogram from the BEAST analysis and the number of

species in each terminal family or subfamily, we tested for sig-

nificant variation in diversification rates throughout the history

of the extant snakes. The MEDUSA algorithm fits a single-rate

model to the entire tree, then fits a series of increasingly complex

(e.g., 2-rate, 3-rate, etc.) models, with rate shifts occurring at the

internal branches giving the highest likelihood (sensu Rabosky

et al. 2007). These models are then compared using corrected

Akaike information criterion (AICc) to choose the best-fit model.

We used the runMedusa and summaryMedusa commands in the

R package GEIGER (Harmon et al. 2008), and chose the model

with the lowest AICc value.

When fitting models to data, it is still possible that the best-fit

model is still a relatively poor one. Thus, to assess the fit of the

best-fit MEDUSA and other models (see below), we performed

posterior predictive simulations to determine how well data sim-

ulated under the chosen models matched the observed data. We

simulated 5000 sets of clade sizes based on the MEDUSA results,

drawing clade sizes from a geometric distribution given the param-

eters for each rate shift. We compared these to the observed data

using three summary metrics (Rabosky 2010a), standard deviation

(SD) of clade size, logarithm of maximum clade size (LN), and

the Spearman’s correlation coefficient between age and diversity

(ADC). This allows us to quantify the match between the best-fit

models and the data, based on several crucial summary statistics.

CLADE-BASED DIVERSIFICATION ANALYSES

First, we identified clades with both more and fewer species than

expected given background diversification rates (Magallón and

Sanderson 2001) by calculating the 95% confidence limits on

clades size given the stem-group age, diversification rate, and ex-

tinction fraction. These are implemented in the lambda.stem.ci

command in the R package LASER (Rabosky 2006). We used

the net diversification rate (0.031) and extinction fraction (0.62)

from the background (whole-tree) diversification model calcu-

lated in MEDUSA, which takes data on the total diversity of extant
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lineages into account. We also calculated confidence limits un-

der an arbitrarily high (0.90) extinction fraction (Magallón and

Sanderson 2001). If the standing diversity of snakes is explained

by simple birth–death processes under background rates of speci-

ation and extinction, then we would expect to see the majority of

lineages fall within the 95% confidence limits on clade size im-

plied by these models. Note, however, that other, more complex

models (such as the multiple-rate birth–death models calculated in

MEDUSA as well as others) may also yield a similar distribution

of clade ages and sizes.

Second, we tested for a relationship between clade age and di-

versity in terminal lineages to determine if the time-for-speciation

effect explains diversity patterns in clades (see Stephens and

Wiens 2003; McPeek and Brown 2007). The lack of a relationship

might suggest large-scale variation in diversification rate, corre-

lated speciation–extinction dynamics, or the presence of ecologi-

cal limits on clade size and long-term faunal turnover at equilib-

rium (Rabosky 2009a,b). For the extant lineages, we calculated

diversification rates using the stem-group method-of-moments

estimator of Magallón and Sanderson (2001, eq. 6), with the ex-

tinction fraction from MEDUSA (0.62). We used Spearman’s rank

correlation to determine if extant diversity in clades is related to

diversification rate, and if diversification rate is related to clade

age.

To determine if our division of the tree into higher taxa was in-

fluencing the relationship between age and diversity, we randomly

resampled the tree such that the extant groups were collapsed into

higher level taxa, for which the age–diversity relationship was re-

calculated. This was repeated 100 times for datasets of 11 nodes

(approximately 25% of the total nodes), so that the empirical

age–diversity correlation could be compared to the randomized

distribution. As these points are not phylogenetically independent,

we also tested these correlations using phylogenetically indepen-

dent contrasts (Felsenstein 1985) using the “pic” function in the

R package APE (Paradis et al. 2004) using the Bayesian inference

(BI) branch lengths. Although this is not an optimal solution, it

is unclear how to fully account for the nonindependence of these

datapoints.

Finally, we tested whether the distribution of extant clade

ages and sizes was better described by (1) a rate-limited model,

in which clade age and diversification rate determine clade size

(Nee et al. 1994), (2) a model in which net diversification has

gone to zero over time and clade size is determined by eco-

logical limits yielding set amounts of time-integrated speciation

(�), approximated by the logarithm of diversity (Rabosky 2010a),

or (3) an extinction-limited model, in which clades undergo an

initial birth–death diversification up to the “hL” of clades, and

afterwards transition to a “death–birth” model, with determinis-

tic extinction, negative net diversification, and relative extinction

fractions greater than 1 (Appendix). We define the hL of clades

as the time that maximizes the age–diversity correlation of the

initial birth–death period (see Appendix). We tested the relaxed

forms of the first two models, in which each clade has its own

rate or �, drawn from a gamma distribution, and the constant-

parameter form of all models, in which all clades have the same

rates, extinction fractions, half lives, or �. To compare model fit,

we simulated 5000 sets of clade sizes drawn from a geometric

distribution given the estimated parameters from the models. We

compared this to the observed data using the same three metrics

described above: SD, LN, and ADC. Model fitting, simulations,

and correlations were performed in R using code newly developed

by R. A. P. or supplied by D. L. Rabosky.

Results
PHYLOGENY AND DIVERGENCE TIMES

The phylogenetic relationships estimated from the 29-gene dataset

(Fig. 2) are highly congruent with previous analyses of various

subsets (Vidal and Hedges 2002; Lawson et al. 2004; Gower et al.

2005; Vidal et al. 2007, 2009, 2010; Wiens et al. 2008), represent-

ing the first phylogeny to include all known snake families and

subfamilies based on molecular data. In concordance with previ-

ous studies, we find a sister relationship between the enigmatic

Xenophiidae and Bolyeriidae (Lawson et al. 2004), and between

the poorly known Anomochilidae and Cylindrophiidae (Gower

et al. 2005). As with previous studies, monophyly of Booidea is

weakly supported (Noonan and Chippindale 2006; Burbrink and

Pyron 2008; Wiens et al. 2008). Another continually problematic

clade is the primarily African family Lamprophiidae, which is of-

ten found to be paraphyletic with respect to Elapidae, or weakly

supported as monophyletic (Vidal et al. 2008; Kelly et al. 2009;

Pyron et al. 2011). Here, we find that Lamprophiidae is para-

phyletic with respect to Elapidae, with strong support for a sister

relationship between Elapidae and the Malagasy subfamily Pseu-

doxyrhophiinae, and weak support for the placement of this clade

with respect to the rest of “Lamprophiidae” (Fig. 2). Although we

continue to recognize “Lamprophiidae” and Elapidae (Pyron et al.

2011), we note that this group is a priority for future phylogenetic

investigation.

Divergence-time estimates are also highly concordant with

previously reported ages (Noonan and Chippindale 2006;

Burbrink and Pyron 2008; Vidal et al. 2009, 2010). Crown-

group snakes arose around the Jurassic–Cretaceous bound-

ary, 140.8 Ma (95% highest posterior density [HPD] =
120.7–161.4 Ma). Alethinophidia evolved during the mid-

Cretaceous, 101.5 Ma (95% HPD = 93.1–109.8 Ma),

whereas Booidea and Colubroidea both originated in the late

Cretaceous, 90.0 Ma (95% HPD = 79.1–100.0 Ma) and 84.7 Ma

(95% HPD = 76.0–93.4 Ma), respectively. These estimates are

concordant with previous molecular divergence-time estimates
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Figure 2. Phylogeny of the extant snakes, containing all families and subfamilies, based on a concatenated dataset of up to 29 genes

(18,924 bp) per species. The tree represents 45 million postburnin generations, estimated in the program BEASTv1.6.1. Numbers on

branches correspond to the graph comparing background (BG) rates of diversification to the four significant rate shifts. The blue bars

represent the extinction fraction (turnover rate). Nodes supported with P > 0.95 are indicated with an asterisk (∗), and bars represent

95% HPDs for mean date estimates. Lineage diversity is indicated at right, on a log scale.
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(e.g., Burbrink and Pyron 2008; Vidal et al. 2009), and consistent

with other paleontological data not included in the analyses that

suggest snakes arose in the Jurassic or Cretaceous, and diversified

primarily in the Cenozoic (Rage 1984, 1987; Holman 2000; Vidal

et al. 2009; Vitt and Caldwell 2009).

DIVERSIFICATION ANALYSES

The MEDUSA analysis identifies a birth–death model (back-

ground r0 = 0.031 and ε0 = 0.62) with four diversification rate

shifts, two increases and two decreases, as the best-fit model ac-

counting for the extant diversity of snakes (Fig. 2). The blindsnake

family Typhlopidae exhibits a 2.5-fold increase in diversification

rate (r1 = 0.077, ε1 = 0.62). Also, we find a 4.6-fold increase at the

node subtending the colubroid families Viperidae, Homalopsidae,

Elapidae, Lamprophiidae, and Colubridae (r2 = 0.143, ε2 = 0.15),

including most colubroid species (Fig. 2). Within this clade, rates

decreased significantly in the subfamilies Azemiopinae (r3 = 2.27

× 10−17, ε3 = 3.9 × 10−6) and Scaphiodontophiinae (r4 = 0.012,

ε4 = 0.37). Note that some authors have suggested that this last

clade is allied with Sibynophis based on morphological data (Za-

her 1999), thus increasing the number of species to approximately

11 (thus potentially not representing a significant rate decrease)

and giving it the name Sibynophiinae, but we await publication of

molecular data bearing on this issue before making any alterations

(Burbrink et al., unpubl. ms.).

Clade age and rate estimates from MEDUSA are significantly

negatively correlated (rs = −0.64, P < 0.00001), indicating that

older clades have lower estimated rates. The MEDUSA model

does not provide unambiguous support for rate increases restricted

to any of the lineages composed solely of venomous species, or

any of the lineages endemic to the NW. However, the rate shift in

Colubroidea (“1”; Fig. 2) subtends all venomous snakes, includ-

ing medically significant species in the families Homalopsidae

and Colubridae, and several exceptionally diverse NW groups.

Although these potential sources of ecological opportunity are

insufficient alone to explain species richness in colubroids, both

may have contributed to the exceptional diversity of the group

through various mechanisms (see below).

Using both the estimated (ε0 = 0.62) and high (ε = 0.90)

extinction fractions and the maximum-likelihood (ML) diversi-

fication rate of 0.031 lineages per million years, at least 10 and

as many as 16 lineages have more species than expected, and

at least four and as many as nine lineages have fewer (Fig. 3;

Table 1). In contrast to expectations under a birth-death model,

there is a negative but nonsignificant relationship between clade

age and diversity at the subfamily level (rs = −0.27, P =
0.087; Fig. 3). Results are similar when phylogenetic noninde-

pendence is partially accounted for using phylogenetically in-

dependent contrasts and the BI branch lengths (rs = −0.13,

P = 0.41). Standing diversity is positively correlated with diver-

Figure 3. Plot of clade age against known diversity. There is a

negative but nonsignificant relationship between lineage age and

species richness (rs = −0.27, P = 0.087). The solid lines represent

95% confidence intervals on clade size given background rates

of diversification (r = 0.031) and turnover (ε = 0.62), whereas

the dotted lines are the intervals under arbitrarily high extinction

(ε = 0.90). Lineages with exceptionally high or low diversity are

highlighted in Table 1.

sification rate (rs = 0.93, P < 0.00001), and diversification rate

is negatively correlated with clade age (rs = −0.52, P < 0.001).

Resampling nodes randomly from the tree results in an average

log SD (6.65; range = 6.52–6.68) and log max diversity (7.87;

range = 7.75–7.90) of clades higher than that observed in the em-

pirical data (5.1 and 6.6, respectively), and a mean age–diversity

correlation of 0.21, with a range from −0.22 to 0.61 (empirical

value = −0.27). Therefore, both maximum diversity and the cor-

relation between age and diversity differ between the actual named

groups used here and the random resampling of clades from the

phylogeny. This indicates that the current organization of higher

snakes is nonrandom, and thus may represent significant units of

study for diversity analyses (see below).

For the clade-based models, a relaxed-� model (diversity-

limited), in which species richness of clades is determined by

a limit drawn from a gamma distribution, is strongly supported

over rate-limited models with variable or constant rates, and a

constant-� model (Table 2; Fig. 4). This indicates that variation

in clade age and diversification rate alone is likely insufficient

to explain the total variation in standing snake diversity. The

empirically calculated hL for the extinction-limited model (the

age yielding the strongest age–diversity relationship for the ex-

tant snakes) is 39 Ma (Fig. 5; see Appendix). With this value, the

extinction-limited model is better supported than the constant-rate
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Table 1. Known families and subfamilies of snakes, and total as-

signed species (#). Clades with significantly more or fewer species

than expected under estimated (ε = 0.62; ∗; ‡‡) and high (ε = 0.90;
∗∗; ‡) extinction are noted (Sig.).

Taxon # Age Sig. Distribution

Acrochordidae 3 84.66 ‡ TA, OA
Aniliidae 1 91.80 ‡‡ NT
Anomalepididae 18 134.59 – NT
Anomochilidae 3 44.45 – TA
Aparallactinae 50 30.29 ∗ AF, PA
Atractaspidinae 21 30.29 ∗ AF, PA
Azemiopinae 1 30.39 ‡‡ TA, PA
Boinae 33 45.02 – NT, MG, OA,

TA
Bolyeriidae 2 68.40 ‡ MG
Calabariidae 1 55.65 ‡‡ AF
Calamariinae 82 30.42 ∗∗ TA, OA
Colubrinae 660 35.63 ∗∗ NA, NT, PA,

TA, AF, OA
Crotalinae 202 35.66 ∗∗ NA, NT, PA,

TA
Cylindrophiidae 10 44.45 – TA, OA
Dipsadinae 722 33.65 ∗∗ NA, NT
Elapidae 349 34.86 ∗∗ NA, NT, PA,

AF, TA, OA
Erycinae 17 45.02 – NA, NT, PA,

AF, TA
Gerrhopilidae 14 74.37 – TA, OA
Grayiinae 4 30.42 – AF
Homalopsidae 36 53.38 – PA, TA, OA
Lamprophiinae 64 28.90 ∗∗ AF
Leptotyphlopidae 113 131.27 – NA, NT, PA,

AF, TA
Loxocemidae 1 47.12 ‡‡ NT
Natricinae 205 38.28 ∗∗ NA, NT, OA,

TA, PA, AF
Pareatidae 14 65.39 – PA, TA
Prosymninae 14 44.51 – AF
Psammophiinae 47 34.87 ∗ PA, AF, TA
Pseudaspidinae 2 28.90 – AF
Pseudoxenodontinae 12 33.65 – PA, TA
Pseudoxyrhophiinae 84 34.86 ∗∗ MG, AF
Pythonidae 41 47.12 ∗ AF, TA, OA
Scaphiodontophiinae 2 39.71 – NT
Tropidophiidae 23 91.80 – NT
Typhlopidae 247 59.41 ∗∗ NT, PA, AF,

TA, OA
Uropeltidae 49 56.84 ∗ TA
Viperinae 86 30.39 ∗∗ PA, AF, TA
Xenodermatidae 17 76.08 – TA
Xenopeltidae 2 77.00 ‡ TA
Xenophiidae 2 68.40 ‡ TA
Xenotyphlopidae 2 59.41 ‡ MG

Distribution: TA = Tropical Asia, NT = Neotropics, AF = Tropical Africa,

MG = Madagascar, PA = Palearctic, OA = Oceania, NA = Nearctic.

model, but less so than the relaxed forms of those models, or the

diversity-limited models (Table 2). The estimated rate for the ini-

tial increase (0.15) yields an expected clade size of approximately

350 species after initial diversification. Clade diversities simulated

under the rate-limited, diversity-limited, and MEDUSA models

all produce results consistent to some degree with the variance

and maximum size of the observed snake lineages, although none

can adequately account for the negative correlation between clade

age and diversity (Fig. 4). In contrast, data simulated under the

extinction-limited model provide a much closer fit to the observed

data (Fig. 4).

Discussion
PATTERNS OF GLOBAL SNAKE DIVERSITY

Standing diversity in snakes varies by at least two orders of mag-

nitude among subfamilies (Table 1), with many clades contain-

ing many more or fewer species than would be expected given

background rates of speciation and extinction (Figs. 2, 3). How-

ever, this diversity is not related to stem-group age, and numer-

ous ancient lineages are represented by only one or two species

(Figs. 2–3). Curiously, the most diverse snake lineages and the an-

cient, species-poor clades all inhabit tropical regions of the world

(Table 1). Thus, explanations relying on the gradual accumulation

of lineages over time to explain diversity within lineages or ar-

eas (e.g., Stephens and Wiens 2003; Wiens and Donoghue 2004;

McPeek and Brown 2007; Pyron and Burbrink 2009) do not ap-

pear sufficient to explain global diversity patterns in extant snakes.

It can be extremely difficult to separate speciation and extinction

rates given only a molecular phylogeny (Ricklefs 2007; Rabosky

2009a), and even more difficult to uncover potential mechanisms

for their variation. However, preliminary hypotheses can be of-

fered for two primary drivers of diversification: (1) the evolution

of venom delivery and (2) colonization of new areas.

The MEDUSA algorithm indicates significant rate increases

within the superfamily Colubroidea, at the node subtending all

venomous species and the majority of nonvenomous species,

which exhibits a putative 4.5-fold increase in net diversification

rate (Fig. 2). This provides potential support for the impact of

advanced venom-delivery systems as a key innovation for di-

versification. Many dangerously venomous species are known in

several of these putatively “nonvenomous” clades (e.g., boom-

slangs and twigsnakes in Colubrinae; Greene 1997), and po-

tentially a large number of other colubroids (Fry et al. 2003,

2006). Thus, the presence of toxic salivary components, at a

level that is subclinical for humans (see Fry et al. 2008), may

have nonetheless enabled colubroid snakes to undergo excep-

tional diversification by conferring an advantage for prey cap-

ture, increasing the breadth of potential prey, and thus increasing
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Figure 4. Results of 5000 posterior simulations to evaluate accuracy of three diversification models fit to the data on extant snake

diversity (Table 2) and the MEDUSA algorithm. The parameters evaluated are the natural logarithm of the standard deviation of species

richness, the natural logarithm of maximum clade size, and the Spearman’s rank correlation between clade age and diversity. Observed

values are indicated with gray lines.
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Table 2. Likelihoods of different diversification models applied to the extant snake lineages, accounting for rate-limited and extinction-

limited dynamics and ecological limits on diversity.

Model −lnL #P AIC Estimates

Relaxed-� −196.16 2 396.33 α=4.22; β=1.25
Relaxed-rate −197.04 3 400.08 α=0.45; β=147.88, ε=0.999
Constant-� −215.73 1 433.46 �=4.40
Constant ε-limited −216.59 4 441.17 r0=0.15, ε0=0, r1=−0.39, ε1=1.014
Constant-rate −225.44 2 454.88 r=0, ε=1.0
MEDUSA (4-rate) −320.29 14 668.58 r0=0.031, ε0=0.62

Note that the MEDUSA model was chosen using AICc (675.14), and is based on combined phylogenetic–taxonomic data, compared to purely taxonomic

estimators for the other models (see Rabosky et al. 2007). See text and Figure 2 for estimated rate shifts from MEDUSA. For the parameters, α and β are the

shape and scale of the gamma distribution of clade size (�),whereas r, r0, and r1 are estimates of diversification rate, and ε, ε0, and ε1 are estimates of the

extinction fraction, under either the constant (r, ε) or time-variable (r0, ε0; r1, ε1) models.

speciation rates. This is a hypothesis in need of further study,

given the prevalence and diversity of salivary toxins in an

apparent majority of colubroid snake species (Fry et al. 2003,

2008) and potentially a large proportion of extant squamates (Fry

et al. 2006).

The ecological opportunity encountered after colonizing the

NW also does not appear to be the sole driver of colubroid di-

versification, despite over a third of all snake species (Vitt and

Caldwell 2009) having originated there since the Oligocene (Fig.

2, Table 1). However, dispersal into the NW has represented a

significant source of ecological opportunity for some lineages

(Burbrink and Pyron 2010), and resulted in massive diversifica-

tion and adaptive radiation in the Neotropics (Cadle and Greene

1993). However, colubroids likely originated in the Old World

(OW) tropics and are particularly diverse there as well, despite

co-occurring with up to 20 other lineages representing potential

competitors (Head et al. 2005; Vitt and Caldwell 2009). Thus,

the ecological opportunity presented by dispersal into the NW

appears insufficient alone to explain the total diversity of colu-

broids, although a significant contribution is likely, given patterns

observed in some lineages (e.g., Cadle and Greene 1993; Bur-

brink and Pyron 2010). The colonization of novel habitats and

areas free of competitors is a well-known trigger for exceptional

radiation through elevated speciation in a variety of regions and

organisms (Losos and Schluter 2000; Yoder et al. 2010).

MODELING DIVERSIFICATION THROUGH TIME

If our rate estimates are accurate, the negative relationships be-

tween clade age, diversity, and estimated diversification rate pro-

vides a clear explanation for observed patterns, with older clades

having fewer species due to their lower rates. However, the lack of

support for rate-limited models suggests that these relationships

are artifactual. If rates decay across time within lineages, then

older clades should still have relatively high diversity, stemming

from an early period of higher diversification, because all old lin-

eages were once young and would have had higher rates. Thus,

this explanation requires that older groups have always exhibited

low rates, implying that clades originating earlier in the history

of snakes have intrinsically lower diversification rates up to than

17 orders of magnitude (Fig. 2). This would seem to make little

sense, implying that the ability to diversify is a recent innovation,

which is contradicted by the fossil record of the group (see Rage

1984, 1987).

In contrast, a diversity-regulated model fits the observed

data better than rate-limited models (although only slightly =
�AIC = 3.75; Table 2). Thus, results from analyses such as

MEDUSA may simply reflect differences in total speciation.

However, this model makes two assumptions that may not be war-

ranted: that the standing diversity of snakes has been maintained

at current levels through time, and that clades do not vary through

time in either rates of speciation and extinction, or maximum

clade size. For example, lineages such as Aniliidae, medium-sized

(approximately 0.75 m) burrowing snakes from South America,

are currently represented by a single species. It seems unlikely

that Aniliidae is currently limited to a single species by ecolog-

ical factors. Although aniliids were far more diverse in the past

(Rage 1984), it also seems equally unlikely that they attained di-

versities in the hundreds of species, comparable to those seen in

South American dipsadine assemblages (Cadle and Greene 1993).

Given that all depauperate lineages exist in areas renowned for

their exceptional diversity of snakes and other organisms (e.g.,

the Amazon Basin, Madagascar), it is unclear what ecological

mechanism could explain their limitation compared to the other

snake lineages.

Here, we find that the extinction-limited model provides a

better fit to the data than constant-rate models, and only slightly

worse than diversity-limited models (Table 2). Numerous snake

lineages were more diverse in the past as evidenced in the fossil

record (Rage 1984, 1987; Holman 2000), and have either gone

extinct (e.g., Anomalopheidae, Lapparentophiidae, Dinilysiidae,
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Figure 5. Illustration of patterns from extinction-limited model for the snakes, showing the age–diversity relationship on a log–log scale,

with the initial positive age–diversity relationship and secondary loss of that signal, and the rate (r0 and r1) and extinction fractions (ε0

and ε1) for the two time periods (A), and the Spearman correlation coefficient and r2 through time for the age–diversity relationship (B).

The regression lines (A) show the difference between the two stages, and lowess smoothed curves (period = 1/5) show the change in rs

and r2 through time (B).

Madtsoiidae, Nigerophiidae, Pachyophiidae, Palaeophiidae, Rus-

sellophiidae, etc.), or undergone significant reductions in diversity

(e.g., Aniliidae, Boidae) not accounted for by rate- or diversity-

limited models. The extinction-limited model also predicts a more

realistic distribution of maxima and variation in species richness

and the age–diversity correlation compared to the other models

in simulation, particularly birth–death models (Fig. 4; Table 2).

Incorporating deterministic extinction can explain the lack of ex-

tremely diverse old groups and the prevalence of depauperate old

clades, while explaining the positive age–diversity correlation in

young clades (Figs. 1–5). Future implementations will feature a

relaxed version, and previous studies suggest that such a model,

in which clades have variable rates and “half lives,” may fit sub-

stantially better, as seen in relaxed-rate and relaxed-� models

(Rabosky 2010a).

The generality of the extinction-limited model requires fur-

ther study to evaluate the prevalence of negative or hump-shaped

age–diversity relationships. Also, note that our data, as with
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most studies, only account for stem-group ages (see Rabosky

2009b). Without a more fully sampled phylogeny, it is impos-

sible to determine crown-group ages for all clades. However,

although some would clearly be younger (e.g., Acrochordidae:

stem age of approximately 85 Ma vs. crown age of approximately

16–20 Ma; Sanders et al. 2010), monotypic lineages would remain

unchanged, and many (e.g., scolecophidians; Vidal et al. 2010)

would appear to vary little (although estimating crown-group ages

requires that all basal lineage be included). If crown-group ages

are positively correlated with stem-group ages, their use would

presumably make little difference. If they are not, and diversity

shows a positive relationship with crown ages, but an insignifi-

cant or negative relationship with stem ages, this would suggest

the initial diversification of clades is rate limited, but that extinc-

tion drives the disconnect between stem ages and richness through

time.

This approach also makes the assumption, along with rate-

and diversity-limited processes, that higher level taxa (clades) are

truly meaningful in a biological sense. The delimitation of clades

remains a topic of crucial importance, as it may be possible to

divide a tree up into in an arbitrary way to produce nearly any

pattern. Here, randomly resampling clades yields a narrow distri-

bution of parameter estimates, suggesting that the current division

of extant snakes into clades is nonrandom. However, in snakes as

in most groups, the definition of higher taxa is either implicitly or

explicitly based on notions of biogeographic or ecomorphological

cohesiveness (e.g., vipers, elapids, boas, pythons, etc.; Vitt and

Caldwell 2009). Thus, dividing the gnathostomes (for instance)

into random clades would likely rarely yield such obviously bio-

logically significant groups as salamanders, birds, and placental

mammals. Whether these divisions are comparable among lin-

eages, and the degree to which these definitions are based on

quantitative analyses, should be an important consideration of

future analyses.

CLADE-LEVEL EXTINCTION AND DIVERSITY

PATTERNS

Recent literature has contrasted two alternative models of diver-

sification, one in which speciation is rate limited and continues

unbounded through time, and one in which clade size is diversity

regulated, with upper limits on species richness that are decou-

pled from clade age (Stephens and Wiens 2003; Ricklefs 2006,

2007; McPeek and Brown 2007; Rabosky 2009a,b, 2010a). Here,

the greatest support is obtained for diversity-limited models when

considering both numerical fit and posterior simulation. However,

although ecological factors such as area and energy are commonly

linked to diversity (Rosenzweig 1995), the mechanisms responsi-

ble for these relationships are unclear (Losos and Schluter 2000;

Evans et al. 2005; Hurlbert and Jetz 2010). It is also unknown

how these processes would act to limit the total number of species

in an ecosystem the way the number of individuals is limited in a

population. These models also predict biologically unreasonable

distributions of clade size, up to e10 or e15 at recent time scales

(Fig. 4; Rabosky 2010a), further suggesting that they may be

flawed for modeling diversity across long periods of time. Ad-

ditionally, there are numerous cases of negative age–diversity

relationships (Rabosky 2009b), which are not easily explained by

either process. This might be an indication that neither address

processes associated with declining diversity or deterministic ex-

tinction, thus skewing predictions for extant species richness. Al-

though both rate- and diversity-limited models allow for stochastic

events, as all clades may have a nonzero probability of extinction,

neither allows the relative extinction fraction (ε) to exceed 1.

All species eventually decline and go extinct (e.g., Foote

et al. 2007). We might thus expect most lineages to undergo an

initial diversification, and either diverge into new adaptive zones

(e.g., Simpson 1953), or eventually decline to extinction due to

the failure of species to adapt to continually changing environ-

ments over long time scales (van Valen 1973; Futuyma 2010). This

would produce a hump-shaped age–diversity relationship (Fig. 1).

There is no reason to expect that a given group, such as aniliid

snakes or tuataras, will always have organisms best adapted to

their environment, and perpetually maintain or increase in diver-

sity, rather than go extinct or diverge into substantially different

daughter clades. Thus, this process may arise naturally as new

traits arise in different groups adapting to continually changing

environments through time, outcompeting existing lineages. The

ascendance and senescence of clades is a relatively common pat-

tern in the fossil record (Sloss 1950; Van Valen 1975; Thomson

1976; Gould et al. 1977; Foote 2007; see Strathmann and Slatkin

1983; Raup 1985), including many snake groups (Rage 1987).

Examples are known in many other groups, including birds, mam-

mals, and bivalves (Van Valen 1975; Vuilleumier 1984; Flessa and

Jablonski 1996).

The peak of diversity and length of ascendance and senes-

cence should thus be linked to the adaptability of the group

(Futuyma 2010), the extinction tolerance of species (Waldron

2010), and potentially the maximum diversity of clades set by eco-

logical factors (Rabosky 2010a). However, if diversity is viewed

as the outcome of a speciation process countered by the forces of

continually changing environments, apparent limitation of clade

size can be seen to stem not from ecological limits, but sim-

ply the peak richness attained by a given clade before it be-

gins to decline toward extinction. Niche conservatism (Wiens and

Graham 2005) therefore provides a simple mechanism for the

decline of lineages when environments change along an axis

that is strongly conserved, such as thermal tolerance (Sinervo

et al. 2010), or pathogen resistance (Pounds et al. 2006). The

heritability and adaptability of traits can explain the success of

some groups across long periods of time compared to their sister
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lineages (such as tuataras and squamates), explaining why all

clades have not gone extinct, a previous criticism of extinction-

limited models (Rabosky 2010a). At any given time, a number of

clades may be ahead of the curve due to colonization of new areas,

extinction of competitors, or the evolution of key innovations, and

exhibit exceptional diversity (Simpson 1953; Losos 2010; Yoder

et al. 2010).

At present, it seems unlikely that purely rate-limited pro-

cesses can explain patterns in the standing diversity of many

groups, whereas diversity-limited processes are of uncertain bi-

ological interpretation (Ricklefs 2006, 2007; Rabosky 2009a,b;

Wiens 2011). We suggest that many aspects of extant species rich-

ness patterns, including vast disparities between sister taxa and

insignificant or negative relationships between clade age and di-

versity, can be explained by the failure of some lineages to respond

to continually changing environments over long time scales. Both

rate- and diversity-limited models typically assume either implic-

itly or explicitly that the sum of the interaction between organisms

and their environment results in relative extinction fractions (ε)

bound between 0 and 1. However, the fossil record suggests that

many organisms (and as we suggest, groups of related organisms)

may ultimately “lose” the evolutionary arms race, with the sum

of the organism–environment interaction resulting in ε > 1 (Van

Valen 1973, 1975; Jablonski 2008; Rabosky and McCune 2010).

Such a process will lead to a hump-shaped distribution of diversity

through time, potentially mimicking rate variation and ecological

limits. This provides a third alternative model for explaining di-

versity patterns through time, and merits further study using both

paleontological and neontological data.
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Appendix
The constant-rates extinction-limited model for stem-group ages

presented here is related to the constant-rate models presented by

Rabosky (2010a) and others. First, the hL of clades is empirically

determined by maximizing the correlation between age (t) and

diversity (n) among the extant clades (e.g., Fig. 5), which should

include the peak of observed diversity for extant lineages. Thus,

for clades t < hL, the likelihood is simply the standard birth–death

likelihood (Nee et al. 1994; Bokma 2003) for the data (D):

L1 (D | r, ε) =
N∏

i=1

Pr (ni | r, ε, ti ), (A1)

where

Pr (ni | r · ε · ti ) = (1 − β) β
ni −1
i (A2)

and

βi = erti − 1

erti − ε
. (A3)

Maximizing this likelihood and calculating r0 (>0) and ε0

(<1) for clades t < hL also yields the expected number of species

at hL (E{sp} = erohl ). Thus for clades t > hL, the likelihood of

the deterministic-extinction model (r1 < 0, ε1 > 1), conditioned

on the the time elapsed since the half life (tci = ti − hL) and the

expected number of species (E{sp}), is

L2 (D | r, ε) =
N∏

i=1

Pr (ni | r, ε, tci , E{sp}), (A4)

where the right-hand term is given by Raup (1985), corrected by

Foote et al. (1999):

Pr (ni | r · ε · tci · E{sp}) =
min(E{sp},ni )∑

j=1

(
E{sp}

j

) (
ni − 1

j − 1

)

× α
E{sp}− j
i [(1 − αi )(1 − βi )]β

ni− j

i ,

(A5)

where β is defined above and

αi = εβi (A6)

as given by Bokma (2003) and Rabosky et al. (2007). This

is conditioned on the survival of the clades by dividing by

(1 − αE{sp}).Thus, the likelihood of a set of clades under the

extinction-limited model is lnL = lnL1 + lnL2, which, given the

empirical half life of clades, yields a four-parameter model with

the initial birth–death rates r0 > 0 and ε0 < 1, and the secondary

death–birth rates r1 < 0 and ε0 > 1. Future generalizations of this

model could allow for a relaxed distribution of rates, such that

they can vary among clades (e.g., Rabosky 2010a,b).
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