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ABSTRACT Changes in parity mode between egg-laying (oviparity) and live-bearing (viviparity) have occurred
repeatedly throughout vertebrate evolution. Oviparity is the ancestral amniote state, and viviparity
has evolved many times independently within amniotes (especially in lizards and snakes), with
possibly a few reversions to oviparity. In amniotes, the shelled egg is considered a complex
structure that is unlikely to re-evolve if lost (i.e., it is an example of Dollo's Principle). However, a
recent ancestral state reconstruction analysis concluded that viviparity was the ancestral state of
squamate reptiles (lizards and snakes), and that oviparity re-evolved from viviparity many times
throughout the evolutionary history of squamates. Here, we re-evaluate support for this
provocative conclusion by testing the sensitivity of the analysis to model assumptions and
estimates of squamate phylogeny. We found that the models and methods used for parity mode
reconstruction are highly sensitive to the specific estimate of phylogeny used, and that the point
estimate of phylogeny used to suggest that viviparity is the root state of the squamate tree is far
from an optimal phylogenetic solution. The ancestral state reconstructions are also highly sensitive
to model choice and specific values of model parameters. A method that is designed to account for
biases in taxon sampling actually accentuates, rather than lessens, those biases with respect to
ancestral state reconstructions. In contrast to recent conclusions from the same data set, we find
that ancestral state reconstruction analyses provide highly equivocal support for the number and
direction of transitions between oviparity and viviparity in squamates. Moreover, the
reconstructions of ancestral parity state are highly dependent on the assumptions of each
model. We conclude that the common ancestor of squamates was oviparous, and subsequent
evolutionary transitions to viviparity were common, but reversals to oviparity were rare. The three
putative reversals to oviparity with the strongest phylogenetic support occurred in the snakes Eryx
jayakari and Lachesis, and the lizard, Liolaemus calchaqui. Our results emphasize that because the
conclusions of ancestral state reconstruction studies are often highly sensitive to the methods and
assumptions of analysis, researchers should carefully consider this sensitivity when evaluating
alternative hypotheses of character-state evolution. J. Exp. Zool. (Mol. Dev. Evol.) 324B:504–516,
2015. © 2015 Wiley Periodicals, Inc.
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Non-biologists may still ponder the age-old riddle of “Which
came first, the chicken or the egg?,” but the answer is clear from
an evolutionary standpoint (Fig. 1). The amniote egg, defined by
its water-retaining shell, four extra-embryonic membranes, and
embryo-nourishing yolk, existed by the time the earliest
amniotes (mammals and reptiles) diverged from one another
about 325mya (Hedges, 2009; Benton, 2014)—long before the
first chicken walked the Earth. Today, the majority of living
amniotes are oviparous, including all birds, crocodylians,
tuataras, turtles, and monotreme mammals (Fig. 1). However,
the distribution of parity modes in lizards and snakes (squamate
reptiles) is far more diverse. Approximately 20% of squamate
species are viviparous, and this complex of traits has been
estimated to evolve independently over 100 times across the
squamate phylogeny (Blackburn, 2006, 2015a). In these vivip-
arous species, developing embryos are retained in the mother's
uterus for the entire duration of embryonic development.
The traditional view of parity mode evolution in amniotes is

that the most recent common ancestor of squamates, which lived
�200mya (Jones et al., 2013), was oviparous, as it inherited the
same ancestral parity mode that characterizes all other reptiles
(Fig. 1). The transition from oviparity to viviparity requires
extensive modification of uterine physiology and morphology
(e.g., Blackburn, 2006, 2015b; Blackburn and Flemming, 2009).
For example, uterine shell glands in oviparous species secrete
calcium during the discrete period of eggshell construction
(Stinnett et al., 2012; Stewart, 2013). In viviparous species, shell
gland function has been modified to provide calcium to the
embryo throughout gestation (Herbert et al., 2006; Stewart,
2013). True “ovoviviparity” does not exist in squamates, as all
examined viviparous squamates have some form of placenta
composed of both maternal and embryonic tissue. The uterine
structure of oviparous species is, therefore, modified into the
maternal half of the placenta in viviparous species. The
embryonic portion of the placenta is composed from the same
extra-embryonic membranes that are present in all amniote eggs.
Most squamate placentae are relatively simple structures used
primarily for gas exchange and water transport (Thompson and
Speake, 2006), but a more elaborate placenta that facilitates
significant nutrient exchange has evolved at least six times in
squamates (Blackburn, 2015a; Stewart and Blackburn, 2014).
Underlying the evolutionary transition to viviparity and a
placenta are significant changes in gene expression of hundreds
of genes (Brandley et al., 2012; Van Dyke et al., 2014).
Given the complexity of morphological, physiological, and

genetic changes associated with the evolutionary transition to
viviparity, the prevailing view is that when viviparity evolves in a
lineage, reversals to oviparity are exceedingly unlikely to occur.
Such a reversal would be a counter-example to Dollo's Principle
(sometimes misleadingly called “Dollo's Law”): the proposition
that complex characters, once lost from a lineage, are unlikely to
be regained (Dollo, 1893). The reversal to oviparity would not

simply be a matter of shutting off viviparity-specific functions,
thereby returning to a default ancestral oviparous state. Rather, it
would require the re-evolution of another relatively complex
character suite—a shelled egg that supports external develop-
ment, as well as uterine functions specific to oviparity that may
have been lost while the lineage was viviparous (see Griffith et al.,
2015).
Nonetheless, multiple studies using phylogenetic comparative

methods and parity mode character-state data have challenged
the traditional view that reversals to oviparity are highly unlikely.
de Fraipont et al. ('96) estimated that the rate of transition from
oviparity to viviparity has been similar to the rate of transition
from viviparity to oviparity in squamates. In contrast, Lee and
Shine ('98) strongly criticized de Fraipont et al. ('96), especially in
relation to how the study incorporated phylogenetic information,
and concluded that there is no support for reversals to oviparity
(but see de Fraipont et al., '99).
Goldberg and Igi�c (2008) argued that existing ancestral state

reconstructions methods were statistically inappropriate and
would lead to erroneous support for re-evolution of complex
traits. They demonstrated this problem by comparing the fit and
performance of state-dependent models to state-independent
models in a simulation framework. Lynch and Wagner (2010)
subsequently examined the oviparity reversal hypothesis in
snakes by testing whether the oviparous parity mode in the sand
boa, Eryx jayakari, re-evolved from viviparous ancestors. They
reconstructed ancestral states of parity mode using the state-
dependent BiSSE model (Maddison et al., 2007) while estimating
the rate of transition between parity modes and parity-dependent
diversification rates. They estimated statistically significant
support for the evolutionary reversal from viviparity to oviparity
in E. jayakari (see also Griffith et al., 2015). Using similar
methods, Fenwick et al. (2012) also inferred a possible reversion
to oviparity from viviparity in pitvipers. Finally, a study of the
relationship between climate and parity mode in Liolaemus
lizards found that transitions from oviparity to viviparity were far
more likely than reversals, but the authors could not rule out the
latter (Pincheira-Donoso et al., 2013). Thus, although the
oviparity to viviparity transition has remained the dominant
paradigm of squamate parity evolution, there is nonetheless
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provocative ancestral state reconstruction evidence that reversals
to viviparity may occur, although rarely.
Recently, the results of Pyron and Burbrink's (2014) phyloge-

netic ancestral state reconstruction analyses once again chal-
lenged the traditional view of squamate parity mode evolution.
That study compiled binary oviparity/viviparity character state
data for amassive data set including 8,006 species, or about 85%of
all squamates. For their phylogenetic framework, Pyron and
Burbrink (2014) used the point estimate of a phylogeny fromPyron
et al.'s (2013) maximum likelihood analysis of a squamate DNA
supermatrix (4,162 species). The phylogenywas then pruned to the
3,952 species for which both phylogenetic and parity mode
information had been collected. This single tree was the
phylogenetic framework used in Pyron and Burbrink's ancestral
state reconstruction analyses.
Pyron and Burbrink's (2014) ancestral state reconstruction

analyses using the BiSSEmodel supported the hypothesis that the
most-recent common ancestor of all extant squamates was
viviparous rather than oviparous. Moreover, they concluded not
only that reversals from viviparity to oviparity are common, they
actually occur more frequently than transitions from oviparity to
viviparity. For example, their 6-parameter BiSSE analysis
estimated 34 origins of viviparity (including the root node),
and 59 reversals to oviparity. In contrast, their Dollo (irreversible)
parsimony model estimated 121 origins of viviparity—similar to
the estimate of at least 115 independent origins of squamate
viviparity by Blackburn (2006, 2015a), who also assumed no
reversals. Pyron and Burbrink's (2014) conclusion of frequent
reversals from viviparity to oviparity is profoundly different than
the prevailing concept of the evolution of squamate viviparity,
and indeed the evolution of complex structures in general. This

conclusion should, therefore, be subject to enhanced scrutiny
before accepted as a new paradigm for future study (see also
Pyron and Burbrink, 2015).
Here, we re-evaluate Pyron and Burbrink's (2014) ancestral

state reconstruction analyses with respect to estimates of
squamate phylogeny, parameters used in the various models of
character evolution, and other aspects of model choice and taxon
sampling. We also assess the effects of BiSSE model parameters
on estimates of ancestral states, as well as the model's perform-
ance using massive phylogenies.
Although we discuss the implications of our re-analysis of

Pyron and Burbrink (2014) to the study of viviparity, our primary
goal is not to find a single analytical solution to the question of
whether reversals to oviparity evolved. Rather, our motivation is
to assess how differing model assumptions and phylogenetic
uncertainty affect ancestral state reconstruction estimation.
Because these issues may affect ancestral state estimation in
general, and therefore, the biological interpretation of these
reconstructions, our results are applicable to any study that uses
these methods, regardless of taxonomic focus.

METHODS

Phylogenetic Estimation
The DNA supermatrix used by Pyron et al. (2013) consisted of up
to five mtDNA and seven nuclear genes from all available
squamate sequences on Genbank, for 4,162 taxa. One potential
problem of most supermatrix studies is that not all phylogenetic
studies use the same loci, and therefore, the supermatrix contains
a large amount of missing data (as not all loci are available for all
species). For example, 81% of the cells in the DNA matrix of

Figure 1. The evolution of parity mode in amniotes. Clades colored red are viviparous, clades colored blue are oviparous, and clades colored
purple are represented by both parity modes. Branch lengths represent time (y-axis).
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Pyron et al. (2013) are empty. Because these supermatrix studies
also typically sample thousands of taxa, many of which may be
represented by only fragmentary sequences, we expect a large
degree of uncertainty in the resulting phylogenetic estimates
(Sanderson et al., 2010).
The representation of squamate taxa for each locus in the

Pyron et al. (2013) supermatrix is highly unequal. Squamate
phylogenetic analyses have used nuclear loci mostly to infer
“deep” relationships. These studies have typically sequenced
multiple nuclear loci, but from only a few exemplars per family.
Indeed, the deep, interfamilial phylogenetic relationships in the
Pyron et al. (2013) tree generally agree with other squamate
multi-locus phylogenies that sampled fewer taxa (e.g., Vidal and
Hedges, 2009; Mulcahy et al., 2012; Wiens et al., 2012; Reeder
et al., 2015). On the other hand, there are manymtDNA sequences
available for a diverse assemblage of squamate species, especially
at the intergeneric and interspecific levels where nuclear
sequences have not yet been sequenced. This distribution of
data results in a situation where the “deep” relationships are
reconstructed using multiple loci, but the tip relationships are
driven by mtDNA sequences. We, therefore, also expect the tip
relationships to be subject to more phylogenetic error that may
artificially increase the estimated number of transitions in the
ancestral state reconstruction analyses.
Given the large number of taxa sampled in the Pyron et al.

(2013) data set and large amount of missing data, finding a near-
optimal phylogenetic solution is a computationally difficult
problem. However, because the ancestral state reconstruction
analyses of Pyron and Burbrink (2014) rely on a single point
estimate of squamate phylogeny, alternative phylogenetic
estimates (many of which are likely to reflect improved fits to
the data) may support conflicting results. We, therefore, used
three sets of phylogenetic analyses to attempt to assess the degree
to which the conclusions of Pyron and Burbrink (2014) are
affected by phylogenetic uncertainty, and to assess the degree
that their point estimate of phylogeny reflects the optimal
solution space.
Our analyses re-estimated the 4,162-taxon squamate phylog-

eny used in Pyron and Burbrink's (2014) analysis under the same

likelihood model and parameters used in the original phyloge-
netic study (Pyron et al., 2013). We used the same partitioning
scheme used by Pyron et al. (2013), including separate partitions
for each of the three coding positions for the 10 protein-coding
genes and a single partition each for the 12S and 16S rRNA, for a
total of 32 partitions. Separate parameters of the GTRþG model
were estimated for each partition.
In our first set of analyses, we performed ten separate ExaML

(Jarvis et al., 2014; Stamatakis, 2014) tree searches, each seeded
from a starting tree obtained from 10 separate parsimony
searches in RAxML 7.7.6 (Stamatakis, 2014). ExaML is a version
of the RaxML software that uses a new parallelization approach
to speed up estimation of large trees. ExaML and RaxML produce
rounded approximations of likelihood scores for trees, rather than
precise likelihood scores. The scores calculated in different
versions of the software are not comparable with one another
(Stamatakis, 2014). To compare the likelihood scores of all trees
found by different programs and the Pyron et al. (2013) tree, we
re-calculated precise (rather than approximate) likelihood scores
of all trees using the software Garli (Zwickl, 2006). These
calculations revealed large discrepancies between reported scores
from ExaML and Garli for the same trees. In all cases we
examined, the approximate scores reported by RaxML and
ExaML over-estimated the fit of the data to a given tree.
Our second set of analyses used Garli to optimize the branch

lengths without changing the tree topology of the ten best ExaML
trees. This branch-length optimization step accounted for
substantial improvements in likelihood scores for all ten trees.
For the final set of analyses, we used Garli to search for
improvements in both topology and branch lengths of the 10
ExaML trees.
We used the trees with the highest likelihood score from each of

four sets of analyses for our subsequent ancestral state
reconstruction analyses (Table 1): (i) The tree reported by Pyron
et al. (2013) and used by Pyron and Burbrink (2014); (ii) the best
tree from the 10 ExaML searches; (iii) the best tree from the
ExaML searches, but with branch lengths optimized under Garli;
and (iv) the best tree from the ExaML searches with both branch
lengths and topology improved in Garli (this was the solution

Table 1. Comparisons in likelihood score and tree topology (as measured in symmetric distance) between the Pyron et al. (2013) tree used by
Pyron and Burbrink (2014) to the best trees found in the phylogenetic analyses described in the text.

Tree Ln-likelihood score
Difference in ln-likelihood

from best tree found
Symmetric distance
from best tree found

Pyron and Burbrink tree –2,676,499.387 83,796.437 809
ExaML tree –2,598,386.107 5,683.157 667
Branch-length improved tree –2,595,843.385 3,140.435 667
Best tree –2,592,702.950 0 0

The “best tree” is the best tree found in our searches with both ExaML and Garli, but is unlikely to represent the optimal solution.
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with the overall highest likelihood, or the “best tree” found across
all analyses).
The model of character evolution used by Pyron and Burbrink

(2014) to reconstruct ancestral states requires a time-calibrated
phylogeny. We used identical methods as reported by Pyron and
Burbrink (2014) by scaling all trees to absolute time using the
software treePL (Smith and O'Meara, 2012), which is a Cþþ
implementation of r8s (Sanderson, 2002). This method uses a
penalized likelihood algorithm to smooth rates among branches.
We also used the same seven calibration points used by Pyron and
Burbrink (2014); these calibration nodes and dates are shown in
Figure 2 (see the Supplemental Information for details of treePL
implementation).
To compare topological distances between phylogenetic

estimates, we computed Robinson–Foulds symmetric difference
scores (Robinson and Foulds, '81) using the Dendropy Python
library (Sukumaran and Holder, 2010). Because of the potentially
large number of differences between trees, the unweighted
version of this metric is preferable to the weighted version
(Kuhner and Yamato, 2014).

BiSSE Models and Taxon Sampling Parameters
Pyron and Burbrink (2014) estimated the ancestral state of
squamate reproductive paritymode using the BiSSEmodel. BiSSE
was developed by Maddison et al. (2007) as a way of estimating

macroevolutionary rates (such as speciation and extinction) in a
trait-dependent framework. This model involves six total
parameters: a speciation rate for taxa possessing character state
0 and a separate speciation rate for taxa possessing state 1, an
extinction rate for taxa possessing character state 0 and another
extinction rate for taxa possessing state 1, a rate of change from
state 0 to state 1, and a rate of change from state 1 to state 0. As
Pyron and Burbrink's model-fitting work selected the 6-
parameter BiSSE model as the best-fit to the data, and our goal
was to examine sensitivity of the model to assumption violations,
we did not explore alternativemodels.We used the default setting
for the root state parameter. This setting allows the relative
probabilities of the two states at the root to be estimated from the
data (FitzJohn et al., 2009).
As originally conceived, the BiSSEmodel was only appropriate

with trees for which all species were included. However, this
model was extended by FitzJohn et al. (2009, 2012) to include
sampling parameters that permit the use of trees with incomplete
taxon sampling (using the software Diversitree). These sampling
parameters require users to specify the proportion of the extant
species of the clade that have been sampled. Users can specify
sampling corrections using either one or two terms. A one-term
setting informs the analysis of the proportion of the species
sampled fromwithin the clade, irrespective of character state. The
two-term setting informs the analysis of the proportion of all

Figure 2. The best estimate of squamate phylogeny found in this study. This solution has a lnL score of –2,592,702.95 or approximately
83,796 lnL units better than the tree used by Pyron and Burbrink (2014). Calibration points for time scaling used by Pyron and Burbrink
(2014) are indicated by asterisks and numbers.
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species with state 0 and state 1 that are sampled. Pyron and
Burbrink (2014) used a two-term sampling correction, specifying
that 47% of oviparous squamate species and 63% of viviparous
squamate species were sampled. Diversitree outputs ancestral
states calculated in the process of estimating values for the six
other parameters in the model. These states undergo no further
optimization, as they are calculated as a step in estimating the
model parameters.
An important note for later discussion is that the BiSSE model

assumes that lineages were sampled at random from across the
phylogeny. Pyron et al. (2013) sampled most lineages known to
contain transitions between parity mode states. Sampling of taxa
was clearly not random, as it included all known lineages deep in
the tree, with reduced sampling near the tips. If virtually all
transitions between parity states are captured by the taxon
sampling, it is unclear that either the one-term or the two-term
sampling parameter should be included, as the goal is to estimate
the number and direction of changes between parity mode states
(as opposed to the rates of speciation and extinction with respect
to character-state, which is the primary goal of the software).
Because the exact values used in the one- and two-term sampling
corrections will be highly dependent on the exact scale of the
taxonomic question, we performed two tests to assess the impact
of including either of these parameters on the analyses.
Thefirst testwas touse threedifferent samplingparameter settings

to estimate a BiSSE model and ancestral states on each tree: (i) the
default setting (which involves no correction for taxon sampling);
(ii) a one-term model assuming the proportion of all squamate
species sampled¼ 0.42; and (iii) a two-term model assuming the
proportion of known oviparous species sampled¼ 0.47, and
proportion of known viviparous species sampled¼ 0.63. Pyron
and Burbrink (2014) used the two-term model.
To assess the effect of the two-term sampling correction on the

estimated parity state at the root of the squamate phylogeny, we
estimated BiSSE models with incrementally-changing sampling
parameters along four different trees: (i) the original Pyron et al.
(2013) tree; (ii) the best tree resulting from the ExaML searches;
(iii) the best ExaML tree with branch lengths re-optimized in
Garli; and (iv) the best ExaML tree with branch lengths and
topology re-optimized in Garli (Table 1).

Counting Evolutionary Changes in Parity State
Counting changes between the ancestral reconstructions of
character states in BiSSE is not straightforward, because BiSSE
does not assign unambiguous states to ancestral nodes. Instead,
BiSSE estimates the relative proportion ofmarginal likelihoods for
the two states at each node of the tree. One approach to counting
potential changes would be to count any change from >0.50
support for viviparity to>0.50 support for oviparity, or vice versa.
However, many of the internal nodes on the squamate tree have
very weak support for one parity-mode state or the other, so
switches back and forth between ambiguous states are common.

Thismethod results inmany counts of character changes that have
virtually no statistical support. Another method of counting
changes was used by Pyron and Burbrink (2014). They only
counted changes when support (the relative proportion of
marginal likelihoods for the two states) for the alternative state
at a node on the tree exceeded 0.95. We implemented this
algorithm, but discovered that it also results in over-counting
changes. For example, consider the case of two oviparous sister
species, nested deeply within a clade of otherwise viviparous
species. If the state of the common ancestor of these two sister
species is estimated in BiSSE with less than 0.95 support for
oviparity, then a transition from viviparity to oviparity will be
counted twice (once in each of the two sister species), rather than
once in their common ancestor.
We found the most straightforward method of conservatively

counting character changes on the BiSSE treeswas tominimize the
number of reversals to oviparity under a parsimony model that
equally weighted changes between the two parity states. We used
PAUP� 4.0d142 (Swofford, 2003) for these analyses. These counts
match the expectations of changes in the BiSSE ancestral states,
without over-counting changes as in themethodsdescribed above.
We also calculated the minimum number of reversals from

viviparity to oviparity on the best phylogenetic estimate using
weighted parsimony (as implemented in PAUP� 4.0d142). To
determine which putative reversals to oviparity had the most
support across the squamate tree, we evaluated transitions in
parity mode under models that penalized reversals from
viviparity to oviparity twofold, threefold, and fourfold relative
to changes from oviparity to viviparity.

RESULTS

Phylogenetic Estimation
The ln-likelihood score of our overall best phylogeny was
–2,592,702.950. The tree reported by Pyron et al. (2013), which
was also used in Pyron and Burbrink's (2014) analysis, had a ln-
likelihood score of –2,676,499.387 as precisely scored by Garli.
Thus, the best tree we found represented an improvement of
>83,796 ln-likelihood units from the tree estimated by Pyron
et al. (2013). Figure 2 shows a schematic of this tree with themajor
clades of squamates indicated.
Figure 3 shows the tree used by Pyron and Burbrink (2014),

compared to the best trees from each of our phylogenetic
analyses, with branches colored by the marginal likelihoods for
the respective reconstructed ancestral states (oviparity or
viviparity). Table 1 shows the likelihood score differences and
symmetric topological differences among these trees. Symmetric
difference scores (Robinson and Foulds, '81) indicate the total
number of internal branches that need to be collapsed or added to
convert between two trees. On these trees, the major groupings of
squamates (colored on Fig. 2) are always recovered, with
differences being found mostly among tip lineages.
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BiSSE Models and Taxon Sampling Parameters
Sensitivity to the Sampling Parameters. As shown in Figure 4,
there are strong effects of both tree topology and sampling
parameters on the estimated parity state for the ancestor of

squamates. On the Pyron and Burbrink (2014) tree, there is a large
region of parameter space (the values of the two sampling
parameters) in which viviparity is supported at the root of the
squamate tree (Fig. 4A). However, as trees of higher likelihood are

Figure 3. Results of ancestral state reconstruction using the BiSSE model (with no taxon sampling correction parameter) for the four trees
discussed in the text. Branches are colored by marginal likelihoods for reconstructed ancestral states on a blue (support for oviparity) to red
(support for viviparity) scale. Calibration points for time-scale tree are shown with black squares.
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examined, viviparity at the root of the squamate tree is favored in
a decreasing region of the parameter space (Fig. 4B–D). In all of
the analyses, higher proportional sampling of viviparous taxa
results in increasing support for viviparity at the root of the tree,
and higher proportional sampling of oviparous taxa results in
increasing support for oviparity at the root of the tree.

Ancestral State Reconstruction
As can be seen on Figure 3 and Table 2, the estimated number of
origins of viviparity, as well as the estimated number of reversals
from viviparity to oviparity, varies across trees andmodels.When
changes in either direction between parity-mode states were
weighted equally, we estimated between 98 and 106 origins of
viviparity, with between 12 and 18 reversals to viviparity across
the set of examined trees. However, if reversals to oviparity from
viviparity are treated as less likely (penalized in the counting
algorithm), then we found support for only 2–3 reversals under

the 2X weighting, 0–1 under 3X weighting, and none under 4X
weighting. The strongest supported reversal to oviparity (the only
one supported under 3Xweighting, on all but the best tree) was in
the ancestor of Lachesis. The next most consistently supported
reversal (in all trees at 2X weighting) was in Eryx jayakari. The
only other reversal that received support in 2X-weighted
analyses (but not for all trees) was in Liolaemus calchaqui.

DISCUSSION
As DNA data have become available for a greater diversity of
species, phylogenies with thousands of species have been
increasingly utilized to explore large-scale patterns of evolution
using phylogenetic comparative methods (e.g., Zanne et al.,
2014). However, relatively unexplored aspects of large-scale
comparative methods analyses are the assumptions of the
respective models (Thomas et al., 2014) and the effects of
alternative tree topologies and branch length optimization on

Figure 4. Support for the estimated parity mode root state of squamates as a function of values for the two-term taxon sampling parameter
in FitzJohn's (2009) revised BiSSE model. The yellow star indicates the parameter values used by Pyron and Burbink (2014). Note that
increasing the sampling of taxa with a given parity state increases the support for that state at the root of the squamate tree.

Table 2. Number of changes to viviparity and oviparity, and support for the root state, as estimated across four trees and three methods of
taxon-sampling correction.

Minimum number of
reversals to oviparity Root state (% support for oviparity)

Tree
Origins of
viviparity 1X 2X 3X 4X

No sampling
correction

One term
correction

Two term
correction

Pyron and Burbrink
tree

106–129 13 2 1 0 80.8 7.2 7.4

ExaML tree 103–126 12 3 1 0 75.0 87.9 11.2
Branch-length
improved tree

103–124 12 3 1 0 90.4 97.5 24.4

Best tree 98–129 18 3 0 0 88.6 94.5 14.3

The ranges for origins of viviparity indicate the number of origins under the equal weighted model to the number of origins assuming no reversals to oviparity.
Reversals to oviparity are shown for four models of character change: 1X¼ equal weighting of changes between viviparity and oviparity; 2X¼ twofold greater
penalty of reversals to oviparity; 3X¼ threefold greater penalty of reversals to oviparity; 4X¼ fourfold greater penalty of reversals to oviparity.
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parameter estimates. This is particularly important because
phylogenies derived from supermatrices of available GenBank
sequences typically contain massive amounts of missing data
that could result in high phylogenetic uncertainty.
Recently several studies have scrutinized the performance of trait-

dependent speciation models such as BiSSE. Maddison and FitzJohn
(2015)andRaboskyandGoldberg (2015) showed that statistical testsof
character evolution and speciation rate using thesemodels are subject
to very high rates of Type I error. Using the Pyron and Burbrink (2014)
squamate data, King and Lee (2015) found that incorporating clade-
specific ratesdramatically reduced theestimatednumberofviviparous
to oviparous character-state changes to the same three reversals that
were most strongly supported in our analyses—in the snakes, Eryx
jayakari and Lachesis, and the lizard, Liolaemus calchaqui. Our results
furtherdemonstrate thatestimatesofcharacter-statechangesusingthe
BiSSEmodel arehighly sensitive tovariance inphylogenetic estimates
and assumptions of taxon and character sampling.
In our reanalysis of the squamate data set, we found dramatic

differences in likelihood score, tree topology, and branch lengths
among analyses. The previously estimated tree from this data set
(Pyron et al., 2013) is far fromoptimal (>83,796 ln-likelihoodunits
and 809 symmetric distance units from the best tree we estimated;
Fig. 3). However, the purpose of our studywasnot simply tofindan
improved phylogenetic solution for this data set, but rather to test
the robustness of parity mode evolution to deviations in tree
estimation, as well as the sensitivity of the models and parameters
used to reconstruct ancestral states on these trees.
Onemajor difference between thenewanalyses shown inFigure 3

and the Pyron and Burbrink (2014) analysis is the estimated age for
the origin of Squamata. In the new analyses, we estimate an age for
this node that is very close to the 228Mya calibration date for the
more inclusive Lepidosauria clade (SquamataþSphenodon). In
contrast, the estimated age of Squamata on the Pyron and Burbrink
(2014) tree is 174.1Mya. This discrepancy is due to the different
lengths of the distantly related outgroup branch (Sphenodon)
relative to the diversification of Squamata, as estimated on the
suboptimal versus improved trees. As expected for an imperfect
model of sequence evolution, the length of the long branch leading
to Sphenodon is underestimated in the near-optimal trees relative to
its well-sampled sister lineage (Squamata), which forces the
estimated squamate divergence time to be very close to the
constrained calibration date for Lepidosauria. Additional outgroups
and calibration dates are needed tomore accurately estimate the age
of Squamata from these data. Regardless, both the 228 and
174.1Mya estimates fall within the range of other estimated ages for
Squamata (Jones et al., 2013), andmost importantly, assumingeither
age has no appreciable effect on our results (see below).

Ancestral State Reconstructions Are Sensitive to Model Parameters
and Assumptions
We performed ancestral state reconstructions analyses using three
different taxon-samplingmodels implemented in BiSSE: (i) sampling

all species in a clade—the default model; (ii) a one-parameter model
that accounted for the percentage of all squamate species sampled;
and (iii) a two-parameter model that accounted for the separate
percentages of sampled oviparous and viviparous species.
We examined the estimated parity state of the root when

sequentially changing values of the two-parameter sampling
model (and therefore different assumed proportions of sampled
oviparous to viviparous species). The two-term analysis of Pyron
and Burbrink (2014) reconstructed the common ancestor of
squamate reptiles as viviparous. However, the estimated state of
this common ancestor becomes more ambiguous as more optimal
phylogenetic solutions are considered (Table 2 and Fig. 4).
Moreover, inspection of Figure 4 shows that as the percentage of
oviparous taxa sampled is increased (or if the percentage of
viviparous taxa is decreased), then the inferred ancestral state for
squamates switches from viviparous to oviparous. This is exactly
opposite of the expected behavior of a “bias correction,” if the
purpose of the two-parameter correction is to account for
possibly unsampled groups of oviparous or viviparous taxa. If we
sampled mostly oviparous taxa, and relatively few viviparous
taxa, then we might be concerned about biasing the ancestral
state to oviparity, and wish to correct that problem. However, the
two-parameter sampling model in BiSSE has the opposite effect:
the more biased the sampling is toward oviparous taxa, the more
the “corrected” analysis favors oviparity as the root state (Fig. 4).
Pyron and Burbrink (2014) inferred the ancestral parity state of
squamates as viviparous because they relatively oversampled
viviparous taxa compared to oviparous taxa; if their sampling
bias had been in the opposite direction, they would have inferred
the ancestral state as oviparous, even on their tree and preferred
model. Thus, the two-parameter sampling model in BiSSE is not
accounting for sampling bias in the expected manner for
ancestral state reconstruction. Even given the biases in the
two-parameter sampling model of BiSSE shown in Figure 4,
improvements in the tree topology (i.e., analyzing trees of higher
likelihood) shift the inferred ancestral state towards a more
ambiguous result (Table 2).
It is worthwhile considering why taxon sampling needs to be

taken into account when estimating ancestral states on a
phylogenetic tree. If taxa are sampled randomly from the
complete squamate tree, and there are a few large oviparous
clades of squamates, then many small clades of viviparous taxa
would be expected to be missing from the sample. In this case,
there would be a legitimate concern that the number of origins of
viviparity (and the subsequent reversions to oviparity) would be
underestimated, even if the rates of change between states were
estimated correctly. However, in the study of Pyron et al. (2013),
squamate taxa were not selected randomly. Instead, taxa have
been sequenced to include as many genera and families as
possible, so that the tree is well represented with respect to
phylogenetic diversity. In addition, most previously suggested
origins of viviparity (as well as suggested reversions to oviparity)
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in squamates are represented in the tree. Under these conditions,
taxon sampling of squamates is not likely to be a major concern
with respect to biasing the ancestral state reconstructions.
Although the sampling of squamates in the analysis by Pyron

and Burbrink (2014) was comprehensive, their sampling of
amniotes outside of squamates is a much greater concern for this
analysis, especially with regard to the estimate of the ancestral
squamate condition. Their study included the oviparous tuatara,
the closest living relative of Squamata, as the single outgroup.
They used 228 MY as the constraint for the root between the
tuatara and Squamata. Given the long branch from the root to the
single outgroup (see Fig. 1), the parity state for tuatara (oviparity)
is relatively uninformative about the root state of squamates.
Although viviparity is common in squamates, it has never been
recorded from any other extant reptile group, including birds,
crocodylians, tuataras, and turtles, all of which are oviparous
(Fig. 1). Thus, there is little doubt that the ancestor of birds,
crocodylians, and turtles (which existed much closer to the
ancestor of squamates in time, compared to the extant tuatara)
was oviparous. By including other reptiles as outgroups (in
addition to the tuatara), the ancestral parity state of squamates
would be even more clearly reconstructed as oviparous.

Ancestral State Reconstructions Are Sensitive to Estimates of Tree
Topology
We found that multiple independent runs of ExaML and Garli using
different starting trees each infer a different suboptimal tree. This
inconsistency of results is expected given the extremely complex
solution space that results from the large number of taxa sampled
and the substantial amount of missing data. Any of these
approximate solutionsmight give a reasonable estimate of ancestral
state reconstructions, if the process of ancestral state reconstruction
is found to be robust across point-estimates of phylogeny. However,
as illustrated in Figure 3 and detailed in Table 2, ancestral state
reconstructions differ widely across different point estimates of
phylogeny, different sampling models, and different methods of
counting state changes, with the number of nominal reversals from
viviparity to oviparity ranging from 0 to 18.
Table 2 presents the estimated root state and the number of

estimated changes between oviparity and viviparity (in both
directions) among four phylogenetic estimates and three BiSSE
parameterizations. With no correction for incomplete taxon
sampling, the root state is consistently reconstructedwith stronger
support for oviparity (75.0–90.4%). Using the one-parameter
sampling model (which accounts for the percentage of all
squamate species sampled), all of the solutions except the tree
usedbyPyronandBurbrink (2014) also indicategreater support for
ancestral oviparity in squamates (87.9–97.5%). With the two-
parameter samplingmodel, there ismuch less apparent support for
oviparity as the ancestral state for squamates across all four trees
(7.4–24.4%). However, as shown in Figure 4 and discussed earlier,
the two-parameter “correction” for taxon sampling in BiSSE

actually accentuates taxon-sampling bias (at least with respect to
ancestral-state reconstruction), rather than correcting it.
As we noted previously, our age estimates for the origin of

Squamata from the re-analyses are older than the estimate from
the sub-optimal tree reported by Pyron and Burbrink (2014)
(Fig. 3). To determine if this age discrepancy is responsible for the
differing support for root states estimated by Pyron and Burbrink
(2014) and this study, we performed additional ancestral state
reconstruction analyses using our newly estimated tree top-
ologies, but with an added calibration date for the age of
Squamata (174.1Mya—the estimate from the Pyron and Burbrink
analysis). Adding this additional calibration point did not
substantially change support for the root state (see Supplemental
Information for the details of the analyses that include this
additional calibration point). In the analyses that used the one-
term taxon sampling correction or no sampling correction,
support for oviparity as the root state remained high (92% and
87.7%, respectively). For the two-term sampling correction, the
support for oviparity at the root remained low (3.3%).
If we consider just the unweighted model for counting

character changes shown in Table 2, the estimated 12–18
reversals are nonetheless surprisingly high for a trait that is
widely thought to be irreversible, or exceedingly rare. However,
closer inspection reveals that many of those putative reversions
are nearly equivocal (Table 2). The weak support for multiple
reversions from viviparity to oviparity is a result of using amodel
that assumes that changes between parity states are equally
likely. Given the starting assumption that reversions to oviparity
should be expected to be rare (following Dollo's Principle), a
model that assumes equal changes between states does not appear
to be warranted. For example, four of the 18 putative reversals to
oviparity in the BiSSE analysis of the best tree are concentrated
within pitvipers, along with three origins of viviparity (Fig. 5A;
see also Fenwick et al., 2012). But a model that disfavors
reversibility requires just ten origins of viviparity in pitvipers (as
opposed to the seven character changes suggested in the BiSSE
analysis) to account for the same distribution of states on the tree
(Fig. 5B). Given that there is support for 98 or more origins of
viviparity in squamates across all analyses and trees (Table 2), a
few additional origins of viviparity in pitvipers (as shown in
Fig. 5B) would not be surprising.
Of the 18 putative reversals to oviparity suggested by the BiSSE

analysis on the best tree, only three are still favored if we penalize
reversals to oviparity just twice as heavily as new origins of
viviparity (Table 2). Given the large number of transitions to
viviparity throughout the squamate tree, most of the weakly
supportedpossible cases of reversion to oviparity should beviewed
with some skepticism. Nonetheless, it does appear that the three
strongest cases (Eryx jayakari, Lachesis, and Liolaemus calchaqui)
represent species that couldbegood subjects foradditionalgenetic,
morphological, and physiological study to test the hypothesis that
parity mode shifted from viviparity to oviparity.
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Figure 5. Two estimates of parity mode evolution in pitvipers. Ancestral states are estimated using (left) the BiSSE model without a taxon
sampling correction, and (right) a Dollo parsimony model that that does not allow reversals from viviparity to oviparity. Diamonds represent
transitions to viviparity, while stars represent reversals to oviparity. The tree on the right is also supported if reversals from viviparity to
oviparity are weighted relative to changes from oviparity to viviparity (see Table 2).
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CONCLUSIONS
Our analyses demonstrate that modeling the evolution of parity
mode and performing ancestral state reconstruction in a phyloge-
netic context ishighly sensitive toboth theunderlyingphylogenetic
estimate (including both tree topology and branch lengths) as well
as to specific model parameters used in the analysis. Given the
sensitivity of ancestral state reconstruction analyses to specifics of
phylogenetic topology and branch lengths, it is critical to examine
more than just a single, approximate solution from a complex
solution space. One solution to this problem of ancestral-state
ambiguity across phylogenetic estimates would be to incorporate
phylogenetic uncertainty by calculating ancestral states over
distributions of trees inferred by Bayesian or non-parametric
bootstrap analyses. However, the computational complexity of the
analysis, combined with the large amount of missing data, make
approximate searches of the solution space in “fast bootstrapping”
analyses unreliable (Ansimova et al., 2011). Furthermore, thorough
searches of solution space in every bootstrap replicate would
require years of computation time with current technology.
After examining improved phylogenetic solutions for the

squamate tree, and considering the potential effects of taxon
sampling biases, our best estimates support the traditional view that
the ancestor of all extant squamates was oviparous. From an
oviparous squamate ancestor, there were clearly numerous
transitions to viviparity and (possibly) a small number of reversals
back to oviparity. The best cases of possible reversals to oviparity
(suchas theones inEryx jayakari,Lachesis, andLiolaemuscalchaqui)
should be examined in greater detail, including a close examination
of genetic and developmental evidence for reversal to oviparity.
Finally,we suspect that the general conclusions of our analysis are

not unique to the squamate parity data set, and apply to other
large-scale ancestral-state reconstruction analyses using the BiSSE
model.Ancestral state reconstructionanalysesofdata sets composed
of thousands of taxa, but with massive amounts of missing data,
should be interpreted with caution, and only after accounting for
phylogenetic uncertainty in the reconstruction process and the
underlying assumptions of the reconstruction methods.
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