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FIGURE 4. Phylogeny of squamate reptiles based on Bayesian analysis of molecular data only. Numbers adjacent to nodes are Pp values
≥0.50 (Pp are multiplied by 100 in figure).

placed as the sister group to Teiidae, but instead as the
sister group to Teiidae + Gymnophthalmidae. Within
Anguimorpha, molecular data help resolve the place-
ment of fossil taxa unresolved by morphological data
alone (e.g., Eosaniwa, Mosasauria). Furthermore, the
molecular data lead to a shift in the position of the fossil
anguid Helodermoides, from a clade with Celestus and
Elgaria to the sister taxon of Pseudopus. Within snakes,
the molecular data help resolve the placement of the
fossil taxa Dinilysia and Wonambi. Intriguingly, addition
of the morphological data also leads to a change in the
tree for extant taxa, with monophyly of Amphisbaenia
being strongly supported.

In the Bayesian analysis of the combined data for all
taxa (Fig. 6), Huehuecuetzpalli undergoes a similar dra-
matic shift in placement after addition of the molecular

data, from the base of the squamate tree (morphology
only) to the sister group of Iguania. However, most
branches separating this species from its basal position
are not strongly supported (e.g., Pp = 0.74), and these
same branches become strongly supported when the
analysis is rerun with this taxon removed (not shown).
The position of the fossil anguimorph Eosaniwa also
changes when molecular data are added, from being
weakly placed as the sister group of helodermatids,
varanids, and mosasaurs (morphology only) to being
strongly supported as the sister taxon of helodermatids
alone (combined).

Nevertheless, the fossil taxa (as a group) are far
less sensitive to the addition of molecular data in the
Bayesian analysis. For example, relationships of the
fossil taxa Macrocephalosaurus, Polyglyphanodon, and
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FIGURE 5. Phylogeny of squamate reptiles based on a parsimony analysis of the combined molecular and morphological data. The tree
shown is 1 of 6 trees of length 31,522 steps. The tree was selected arbitrarily to illustrate the branch lengths. The only clades that are collapsed
in a strict consensus of the 6 trees are those among some fossil snakes (Eupodophis, Haasiophis, Pachyrhachis) and some mosasaurs (i.e., the
relationships between Aigialosaurus, Adriosaurus + Pontosaurus, and Clidastes + Platecarpus + Plotosaurus + Tylosaurus, and relationships within
the latter clade); these collapsed clades also have very short branch lengths. Fossil taxa are indicated with gray shading. Numbers adjacent to
nodes are bootstrap values ≥50%. Names in parentheses after some terminal taxa indicate the name for the corresponding terminal taxon used
in the morphological data set of Conrad (2008) and Figs. 1 and 2.

Sineoamphisbaena change considerably after addition
of molecular data in the parsimony analyses. In the
Bayesian analyses, they are strongly supported as mono-
phyletic and the sister group of teiids, both with and
without molecular data. In summary (Fig. 7), only 7
clades are identical before and after the addition of the
molecular data in the parsimony analyses, whereas 14
are identical in the Bayesian analyses.

For both parsimony and Bayesian analyses, we find
that support values for the localized placement of the
19 fossil taxa do not significantly differ after addition of
molecular data (P > 0.10 for both methods). For parsi-
mony, the mean bs support for the fossil taxa is 60% with
morphological data alone and 66% with molecular data
added. In contrast, the mean Bayesian Pp is 0.84 with
morphology alone and 0.80 with molecular data added.
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FIGURE 6. Phylogeny of squamate reptiles based on a Bayesian analysis of the combined molecular and morphological data. Fossil taxa
are indicated with gray shading. Numbers adjacent to nodes are Pp values ≥0.50 (Pp are multiplied by 100 in figure). Names in parentheses
after some terminal taxa indicate the name for the corresponding terminal taxon used in the morphological data set of Conrad (2008) and Figs.
1 and 2.

DISCUSSION

Integrating Molecules and Fossils

Our results from squamate reptiles have several in-
triguing implications for the integration of data from
phylogenomics and fossils. First, we show instances in
which addition of molecular data dramatically changes
the placement of fossil taxa, especially in parsimony
analyses (Fig. 7). For example, in both parsimony and

Bayesian analyses, Huehuecuetzpalli shifts from the base
of the tree (morphology alone) to a highly nested posi-
tion as sister group of Iguania. This result demonstrates
that it may be problematic to assume that fossil taxa
can be placed within a molecular phylogeny based on
their placement in analyses of morphological data alone.
Yet, this assumption is standard practice in many stud-
ies, especially for estimation of divergence times using
molecular clock–based methods with fossil calibration
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FIGURE 7. Phylogenies for the 19 fossil taxa alone, illustrating the effects of adding the molecular data on their estimated relationships.
Open circles indicate clades that remain unchanged after the addition of the molecular data (for a given method).

points. This assumption may be especially problem-
atic for groups like squamates and mammals in which
molecular data suggest extensive phylogenetic rear-
rangements for living taxa.

The changes in the placement of fossil taxa are not
simply caused by changes in the placement of the
clades in which these taxa are nested. For example,
some changes involve fossil taxa within Anguimorpha
and are not solely caused by changing the position of
Anguimorpha within squamates. Similarly, Huehuecuet-
zpalli is placed as sister to all other squamates by mor-
phological data alone (see also Reynoso 1998) and so the
change in its placement with the addition of molecular
data is not an inevitable consequence of changing the
position of Iguania within squamates.

Admittedly, for any empirical study, we cannot know
if these changes in the position of fossil taxa caused by
addition of molecular data actually make their place-
ment more or less accurate (i.e., similar to the true phy-
logeny). However, simulations (Wiens 2009) suggest
that molecular data can improve accuracy for fossil taxa

under many conditions and almost never led to consis-
tently worse estimates for the fossil taxa. Furthermore,
given that the tree based on morphology alone contains
aspects that may be incorrect (i.e., the burrowing clade
of snakes, amphisbaenians, and dibamids; see below),
we speculate that accuracy for the fossil taxa may be
increased as well.

Second, we show that the addition of molecular data
greatly improves resolution for fossil taxa in the par-
simony analysis (Fig. 7). Many relationships are unre-
solved by morphology alone (Fig. 1), and the molecular
data improve resolution for both living and fossil taxa
(Figs. 5 and 7). This result suggests that molecular data
can improve phylogeny estimation for fossil taxa and
runs counter to the common practice of many studies
focusing on the placement of fossil taxa, in which avail-
able molecular data for living taxa are excluded (e.g.,
Wible et al. 2007; Friedman 2008). Some previous stud-
ies have also found increased resolution when adding
molecular data to analyses with fossil taxa (e.g., Shaffer
et al. 1997; Asher and Hofreiter 2006; Rothwell and
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Nixon 2006; Manos et al. 2007), although others have
not (e.g., Gatesy et al. 2003; Asher et al. 2005; O’Leary
and Gatesy 2008).

Third, we find that extensive missing data in the fossil
taxa in the combined Bayesian analyses does not pre-
vent these taxa from being placed in the expected clades
with strong support (Fig. 6), despite claims that exten-
sive missing data are generally problematic for Bayesian
analyses (Lemmon et al. 2009; contra Wiens et al. 2005b;
Wiens and Moen 2008). Instead, we find that fossil taxa
with >98% missing data and >15,000 missing data cells
each are generally placed with strong support in the
groups expected by previous taxonomy in the combined
Bayesian analyses (i.e., fossil snakes within snakes, fos-
sil anguimorphs in Anguimorpha, with Pp = 1.00 for
monophyly of both snakes and anguimorphs). Results
for Bayesian analysis of the molecular data alone are
similar; all species were placed with strong support in
the clades suggested by previous taxonomy (Fig. 4),
including those with the most missing data (e.g., Ane-
lytropsis has 45% missing molecular data but is placed
with the other dibamid, Dibamus, with Pp of 1.00; the
scincid Scincus has 32% missing data and is placed with
another scincid, Feylinia, with Pp of 1.00). Based on pre-
vious simulation studies (e.g., Wiens 2003; Wiens and
Moen 2008), we expect that a high proportion of missing
data in incomplete taxa will be problematic primarily
when the overall number of characters in the analysis is
small, and there are too few characters known for these
taxa to accurately place them on the tree. In other words,
the critical parameters are the quantity and quality of
data that are present, not the amount or proportion of
data that are absent.

Fourth, we find (disappointingly) that the molecular
data do not significantly improve branch support for
the localized placement of fossil taxa. Although there
are specific instances where support improves consid-
erably (e.g., Eosaniwa; Fig. 2 vs. Fig. 6), there is no sig-
nificant trend. In our study, many fossil taxa have other
fossil taxa as their closest relatives (e.g., mosasaurs), and
there may be limited potential for molecular data to im-
prove support in these cases. Even though addition of
molecular data can change the placement of fossil taxa,
the support for that placement may still depend on the
morphological data.

Finally, although our main focus is the impact of
molecular data on fossil taxa, we also show that addi-
tion of morphological data can change the placement
of living taxa relative to analyses of molecular data
alone. In our study, the molecular data alone (15,794
characters) show strong support for nonmonophyly of
amphisbaenians (i.e., Rhineura outside amphisbaenians)
in both parsimony and Bayesian analyses (bs = 98%;
Pp = 1.00), possibly due to long-branch attraction. Yet,
monophyly of amphisbaenians is strongly supported
when the 363 morphological characters are added in
both analyses (bs= 83%; Pp= 1.00). This result suggests
the importance of combined analyses of molecular and
morphological data for a comprehensive Tree of Life.
An obvious alternative approach to integrating molecu-

lar and fossil data sets is to analyze the morphological
data alone (with both living and fossil taxa), but to use
the tree from molecular data to constrain relationships
among living taxa (e.g., Manos et al. 2007). A poten-
tial disadvantage of this approach is that the molecular
tree is assumed to be true and unchangeable, and there
is no opportunity for the morphological data to con-
tribute to estimating relationships among living taxa.
Although the idea that the morphological data could
influence relationships when they are so greatly out-
numbered by the molecular data may seem far fetched,
that is exactly what we find with amphisbaenians (see
also Wiens 2005). Of course, we do not truly know if
amphisbaenians are monophyletic, but this group has
been recognized as such by morphologists for decades
(e.g., Estes et al. 1988 and references therein) and has
been supported in other molecular studies (e.g., Vidal
and Hedges 2005). In a similar vein, simulations suggest
that adding fossil taxa with morphological data alone
can improve accuracy for relationships among living
taxa (each having vastly greater numbers of molecular
characters), apparently by subdividing long branches
(Wiens 2005).

Misleading Phylogenetic Signal in the Morphological Data

Our results from squamate reptiles seem to pro-
vide a dramatic example of the problematic impacts
of morphological convergence on phylogenetic analysis
of morphology. Parsimony and Bayesian analyses of
morphological data alone place snakes in a strongly
supported clade with amphisbaenians and dibamids
(Figs. 1 and 2), and in the Bayesian analyses, this clade
is nested inside Scincidae with strong support (Scin-
cophidia of Conrad 2008). This placement of snakes is
strongly rejected by the molecular data and combined
data analyses (and by traditional taxonomy), which
leads us to suspect that this aspect of the morphological
results may be incorrect.

The causes of this seemingly misleading signal are
not clear but may be related to the burrowing habits
of these taxa. Based on a molecular phylogeny and
divergence time estimates, amphisbaenians, dibamids,
and basal snakes represent the oldest lineages of bur-
rowing squamates (Wiens et al. 2006). Our parsimony
results show that the characters supporting this clade in-
clude loss of dermal skull bones (squamosal, supratem-
poral; characters 87 and 98), various modifications of
the braincase (characters 133, 137, 140, 143, 144, 151,
154, and 155), and reduction of the eyes and related
structures (characters 313–315). Many of these charac-
ters may be related to a subterranean lifestyle and use
of the skull for burrowing. Furthermore, the subfam-
ilies of skinks (Acontinae, Feyliniinae) that are placed
closest to this snake–amphisbaenian–dibamid clade in
the Bayesian morphological analysis are also burrowers
(summary in Wiens et al. 2006).

Intriguingly, although amphisbaenians, dibamids,
snakes, and acontine and feyliniine skinks all share
an elongate snake-like body form with reduced limbs,
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other taxa that have undergone body elongation and
limb reduction are not placed in this clade by the mor-
phological data alone. These other taxa include the
pygopods (placed in Gekkota by molecular and mor-
phological data) and the genus Pseudopus (placed in
Anguidae by morphological and molecular data). These
pygopods (Delma, Pygopus) and Pseudopus are notable
in that they are surface dwellers rather than burrowers
(reviewed in Wiens et al. 2006). Clearly, the dramatic
morphological changes associated with body elongation
and limb reduction are not sufficient to place species in
this burrowing clade. But if one believes the results from
the molecular and combined data, then homoplasy as-
sociated with the burrowing lifestyle seems to overwrite
the true historical signal from nearly 200 myr of diver-
gence across squamate phylogeny (e.g., Wiens et al.
2006) by placing the most basal lineages (i.e., dibamids)
in a clade with one far from the root (i.e., snakes). How-
ever, one burrowing squamate (the anguid, Anniella)
does not fall into this clade of burrowing taxa and in-
stead is placed with a snake-like but surface-dwelling
genus of the same family (Pseudopus). We also note that
many snake species are not burrowers, although they
retain many of the same morphological traits as basal
snakes and other burrowing squamate clades (Pough
et al. 2004; Vitt and Caldwell 2009).

Methodologically, these results are interesting in
showing yet another example in which both parsimony
and Bayesian analyses of morphological data seem to
be misled with strong statistical support, at least for
certain clades (see also Wiens et al. 2005a; Smith et al.
2007). Clearly, the application of Bayesian methods is no
panacea for problems in morphological data analysis,
particularly when suites of characters seem to change
in tandem due to developmental or functional cou-
pling. In fact, the Bayesian analysis seems to provide
even stronger support for the unorthodox placement of
snakes than does the parsimony analysis (e.g., the prob-
lematic placement of snakes within skinks is unresolved
in the parsimony analysis but strongly supported by
Bayesian analysis).

The Marine Origin of Snakes Reconsidered

A recent analysis (Lee 2009) addressed the possible
marine origin of snakes and concluded that snakes are
nested inside of a paraphyletic (and marine) Mosasauria,
that basal snakes are marine, and that the snake–
mosasaur clade is sister to Anguimorpha. Our results
are based on a larger sampling of molecular and mor-
phological characters and living and fossil taxa and
clearly show that snakes are not nested inside of An-
guimorpha or Mosasauria. Furthermore, Lee (2009)
assumed that the marine fossil snakes Haasiophis and
Pachyrachis are outside of a clade formed by other snakes
(i.e., snakes exclusive of these two genera were treated
as a single terminal taxon, such that no analysis can
contradict this assumption). Our results show strong
support for placing these genera within snakes above
the burrowing scolecophidians and aniliids. Lee (2009)

claimed that the “hypothesis for a marine origin of
snakes is therefore consistent with the increasing molec-
ular data bearing on this issue.” However, our current
results using more extensive molecular and morpholog-
ical data do not support this hypothesis.

Conclusions

Our results show that molecular data can dramati-
cally alter the placement of fossil taxa in the context of
a combined analysis of morphological and molecular
data. Along with recent simulations, these results sug-
gest hope for reconstructing a complete Tree of Life that
includes molecular and morphological data and fossil
and living taxa, and in which the molecular data ac-
tively contribute to the accurate placement of fossil taxa
for which molecular data are lacking. Our results also
suggest the dangers of adaptive parallelism for phylo-
genetic analysis of morphology. In our study, parallel
adaptations to a burrowing habitat in multiple lineages
seem to erase the historical signal that has evolved over
hundreds of millions of years and leads both parsimony
and Bayesian methods to reconstruct an apparently in-
correct clade with strong statistical support. This should
be cause for some concern to paleontologists when
reconstructing relationships among fossil taxa based
on morphology alone. Conversely, we also show that
morphological data can contribute to phylogeny esti-
mation for living taxa in combined analyses, despite a
staggering disparity in the number of characters in each
data set. Finally, our results provide a well-resolved
tree for most of higher level squamate phylogeny based
on a greater sampling of molecular and morphological
characters than in previous studies. This hypothesis will
continue to be refined in the future with the addition of
more living and fossil taxa and more genes.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://www
.sysbio.oxfordjournals.org/.
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