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Molecular phylogenies are often used to test hypotheses about the tempo and mode of speciation and extinction. One commonly

used statistic is Pybus and Harvey’s γ, which measures the density of ordered internode distances on an ultrametric tree to infer

earlier (negative γ) or later (positive γ) bursts of diversification. However, coalescent theory predicts that γ might be biased toward

negative values (inferring early bursts of diversification) when using gene trees rather than species trees. Gene divergences predate

species divergences, increasingly so at higher effective population sizes (Ne), and proportionally more so toward the tips of the

tree. Thus, gene trees will have a higher density of older nodes in many cases (particularly at higher Ne), due to the disproportionate

lengthening of terminal branches. This will yield an artifactual signature of early bursts of diversification when estimating γ from

gene trees. We simulate gene trees within species trees under both Yule (pure-birth) and birth–death processes, and demonstrate

support for these predictions. However, for most realistic estimates of θ in natural populations, gene trees provide relatively good

estimates of γ, despite the disproportionate overestimation of younger node ages. This is corroborated with an empirical dataset

of North American fence lizards (Sceloporus).
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Evolutionary trees provide the comparative foundation for un-

derstanding processes in many diverse areas of biology (Harvey

and Pagel 1991), such as biogeography, molecular evolution, and

the diversification of species (Gittleman and Kot 1990; Paradis

1997; Martins and Hansen 1997; Pagel 1999; Freckleton et al.

2002; Ree and Smith 2008). A primary requirement for testing

such hypotheses is that the phylogeny represents a credible esti-
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DC, 20052.

mate of the underlying species tree, at least to a reasonable degree

of accuracy (Felsenstein 1988; Purvis et al. 1994; Dı́az-Uriarte

and Garland, 1996, 1998). Poor estimates of topology and branch

length may confound phylogenetic hypothesis testing. Many tree-

based statistics (i.e., those that calculate some extrinsic measure

from an existing phylogeny) may be highly susceptible to bias

and error in phylogenetic inference (e.g., Hugall and Lee 2004;

Revell et al. 2005).

One such statistic is Pybus and Harvey’s γ (Pybus and

Harvey, 2000), which uses ordered internode distances on a dated

(ultrametric) phylogeny to determine if diversification occurred
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earlier (negative γ) or later (positive γ) in time. This statistic has

been widely used on trees estimated from single or concatenated

genes to examine the tempo of speciation in various groups, and

in particular to understand how species diversification proceeds

over time in different regional, ecological, or adaptive contexts

(e.g., Harmon et al. 2003, 2008; Kozak et al. 2005, 2006; Day

2008; Lynch 2009; Burbrink and Pyron 2010). Estimates of γ

are known to be negatively biased when under-parameterized

substitution models are used, particularly those that fail to in-

clude rate heterogeneity, due to overestimation of branch lengths

(Revell et al. 2005). The lengths of the earliest branches in the gene

tree are underestimated when models are underspecified, and thus

the deepest internode distances are artificially small compared to

shallower nodes. This produces a negative bias in γ, due to the

artificial clustering of older nodes relative to younger nodes. Neg-

atively biased estimates of γ can also result from sampling only

the deeper nodes of a phylogeny, particularly when less than 80%

of extant species are included in the tree (Cusimano and Renner

2010).

Another potential source of bias that has not been investi-

gated is the discordance between gene trees and the underlying

species tree, which can be substantial in some cases (Degnan and

Rosenberg 2009; Edwards 2009). Estimating trees using single

or multiple concatenated genes is currently the most common

approach for phylogenetic inference, but has the potential to pro-

duce inaccurate estimates of the species tree caused by stochastic

genealogical discordance among loci, particularly due to incom-

plete lineage sorting (reviewed in Edwards 2009). Estimates of

γ have typically been based on single or concatenated gene trees

(e.g., Harmon et al. 2003; Salzburger et al. 2005; Kozak et al.

2006; Burbrink and Pyron 2010). Even if gene trees are topo-

logically concordant with the species tree, gene divergence times

are heterogeneous and likely to be older than the species diver-

gences (Edwards and Beerli 2000). Gene divergences occur prior

to speciation, on average by a factor of 2Ne generations (Nei and

Li 1979; Wilson et al. 1985; Nei 1987; Pamilo and Nei 1988;

Wu 1991; Moore 1995; Edwards and Beerli 2000; Arbogast et al.

2002). Estimates of divergence time based on gene trees can thus

become increasingly unreliable as effective population size (Ne)

increases and time since the species divergence decreases, such

as toward the tips of the tree (Edwards and Beerli 2000). There-

fore, gene tree estimates may affect tree-based statistics such as

γ which rely on divergence times and distances between ordered

nodes.

We predict that gene trees will yield lower values for γ than

species trees on average, although the reasons for this are not

the same as that for model underestimation or biased sampling.

As noted above, younger nodes in a gene tree will usually ex-

hibit a disproportionally greater overestimate of divergence time

than older nodes (Nei and Li 1979; Wilson et al. 1985; Nei

1987; Pamilo and Nei 1988; Wu 1991; Moore 1995; Edwards

and Beerli 2000; Arbogast et al. 2002). Increasingly large ef-

fective population sizes exacerbate this problem by magnifying

gene-tree depth error (Edwards and Beerli 2000). Older intern-

ode distances vary proportionally less than recent internode dis-

tances, whereas internode distances closer to the tips will be

disproportionately short due to the increase in coalescent time

(and thus node age) for younger branches, decreasing values of

γ estimated from gene trees relative to the underlying species

tree.

Here, we address the question of how variation in the diver-

gence times and topology of gene trees impact estimates of γ. If

theoretical predictions concerning γ-error (the difference between

gene tree and species tree values of γ) when assumptions that gene

trees represent species trees are violated, we would question the

ability of gene trees to properly estimate γ. This might also affect

other methods that rely on waiting times between nodes, such as

ancestral character estimation and other phylogenetic compara-

tive methods (e.g., Schluter et al. 1997; Freckleton et al. 2002).

Using both simulated and empirical examples, we show that gene

tree estimates can be biased toward negative values of γ relative to

the correct species tree when the population parameter θ (xNeμ;

where x = ploidy, Ne = effective population size, and μ = muta-

tion rate) is relatively large. Reassuringly, we find that gene trees

will provide accurate estimates of the species-tree value of γ for

most realistic estimates of θ from natural populations. These pre-

dictions from the simulated data are confirmed with an empirical

dataset of North American fence lizards (Sceloporus). Although

species trees should be used whenever possible to calculate tree-

based statistics, the use of gene-tree estimates to calculate statis-

tics such as γ under most circumstances for empirical datasets

should yield relatively robust results.

Methods and Materials
SPECIES AND GENE TREE SIMULATIONS

For all simulations, we produce species trees under known con-

ditions, and examine how gene-tree estimates diverge from the

species tree under different values of θ (Neμ). We calculate γ for

the species trees and gene trees, and define the γ-error (Eγ) as the

difference between those values, which represents the difference

between the mean gene tree γ (γ̄gt ) and the true value of γ from

the species tree (γS): Eγ = γ̄gt − γST . We calculated tree-depth

error (TDE) similarly. We then test for a correlation between Eγ

and θ. We simulated four sets of 100 species trees with 25, 50,

75, and 100 taxa under a Yule process (pure birth model), using

the birth–death simulator in the package GEIGER (Harmon et al.

2008) in R 2.10.4 (R Development Core Team, 2009). A pure-

birth process yields an expected γ of 0 (Pybus and Harvey 2000).

Initial speciation rates (λ) were calculated to return the expected
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number of total progeny in the same number of time steps (i.e.,

25 taxa in 25 time units). For 25, 50, 75, and 100 taxa in as many

time steps, we used λ = 0.073, 0.064, 0.048, and 0.039. Simula-

tions were stopped after the desired number of taxa were attained,

resulting in variation in tree depth for each taxon set, allowing us

to account for tree depth as well as θ.

For each species tree, we simulated gene trees using the R

package Phybase (Liu 2009), under a coalescent model governed

by the choice of θ (Neμ) at all nodes. For each of the species

trees, we simulated 100 gene trees each over a range of plausible

thetas (0.0001, 0.001, 0.01, 0.1, and 1.0) and two extremely high

values (10 and 100). This resulted in 10,000 gene trees for each

of the four species-tree datasets (25, 50, 75, and 100 taxa) and

each value of θ (0.0001, 0.001, 0.01, 0.1, 1, and 10), for a total of

280,000 simulated gene trees. This range of θ values has been used

in several other simulation studies, and represents variation found

among natural populations of vertebrates, invertebrates and plants

(e.g., Li et al. 2005; Brito 2005; Provan et al. 2005; Ramakrishnan

et al. 2005; Gelembiuk et al. 2006; Grazziotin et al. 2006; Carling

and Brumfeld 2007; Crandell et al. 2008; Hickerson and Meyer

2008; Shepard and Burbrink 2008).

For every species tree at each value of θ, we calculated the

mean of the depths (i.e., distances from the root to the tips) of the

100 gene trees, the Robinson–Foulds (RF) distance between

the gene trees and species tree (Robinson and Foulds, 1979, 1981;

Steele and Penny, 1993), and γ, using the R packages Ape 2.5

(Paradis et al. 2004) and Phangorn (Schliep 2010). Tree depth is

used to determine the overall impact of increasing θ on gene tree

depths relative to the species tree, though if all node depths are

increased proportionally in a gene tree, then there will be no effect

on γ. We used RF to determine the impact that increasing θ has

on topological dissimilarity between gene trees and species trees.

We used these values to examine the relationship between the fol-

lowing sets of variables: θ and Eγ, θ and TDE, TDE and Eγ, and

θ and RF. In particular, we address the possibility that increasing

θ yields a more negativeEγ, gene trees of increased depth (TDE),

and greater gene-tree/species-tree dissimilarity (RF), at least in

terms of topology.

As tree depth alone should not impact γ, we determined if

the youngest nodes are proportionally overestimated as expected.

For each of the four taxon sizes (25, 50, 75, 100), we performed a

second set of simulations of 100 gene trees from a randomly se-

lected species tree, for every value of θ (2800 total gene trees). For

each node of each gene tree, we calculated scaled branching-time

error (EBT ) by taking the difference between gene tree branching

time (BTgt ) and species tree branching time (BTST ) and dividing

this by the depth of the corresponding nodes in the species tree:

EBT = BTST −BTGT
BTST

. The final branching-time is omitted, as the

last speciation event terminates the initial birth–death tree simu-

lation, and thus has a time of zero. We then regressed EBT against

BTST to determine the mean slope for each of the 100 replicates.

Significantly positive slopes indicate that relative branching-time

error decreases proportionally toward older nodes. We predict that

overestimates of depth are proportionally higher for the youngest

nodes, and will decrease towards the root.

To model the more realistic situation in which θ varies

throughout the tree, we repeated the above simulations while al-

lowing θ to randomly vary across the tree at every node. Using the

same methods described above for each of the 100 species trees

by tree size (25, 50, 75, and 100), we produced 100 gene trees with

a random assignment of θ for each node sampled from a gamma

distribution. Following Yang (2002) and Edwards et al. (2007), we

used three parameterizations of the gamma distribution reflecting

values found in natural populations, with the shape (α) and scale

(β) yielding the mean and variance in parentheses: (1) α = 1, β =
1, (mean = 1.0, var. = 1.0); (2) α = 1, β = 10, (mean = 0.1, var. =
0.01); (3) α = 1, β = 200, (mean = 0.005, var. = 2.5 × 10−5).

We produced 10,000 trees per parameterization per tree size for a

total of 120,000 simulated gene trees.

BIRTH–DEATH SPECIES AND GENE-TREE

SIMULATIONS

The simulations above address the case in which the expected

value of γ is zero, for trees produced under a Yule (pure-birth)

model of speciation. However, the results may differ if the expec-

tation for γ is nonzero for trees significantly affected by extinc-

tion, produced under a birth–death model (Rabosky and Lovette

2008). We calculated the diversification rate r (speciation [λ] −
extinction [μ]) and the extinction fraction ε (μ/λ) necessary to

produce an expectation of 75 progeny at time t (Raup 1985; see

Rabosky 2010). We used the birthdeath.tree function in GEIGER

(Harmon et al. 2008) to produce trees with exactly 75 surviving

species of varying depths, although see Hartmann et al. (2010)

for an alternative approach for simulating trees under a birth–

death model. We simulated 100 species trees each for the fol-

lowing extinction fractions: 0, 25, 50, 75, and 90, using birth

rates (λ) of 0.048, 0.059, 0.079, 0.123, and 0.205, and extinc-

tion rates (μ) of 0.048, 0.015, 0.039, 0.093, and 0.184. For each

species tree, we simulated 100 gene trees each over the same

range of θ (0.0001, 0.001, 0.01, 0.1, 1.0, 10, and 100) used in

the Yule simulations, in the R package Phybase (Liu 2010). We

calculated Eγ and RF for every gene tree for all combinations of

θ and ε.

EMPIRICAL DATA

To examine the potential for differential estimation of γ from

gene trees and species trees in an empirical context, we calcu-

lated γ for both types of tree from a recent study of the lizard

genus Sceloporus (Leaché 2010). This dataset contains represen-

tatives from all 21 species groups in the genus (along with three
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outgroups), sampled for four nuclear loci (BDNF, PNN, RAG-1,

and R-35) for a total of 3320bp. Using the methods described

above, we calculated test and critical values of γ for the species-

tree, the concatenated tree, and each gene-tree. First, we calcu-

lated γ for the species tree, which was produced using BEST

(Liu 2008) as described in (Leaché 2010), and has branch lengths

equaling divergence time in coalescent units (μ [mutation rate] ∗
τ [generation time]).

We then examined estimates of γ from each gene tree and the

concatenated tree. For each gene and the concatenated loci, we

used the appropriate substitution models given in Leaché (2010) to

estimate trees with posterior probability support (Pp) in MrBayes

3.1.2 (Ronquist and Huelsenbeck 2003). Each dataset was run

for 10 million generations, sampling every 1000th, with the first

1 million discarded as burnin. To date each tree, we used Penalized

Likelihood (PL; Sanderson 2004), with the optimal smoothing pa-

rameter determined by cross-validation. We fixed the root of each

gene tree to the first appearance of Sceloporus in the fossil record

at 25 million years (Holman 1970; Robinson and Van

Devender 1973; Yatkola 1976; Holman 1995), which is also con-

sistent with molecular estimate for the root date in Leaché and

Mulcahy (2007). Note that even these rough estimates of diver-

gence time are indicated to yield sufficient power to estimate

diversification rates (Wertheim and Sanderson 2010). We then

calculated γ, Eγ, RF, and TDE for each gene tree and the con-

catenated tree as described above.

Results
GENE TREE SIMULATIONS

The mean and range of γ values for each of the species trees

under the Yule are close to zero (Table 1), although the range of

values is wide compared to those in Pybus and Harvey (2000).

For each set of 100 species trees by taxon number and θ, γ is

significantly correlated with tree depth (P < 1.85 × 10−5 for any

value of θ). Similarly, for each of the 100 simulated gene trees

Table 1. Results of species tree simulations under a Yule model for four taxon sizes showing mean values for depth and γ (variance in

parentheses). Mean gene tree depth and γ for each species tree simulated under seven different values of θ are also shown.

Taxa θ Species tree depth Gene tree depth Species tree γ Gene tree γ RF

25 0.0001 27.82 (62.52) 27.82 (62.52) 0.47 (1.17) 0.47 (1.17) 0
0.001 27.20 (59.38) 27.20 (59.38) 0.42 (0.82) 0.42 (0.82) 0
0.01 27.08 (53.30) 27.09 (53.30) 0.39 (0.93) 0.39 (0.93) 0.01 (0.04)
0.1 28.15 (62.23) 28.20 (62.22) 0.39 (0.73) 0.39 (0.74) 0.16 (0.32)
1 28.02 (51.76) 28.54 (51.49) 0.38 (1.03) −0.04 (0.94) 1.95 (4.05)
10 27.16 (54.23) 33 (45.76) 0.30 (0.93) −1.26 (0.52) 29.17 (15.86)
100 27.46 (66.93) 117.15 (63.99) 0.47 (0.84) −1.32 (0.27) 38.14 (13.05)

50 0.0001 54.05 (139.83) 54.05 (139.83) 0.27 (1.17) 0.27 (1.17) 0
0.001 53.93 (148.46) 53.93 (148.46) 0.31 (0.76) 0.30 (0.76) 0
0.01 55.16 (186.16) 56.16 (186.16) 0.22 (0.92) 0.22 (0.92) 0.02 0 (.05)
0.1 56.00 (134.73) 56.05 (134.73) 0.37 (1.12) 0.33 (1.17) 0.31 (0.64)
1 54.95 (174.93) 55.45 (174.55) 0.35 (0.69) −0.03 (0.66) 3.69 (7.28)
10 55.00 (136.68) 60.92 (127.19) 0.24 (1.22) −1.89 (0.83) 31.69 (62.35)
100 55.80 (156.98) 143.11 (94.52) 0.36 (0.78) −2.95 (0.30) 80.97 (28.95)

75 0.0001 82.01 (278.87) 82.01 (278.87) 0.19 (0.87) 0.19 (0.87) 0
0.001 80.61 (366.03) 80.61 (366.03) 0.12 (1.06) 0.12 (1.06) 0.003 (0.01)
0.01 78.31 (194.62) 78.32 (194.62) 0.06 (0.81) 0.06 (0.81) 0.04 (0.08)
0.1 81.77 (263.80) 81.82 (263.82) 0.32 (1.28) 0.28 (1.27) 0.27 (0.52)
1 80.81 (270.14) 81.32 (270.19) 0.15 (0.84) −0.20 (0.81) 3.84 (7.65)
10 83.36 (281.60) 89.05 (271.42) 0.32 (1.11) −1.88 (0.80) 36.45 (73.47)
100 82.18 (311.83) 166.50 (178.53) 0.18 (1.20) −4.19 (0.47) 118.77 (56.20)

100 0.0001 108.02 (557.68) 108.02 (557.68) 0.27 (0.90) 0.27 (0.90) 0.15 (0.40)
0.001 107.82 (328.32) 107.82 (328.32) 0.20 (1.21) 0.20 (1.21) 0.16 (0.40)
0.01 107.65 (368.71) 107.65 (368.71) 0.26 (1.00) 0.26 (1.00) 0.20 (0.54)
0.1 105.98 (412.45) 106.04 (412.45) 0.26 (1.04) 0.22 (1.04) 0.59 (1.33)
1 106.80 (338.93) 107.31 (338.77) 0.10 (1.07) −0.23 (1.04) 4.48 (8.85)
10 106.27 (301.83) 111.88 (291.79) 0.14 (0.96) −2.12 (0.80) 40.53 (100.89)
100 108.82 (479.99) 190.71 (343.63) 0.14 (0.78) −4.97 (0.49) 153.60 (84.09)
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Figure 1. Relationship between γ-error and θ for four different numbers of taxa (25, 50, 75, and 100 taxa). Bars represent variance

around the mean γ-error (Eγ).

from each species tree, γ is significantly inversely correlated with

tree depth (P < 2.26 × 10−5 for any value of θ). For all taxon

numbers, mean gene-tree values for γ fall within the range of the

species-tree γ values for all values of θ below 10 (Fig. 1, Table 1).

At θ = 10 and 100, mean γ for each gene tree (except for the

25 taxon tree) fall below the standard threshold of significance

(−1.64), which would reject a Yule process of diversification. We

also find a significant negative correlation between θ and γ for

all numbers of taxa (rs = −0.75 to −1.0; P = 0.06 to 0.0004).

Tree depth increases as θ increases, but this is significant only

for the 25 and 50 taxon trees, rs = 0.857 (P = 0.02381), and

0.929 (P = 0.0007) respectively. Although a positive correlation

between mean gene-tree depth and mean gene-tree γ is found for

all numbers of taxa, this is only significant for the 25 taxon tree

(rs = 0.857; P = 0.024).

Values of γ from the gene trees become increasingly less re-

liable and more negative as θ increases. The relationship between

γ-error (Eγ) and θ was significant using Spearman’s rank corre-

lation for all four taxon sizes (rs = −0.96 to −1.0; P = 0.0004 to

0.002). However, this does not cause significant discrepancies for

values of θ < 1 (Figs. 1 and 2). Above θ = 1, values of γ for gene

trees from species trees with γ ∼ 0 become significantly negative

(−1.64), rejecting diversification by a constant-speciation process

(Pybus and Harvey 2000). For values of θ between 0.0001 and

1.0, gene trees for all taxon numbers provide consistently reliable

estimates of the species tree γ. Gamma error becomes increas-

ingly negative as taxon size increases, at least when θ = 100 (rs =
−0.99; P = 0.012). Values of γ appear to be most negative for

trees with higher numbers of taxa, although this was not signifi-

cant. Similarly, RF increases with higher values of θ for all taxon

sizes (rs = 0.99 to 1; P = 0.014 to 0.015; Table 1). Mean gene-tree

depth error (TDE) is significantly correlated with mean gene-tree

γ-error (rs = 1; P = 0.0004) and θ (rs = 1; P = 0.0004) for all

taxon sizes. These results suggest that as θ increases, the ability of
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Figure 2. Species tree (A) and accompanying gene trees for 25 taxa produced under θ values of 1 (B) and 100 (C), along with γ and RF

values. Higher values of θ cause increasingly large branching-time errors (EBT ). The slope of the relationship between EBT and species-tree

branching times (BTST ) increases at higher values of θ (D), although the effect is weak at moderately large values of θ (∼1; E), and only

strongly significant at extremely high values of θ (∼100; F).

gene trees to properly estimate tree depth and γ decreases relative

to the species tree.

Scaled branching time error (EBT ) is largest for the shal-

lowest nodes and decreases proportionally as tree depth increases

for all tree sizes (Fig. 2; only the 25 taxon tree is shown). The

value of the slope was positive and significantly different from 0

(P < 0.03) for all trees examined. The value of slope increases

as θ becomes larger. In turn, this is associated with a decreasing

γ (Fig. 2) and increasing RF. At higher values of θ, gene-tree

and species-tree topologies become dissimilar. Therefore, EBT

may not be comparing similar nodes, but will still be comparing

the depth of ordered nodes. However, this does not impact our

calculations of Eγ associated with different values of θ, because

the statistic only depends on ordering of nodes. Branching-time

slope and γ for trees produced under increasing values of θ are

significantly negatively correlated (25 taxa: rs = −0.964, P =
0.003; 50 taxa: rs = −1.0, P = 0.0004; 75 taxa: rs = −0.964,

P = 0.003; 100 taxa: rs = −1.0, P = 0.0004). This indicates that

depths and internode distances of younger nodes become larger in

gene trees relative to species trees. In contrast, the internode dis-

tances of older nodes are similar between gene trees and species

trees. Thus, the dichotomy of increasing distances for younger

nodes and stability at older nodes results in the signal of early

diversification when γ is estimated from gene trees.

Gene trees for randomly generated values of θ from three

parameterizations of the � distribution generally produced values

of γ that were similar to the species trees and never significantly

negative (Table 2). Predictions for the mean and variance on θ

from these parameterizations were as expected (see Methods and

Materials) and generally produced values below 1.0. The differ-

ence in species-tree and gene-tree γ was relatively low for all

tree sizes and parameterizations of θ. Increasing the value of β

in the gamma distribution decreased the mean and variance of θ,

decreasing Eγ.

Simulations of species trees under a birth death model with

five different extinction fractions (ε = 0, 25, 50, 75, and 90)

yielded increasingly positive mean γ values: 0.24, 1.01, 2.01,

3.73, and 5.24. For simulated gene-trees from each ε, increasing
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Table 2. Mean difference (and variance in parentheses) of esti-

mated γ values for species trees simulated under a Yule process

and associated gene trees, with θ values drawn from three differ-

ent parameterizations of a � distribution, for four different num-

bers of taxa. The � distributions were parameterized with shape

(α) and scale (β), where the mean is α/β and the variance is α/β2.

Values of θ were drawn from these distributions and assigned sep-

arately to each node of the species trees when simulating gene

trees.

Taxa Gamma (1,1) Gamma (1,10) Gamma (1,200)

25 0.331 (0.008) 0.042 (2.2×10−4) 0.002 (2.9×10−7)
50 0.359 (0.009) 0.041 (1.4×10−4) 0.002 (3.2×10−7)
75 0.307 (0.006) 0.036 (6.3×10−5) 0.002 (1.7×10−7)

100 0.317 (0.004) 0.034 (5.5×10−5) 0.001 (1.1×10−7)

θ was positively correlated with tree dissimilarity (RF; rs = 1.0;

P < 0.0003), and negatively correlated with Eγ (Spearman rank

correlation, rs = −1.0; P < 0.0003). In turn, RF was negatively

correlated with Eγ (rs = −1.0; P < 0.0003). This indicates that

gene tree topology and γ differ relative to the species tree values as

θ increases for trees produced under a birth–death model (Fig. 3),

much the same as for trees simulated under a Yule (pure-birth

model). Significant Eγ is only observed for values of θ greater

than 1, indicating that gene-tree estimates of γ are likely to be

robust for most datasets under normal empirical conditions, even

with significant extinction.

EMPIRICAL DATA

The γ value for the species-tree estimate of Sceloporus from

BEST was strongly negative (−2.29). To determine if this value

was significantly different from those produced under a Yule pro-

cess, we used the mccrTest.rd function in the R package LASER

(Rabosky, 2006) to create a randomized distribution of species-

tree gamma statistics that matched the biased sampling of the

Sceloporus species tree. Given the total number of taxa in a clade

and the number missing from phylogeny, this test simulates fully

sampled trees under a pure-birth process, and prunes them to

match the phylogeny. The estimated gammas for these simulated

trees form a null distribution against which the observed value can

be tested. We simulated 5000 trees of 89 taxa (the total number of

Sceloporus; Uetz, 2010), trimmed to the 21 in our phylogeny, and

compared the empirical value of −2.29 to this distribution. The

critical value from the simulations was −3.11, and the P-value for

the observed species-tree γ was 0.26. Thus, although the value is

negative, we cannot conclude that this represents an early burst of

diversification.

For the individual loci, the optimal smoothing parameter for

PL (λ) was 1, and 100 for the concatenated and species trees.
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Figure 3. Distance-weighted least-squares plots showing the re-

lationship of (A) mean γ-error (Eγ) and (B) topological dissimilarity

(RF dist.) to both θ and extinction fraction (ε) for gene trees (GT)

produced under a birth–death model relative to the species tree

(ST).

All values of γ were negative (Table 3), with the concatenated

gene tree, BDNF and RAG1 gene trees falling below the value

estimated for the species tree. The mean value of γ across all

four genes was −2.46 and differed from the species tree γ by only

−0.17, whereas the difference between the concatenated gene tree

and species tree gamma was −0.45. This indicates that the gene-

trees yield a slightly more negative value for γ on average than the

multilocus species-tree, but that the difference is not large. This is

expected as the estimated average value of θ for the species tree is

not excessively high (mean θ across all nodes of the species tree =
0.0066). Except for RAG-1, none of the loci strongly suggest an

early burst of diversification.
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Table 3. Estimates of γ and RF distance for the 21 species groups

of Sceloporus from species trees, concatenated-gene trees, and

single-gene trees (Leaché 2010). Values for RF were calculated for

the concatenated and gene trees against the species tree.

Phylogeny γ RF

Species tree −2.29 –
Concatenated tree −2.74 4
R35 −1.80 10
PNN −2.20 4
BDNF −2.47 4
RAG1 −3.37 4

Discussion
Our simulations support the prediction that gene trees will usually

produce noticeably earlier divergences than species trees, particu-

larly for younger nodes (Nei and Li 1979; Wilson et al. 1985; Nei

1987; Pamilo and Nei 1988; Wu 1991; Moore 1995; Edwards and

Beerli 2000). Disproportionate overestimates of younger branch

lengths and topological incongruence stemming from lengthened

gene coalescence times and incomplete lineage sorting at higher

values of θ produced estimates of diversification rate (γ) that can

differ significantly from the species tree (Table 1; Figs. 1–3).

Gene divergences are always expected to predate species

divergence, and the magnitude of this difference increases with

larger population sizes. The increased ratio of gene divergence

time to species divergence time is most noticeable at the youngest

nodes (Edwards and Beerli 2000). The effect of lengthening ter-

minal branches for younger gene tree divergences results in higher

densities of older internodes, which can create an artificial pat-

tern of early bursts of diversification, as indicated by decreasing γ

values relative to the species tree (Figs. 2 and 3). However, these

effects are most pronounced only at very high values of θ, and the

impact on γ is only slight at low values of θ. Results are similar

when θ varies across nodes, drawn from a gamma distribution.

Only when θ is relatively high does the use of gene trees result in

a significant negative bias relative to species trees for estimated

values of γ. As θ increases above 1.0, early explosive radiation

will almost always be inferred, regardless of the species tree value

of γ (Fig. 1). At the same values of θ though, differences between

species tree and gene tree topologies, as measured by RF, also

increase (Table 1; Fig. 3).

Promisingly, most estimates of θ from the literature suggest

that values of 10 or 100 are unrealistic for most taxa. A brief

review of phylogeographic studies where θ was calculated per site

yields a range of values for plants, invertebrates, and vertebrates

that generally fell under 10.0, ranging from 0.0001 to 9.4 (Vila

et al. 1997; Koskinen et al. 2002; Van Hooft et al. 2002; Rawson

et al.2003; Zeh et al.2003; Moya et al. 2004; Shanker et al. 2004;

Tarjuelo 2004; Babik et al. 2005; Carstens et al. 2005; Li et al.

2005; Ramakrishnan et al. 2005; Pavlova et al. 2005; Provan et al.

2005; Gelembiuk et al. 2006; Grazziotin et al. 2006; Spellman and

Klicka 2006; Carling and Brumfeld 2007; Crandell et al. 2008;

Hickerson and Meyer 2008; Pyron and Burbrink 2009; Shepard

and Burbrink 2008, 2009). In contrast, a handful of authors have

reported extremely large estimates for θ, ranging from 10.8 to

960.84 (Brito 2005; Hofman et al. 2007; Johnson et al. 2007).

We stress the point of how large Ne would have to be to yield

significantly negative gene-tree values of γ from the species-tree

γ with the following example: if values of θ = 10 or 100, those that

produce significantly negative values of γ from gene trees, were

estimated from mtDNA, where θ = 2Neμ (with a general mtDNA

mutation rate of 0.01 × 10−6/generation; e.g., Brown et al. 1979;

Klicka and Zink 1998; Weir and Schluter 2008), the expected Ne

would be on the order of 108 or 1011, respectively. These values

are several orders of magnitude larger than most estimated values

of Ne from wild populations (Palstra and Ruzzante 2008; Piganeau

and Eyre-Walker 2009). Therefore, based on the results presented

here, very few of these studies from the literature are expected to

yield negatively-biased estimates of γ using gene trees. However,

conclusions about θ from empirical studies can vary widely when

populations have mixed ancestry, are structured geographically,

or use nonequivalent methods to estimate θ (Edwards and Beerli

2000; Wakeley 2000). Also, given that the final branching events

are most likely overestimated with large values of θ, one possible

solution to ameliorating inaccurate estimates of γ would be to

exclude the final branching events from calculations of γ (see

Harmon et al. 2003).

Similarly, results from Leaché (2010) yield a mean θ of

0.0066 (SD = 0.00009) across all nodes in the Sceloporus species

tree, which is expected to yield minimal error in γ based on

these simulations. Accordingly, we found a small negative bias

of γ in most of the individual gene trees and the concatenated

gene tree from our empirical example. Leaché (2010) produced

a species tree for the genus of North American fence lizards,

Sceloporus, sampling four genes for all 21 species groups. This

tree yielded a negative γ, but based on the taxon sampling cannot

be distinguished from a pure-birth process. As predicted by our

simulation studies, two of the individual gene trees and the con-

catenated gene-tree resulted in an even lower value of γ, whereas

the genes PNN and R35 produced slightly higher values, as po-

tentially expected with less than 25 taxa (Fig. 1). Our simula-

tions predict that lower values of θ should yield lower amounts

of γ-error (the difference between gene tree and species tree γ).

Accordingly, we found a low average value of θ across the tree

(0.0066), and low mean γ-error (−0.17) across all genes. The con-

catenated gene tree γ-error was also low (−0.46). At least for this

small dataset, γ-estimates from single and concatenated genes are

adequate.
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We note that our study investigated only the possibility that

gene-tree discordance is caused by θ inducing deep coalescence.

Other factors, including horizontal gene transfer and gene dupli-

cation (see Edwards 2009), will also likely alter gene-tree based

estimates of γ. Additionally, population-level processes operating

during speciation could confound gene-estimates of γ, due mostly

to inaccurate estimates of depth at terminal nodes. For instance,

not accounting for the possibility of speciation with continued

gene flow (e.g., Nielson and Hey 2004; Hey 2006; Becquet and

Przeworski 2007) may underestimate node depths and produce

positively-skewed γ values if this phenomenon is pervasive at all

terminal branching times. As multilocus datasets become more

common and species-tree methods more sophisticated, it will be

important for researchers to use them whenever possible, and eval-

uate the potential impacts of gene-tree/species-tree discordance

on evolutionary hypotheses and tree-based statistics.

Although using gene trees can have unintended negative con-

sequences for estimating γ, they appear to provide relatively ac-

curate estimates of diversification patterns at more biologically

reasonable values of θ. Other studies have demonstrated that error

in divergence-time estimation does not have a substantial impact

on estimates of diversification rates (Wertheim and Sanderson

2010). Although not tested, we expect that biases from gene trees

may impact other phylogenetic comparative methods that use

waiting times between nodes in a fashion similar to γ. Calculat-

ing γ (and diversification rate generally) may not require topology

of the gene tree and species tree to be identical, although accuracy

of γ is linked to topology (see Pybus and Harvey 2000). When

gene trees are topologically different from species trees, the or-

dered divergences still occur at a roughly equivalent time-scale.

Therefore, if the branching order of the gene tree is a reasonable

approximation of the species tree, estimates of γ will be similar,

provided that θ is not excessively large. Thus, for most empirical

datasets, gene-tree estimates should provide an adequate prelim-

inary picture of the tempo of diversification within a group.
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(2010), and A. D. Leaché and M. J. Hickerson for reviewing early drafts of
this manuscript. Additionally, the manuscript was substantially improved
by comments from M. Alfaro and three anonymous reviewers. We also
thank L. Liu for assistance with the Phybase code. This work was funded
by a National Science Foundation grant (DBI-0905765) issued to R. A.
Pyron.

LITERATURE CITED
Arbogast, B. S., S. V. Edwards, J. Wakeley, P. Beerli, and J. B. Slowinski. 2002.

Estimating divergence times from molecular data on phylogenetic and
population genetic timescales. Ann. Rev. Ecol. Evol. Syst. 33:707–740.

Babik, W., W. Branicki, J. Crnobrnja-Isailovic, D. Cogalniceanu, I. Sas, K.
Olgun, N. A. Poyarkov, M. Garcia-Parı́s, and J. W. Arntzen. 2005.
Phylogeography of two European newt species. Discordance between
mtDNA and morphology. Mol. Ecol. 14:2475–2491.

Becquet, C., and M. Przeworski. 2007. A new method to estimate parameters
of speciation models, with application to apes. Genome Res. 17:1505–
1519.

Brito, P. H. 2005. The influence of glacial refugia on Tawny owl genetic
diversity: phylogeography in Western Europe. Mol. Ecol. 14:3077–3094.

Brown, W. M., M. George, and A. C. Wilson. 1979. Rapid evolution of animal
mitochondrial DNA. Proc. Natl. Acad. Sci. USA 76:1967–1971.

Burbrink, F. T., and R. A. Pyron. 2010. How does ecological oppor-
tunity influence rates of speciation, extinction, and morphologi-
cal diversification in New World ratsnakes (tribe Lampropeltini)?
Evolution 64:934–943.

Carling, M. D., and R. T. Brumfield. 2007. Gene sampling strategies for
multi-locus population estimates of genetic diversity (theta). PLoS ONE
2:e160.

Carstens, B. C., S. J. Brunsfeld, J. R. Demboski, J. D. Good, and J. Sullivan.
2005. Investigating the evolutionary history of the Pacific Northwest
mesic forest ecosystem: hypothesis testing within a comparative phylo-
geographic framework. Evolution 59:1639–1652.

Crandall, E. D., M. A. Frey, R. K. Grossberg, and P. H. Barber. 2008. Contrast-
ing demographic history and phylogeographical patterns in two Indo-
Pacific gastropods. Mol. Ecol. 18:611–626.

Cusimano, N., and S. S. Renner. 2010. Slowdowns in diversification rates
from real phylogenies may not be real. Syst. Biol. 59:458–464.

Day, J. D., J. A. Cotton, and T. G. Barraclough. 2008. Tempo and mode of
diversification of Lake Tanganyika cichlid fishes. PLoS ONE 3:e1730.

Degnan, J. H., and N. A. Rosenberg. 2009. Gene tree discordance, phylo-
genetic inference, and the multispecies coalescent. Trends Ecol. Evol.
24:332–340.

Dı́az-Uriarte, R., and T. Garland, Jr. 1996. Testing hypotheses of correlated
evolution using phylogenetically independent contrasts: sensitivity to
deviations from Brownian motion. Syst. Biol. 45:27–47.

———. 1998. Effects of branch length errors on the performance of phylo-
genetically independent contrasts. Syst. Biol. 47:654–672.

Edwards, S. V. 2009. Is a new and general theory of molecular systematics
emerging? Evolution 63:1–19.

Edwards, S. V., and P. Beerli. 2000. Perspective: gene divergence, population
divergence, and the variance in coalescence time in phylogeographic
studies. Evolution 54:1839–1854.

Edwards, S.V., L. Liu, and D. K. Pearl. 2007. High-resolution species
trees without concatenation. Proc. Natl. Acad. Sci. USA 104:5936–
5941.

Felsenstein, J. 1988. Phylogenies and quantitative characters. Ann. Rev. Ecol.
Syst. 19:445–471.

Freckleton, R. P., P. H. Harvey, and M. Pagel. 2002. Phylogenetic analysis
and comparative data: a test and review of evidence. Am. Nat. 160:712–
726.

Gelembiuk, G. W., G. E. May, and C. E. Lee. 2006. Phylogeography and
systematics of zebra mussels and related species. Mol. Ecol. 15:1033–
1050.

Gittleman, J. L., and M. Kot. 1990. Adaptation: statistics and a null model for
estimating phylogenetic effects. Syst. Zool. 39:227–241.

Grazziotin, F. G., M. Monze, S. Echeverrigaray, and S. L. Bonatt. 2006. Phy-
logeography of the Bothrops jararaca complex (Serpentes: Viperidae):
past fragmentation and island colonization in the Brazilian Atlantic For-
est. Mol. Ecol. 15:3969–3982.

Harmon, L. J., J. A. Schulte, A. Larson, and J. B. Losos. 2003. Tempo and
mode of evolutionary radiation in iguanian lizards. Science 301:961–
964.

Harmon, L. J., J. Melville, A. Larson, and J. B. Losos. 2008. The role of geog-
raphy and ecological opportunity in the diversification of Day Geckos
(Phelsuma). Syst. Biol. 57:562–573.

EVOLUTION JULY 2011 1 8 5 9



F. T. BURBRINK AND R. A. PYRON

Harmon, L., J. Weir, C. Brock, R. Glor, W. Challenger, and G. Hunt.
2008. GEIGER: analysis of evolutionary diversification. Available at:
http://cran.r-project.org/web/packages/geiger/index.html.

Hartmann, K., D. Wong, and T. Stadler. 2010. Sampling trees from evolution-
ary models. Syst. Biol. 59:465–476.

Harvey, P. H., and M. D. Pagel. 1991. The comparative method in evolutionary
biology. Oxford Univ. Press, Oxford, U.K.

Hey, J. 2006. On the failure of modern species concepts. Trends Ecol. Evol.
21:447–450.

Hey, J., and R. Nielsen. 2004. Multilocus methods for estimating popula-
tion sizes, migration rates and divergence time, with applications to the
divergence of Drosophila pseudoobscura and D. persimilis. Genetics
167:747–760.

Hickerson, M. J., and C. P. Meyer. 2008. Testing comparative phylogeographic
models of marine vicariance and dispersal using a hierarchical Bayesian
approach. BMC Evol. Biol. 8:322.

Hofman S., C. Spolsky, T. Uzzel, D. Cogălniceanu, W. Babik, and J. M.
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