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Abstract

The mammalian family Talpidae (moles, shrew moles, desmans) is characterized by diverse ecomorphologies associated
with terrestrial, semi-aquatic, semi-fossorial, fossorial, and aquatic-fossorial lifestyles. Prominent specializations involved
with these different lifestyles, and the transitions between them, pose outstanding questions regarding the evolutionary
history within the family, not only for living but also for fossil taxa. Here, we investigate the phylogenetic relationships,
divergence times, and biogeographic history of the family using 19 nuclear and 2 mitochondrial genes (�16 kb) from
�60% of described species representing all 17 genera. Our phylogenetic analyses help settle classical questions in the
evolution of moles, identify an ancient (mid-Miocene) split within the monotypic genus Scaptonyx, and indicate that
talpid species richness may be nearly 30% higher than previously recognized. Our results also uniformly support the
monophyly of long-tailed moles with the two shrew mole tribes and confirm that the Gansu mole is the sole living Asian
member of an otherwise North American radiation. Finally, we provide evidence that aquatic specializations within the
tribes Condylurini and Desmanini evolved along different morphological trajectories, though we were unable to statis-
tically reject monophyly of the strictly fossorial tribes Talpini and Scalopini.
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Introduction

Members of the mammalian family Talpidae—the moles,
shrew moles, and desmans—include some of the least studied
mammals on Earth. The 43 recognized living species reflect a
surprisingly diverse set of lifestyles including terrestrial, semi-
fossorial, semi-aquatic, fossorial, and aquatic-fossorial (Nowak
1999; Hutterer 2005). The evolution of adaptive specializations
to these diverse environments produced substantial morpho-
logical variation, for example in skeletal anatomy (Freeman
1886) and sensory systems (Catania 2000). However, increas-
ingly derived “stepping-stone” phenotypic adaptations can be
identified across a morphological gradient from the terrestrial
shrew-like moles (Uropsilinae), to the semi-fossorial shrew
moles/long-tailed moles (Neurotrichini, Urotrichini, and
Scaptonychini), and further to the fossorial “true moles”
(Talpini and Scalopini). Conversely, the more aquatic members
of the family, the desmans (Desmanini) and the aquatic-
fossorial star-nosed mole (Condylurini), are among the most
unique and morphologically isolated of living mammals.

Prominent locomotory adaptations involved with the varied
talpid lifestyles have attracted considerable interest from
natural historians and evolutionary biologists for more
than a century (Shimer 1903; Edwards 1937; Reed 1951;
Hutchison 1974; Yates and Moore 1990; Whidden 2000;
Piras et al. 2012; Meier et al. 2013). Biologists have especially
been fascinated by: (i) whether the aquatic forms (Condylurini
and Desmanini) derived from semi-fossorial/fully fossorial
moles, or vice versa; and (ii) whether the striking morpholog-
ical similarity of the two strictly fossorial “true mole” tribes
(Talpini and Scalopini) reflects synapomorphy or evolved
convergently from an ancestral shrew-like morphology. This
latter dispute is particularly topical in light of a recent molec-
ular hypothesis (Bannikova, Zemlemerova, Lebedev, et al.
2015) that strongly refutes the sister-taxa association consis-
tently recovered between the two fossorial tribes in anatom-
ical studies (Whidden 2000; Motokawa 2004; Sanchez-Villagra
et al. 2006; Schwermann and Thompson 2015). Additional
outstanding systematic questions that have attracted vigor-
ous debate involve the phylogenetic placement of key
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taxonomic and morphological lineages, including whether
the Chinese endemic Gansu mole (Scapanulus) is a shrew
mole (Van Valen 1967) or a member of the North American
true mole tribe Scalopini (Hutchison 1968; Kawada, Li, et al.
2008; Bannikova, Zemlemerova, Lebedev, et al. 2015;
Schwermann and Thompson 2015), and whether the
Southeast Asian endemic long-tailed mole (Scaptonyx) is
more closely related to fossorial moles or to the trans-
Pacific shrew mole tribes (Hutchison 1968). Numerous phy-
logenetic hypotheses have been proposed for the family
based on different character sets, including osteological,
myological, and molecular data (Hutchison 1976; Yates
and Moore 1990; Corbet and Hill 1992; Whidden 2000;
Motokawa 2004; Shinohara et al. 2004; Cabria et al. 2006;
Sanchez-Villagra et al. 2006; Bannikova, Zemlemerova,
Lebedev, et al. 2015; Schwermann and Thompson 2015),
but results from these disparate comparisons have many
conflicts, with subfamily and inter-tribal relationships in par-
ticular lacking strong statistical support.

Conflicting taxonomic classifications regarding the estab-
lishment and composition of subfamilies and tribes have been
proposed for the talpid family (Hutchison 1968; Yates 1984;
McKenna and Bell 1997; Hutterer 2005), with substantial con-
fusion also surrounding the phylogenetic placement and tax-
onomic assignment of talpids in the fossil record (Ziegler
2003, 2012; Klietmann et al. 2015). Because of the robustness
of the forelimb in some talpids, relatively plentiful numbers of
humeri are preserved as fossils for some lineages (e.g., Talpini,
Scalopini, Urotrichini), and can provide insights into locomo-
tory adaptations through geological time. However, the res-
olution of locomotory adaptations through time requires a
well-resolved phylogeny, which is currently not available.

Herein, we investigated the phylogenetic relationships, di-
vergence times, and biogeographic history of the family
Talpidae using comprehensive molecular approaches that in-
corporated data from 19 nuclear (�14 kb) and 2 mitochon-
drial genes (�2 kb) from 52 specimens, representing all 17
genera and �60% (25 of 43) of recognized talpid species
(supplementary table S1, Supplementary Material online).
To further access potential overlooked species diversity
(Wan et al. 2013; He et al. 2014; Bannikova, Zemlemerova,
Colangelo, et al. 2015; Feuda et al. 2015), we also constructed a
maximum-likelihood tree using an expanded supermatrix
that included published sequence data from 15 additional
described talpid species. Our results provide a robust scaffold
for systematic studies of living and fossil species, reveal the
tempo of talpid diversification in the context of the Paleocene
extinction events, identify up to 12 undescribed cryptic spe-
cies across 6 genera, and offer key insights to major questions
regarding the evolutionary history, morphological transitions,
and systematics of talpid moles.

Results

Phylogenetic Relationships and Species Diversity
Our concatenated gene tree (21 genes) indicates that the
basal split in Talpidae is between the subfamily Uropsilinae
and the seven recognized mole tribes (PP¼ 1.0, BS¼ 100)

(fig. 1). Although the fossorial tribe Scalopini is strongly sup-
ported as sister to the remaining six tribes in our Bayesian
analysis (PP¼ 1.0), this relationship was only weakly sup-
ported in our ML tree (BS¼ 65). Similar discrepancies be-
tween these analyses were recovered regarding the
monophyly of the aquatic desmans (tribe Desmanini) with
the aquatic-fossorial Condylurini (PP¼ 0.97, BS¼ 25), and
their grouping with the strictly fossorial tribe Talpini
(PP¼ 0.99, BS¼ 47). While the latter clade was recovered
when the mitochondrial genes were removed from the data-
set (PP¼ 0.89), the monophyly of Condylurini and Desmanini
was not supported (supplementary fig. S1A, Supplementary
Material online). Conversely, all concatenated analyses pro-
vided strong support (PP¼ 1.0, BS¼ 100) for: (i) a sister-taxa
relationship between the Gansu mole Scapanulus oweni and
Parascalops breweri within the North American Scalopini, (ii)
a monophyletic clade that unites long-tailed moles (tribe
Scaptonychini) with the shrew mole tribes Neurotrichini
and Urotrichini, and (iii) the placement of Euroscaptor mizura
sister to the genus Mogera. Notably, both analyses also iden-
tified two long-tailed mole (Scaptonyx fusicaudus) lineages
with strikingly long branches (fig. 1, Supplementary fig. S1A,
Supplementary Material online).

The coalescent species tree estimations were highly con-
gruent with the concatenated trees at the tribal level (fig. 2
and supplementary fig. S1B and C, Supplementary Material
online), though most tribal interrelationships, including the
positions of the star-nosed mole and the desmans, were not
resolved. In addition, while Scapanulus was unambiguously
placed within Scalopini, its sister-relationship with
Parascalops only received modest support (BS¼ 49–72).
Conflicts among the coalescent trees included the interre-
lationships among Southeast Asian Euroscaptor, and be-
tween long-tailed moles and the two shrew-mole tribes,
though support scores for these alternative nodes were
low (BS¼ 49–74). SVDquartets further placed Euroscaptor
parvidens sister to a clade containing other Southeast Asian
Euroscaptor plus Parascaptorþ Scaptochirus (fig. 2B), result-
ing in a polyphyletic Euroscaptor (BS¼ 31).

As bootstrap support scores for inter-tribal nodes were
often <50%, we conducted three separate parsimony analy-
ses to statistically test the monophyly versus diphyly of
Scalopiniþ Talpini. These tests revealed no significant differ-
ences between the two hypotheses. Six trees at 18,707 steps
were recovered for the diphyly hypothesis and are only four
steps shorter than three trees at 18,711 steps that were recov-
ered when Scalopiniþ Talpini monophyly was enforced
(P> 0.53; supplementary table S2, Supplementary Material
online).

Species Diversification through Time and Space
The species delimitation analyses provided strong support for
undescribed cryptic species in the genera Uropsilus,
Euroscaptor, and Parascaptor, and identified 33 distinct line-
ages (confidence interval [CI]¼ 30–37) in our concatenated
21-gene dataset. Moreover, our analysis with an expanded
supermatrix, which included�93% of accepted species diver-
sity, suggests that talpid species richness may be nearly 30%
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higher than previously recognized (i.e., 55 vs. 43 species) as 12
uncharacterized lineages across 6 genera were identified (fig.
3; supplementary table S1, Supplementary Material online).

Divergence time estimates suggest that the most recent
common ancestor of the family dates from the Eocene
boundary at ca. 47 million years ago (Ma) with a 95% CI of
57–42 Ma (fig. 1). Tribal divergences commenced during the
Priabonian Stage (39.5–33.9 Ma) of the late Eocene when
Scalopini diverged from other tribes at 37.0 Ma (95% CI =
39.5–35.3 Ma), and continued through the Rupelian (33.9–
28.1 Ma) and Chattian (28.1–23.03 Ma) stages of the
Oligocene when the three shrew mole tribes
(Scaptonychini, Urotrichini, Neurotrichini) diverged from
each other between 30 and 27 Ma (95% CI = 34–23 Ma).
Divergences between Chinese and North American scalopins,
between European and Asian talpins, and between the two
long-tailed mole lineages all occurred in the mid-Miocene (ca.
16 Ma; 95% CI = 22–10 Ma). Finally, divergences between

sister genera generally occurred between 18 and 7 My (95%
CI¼ 26–4 Ma). The lineage-through-time (LTT) plot (supple
mentary fig. S2A, Supplementary Material online) showed an
increasing diversification rate beginning ca. 10 Ma. However,
the Pybus and Harvey’s c-value was insignificantly negative
(�0.70; P¼ 0.24), while the likelihood-based test found pure-
birth as the best constant rate model (AIC¼ 68.67) and the
yule-3-rate as the best rate variable model (AIC¼ 67.94), sug-
gesting that speciation rate did not shift significantly through
time. The fossil-diversity plot (supplementary fig. S2B,
Supplementary Material online) demonstrated that the num-
ber of semi-fossorial and nonfossorial species have substantially
declined in the last four million years.

The results of biogeographic inference analyses with and
without fossil taxa were discordant (fig. 4A and B). For exam-
ple, the extant-species-only analysis supported an Asian orig-
ination for Talpidae, while the origin of the family is uncertain
when fossil taxa are incorporated. When incorporating fossils,

FIG. 1. Time calibrated Bayesian species tree of the family Talpidae based on a concatenated alignment of 19 nuclear and 2 mitochondrial genes.
Branch lengths represent time and node bars indicate the 95% CI for each clade age. All relationships are highly supported (posterior probabilities
[PP]¼ 1.00 and bootstrap values [BS]� 95), otherwise support values are provided. Inset: Branch lengths represent substitutions per site.

He et al. . doi:10.1093/molbev/msw221 MBE

80

Deleted Text: six 
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw221/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw221/-/DC1
Deleted Text: (MRCA) 
Deleted Text: y
Deleted Text: a
Deleted Text: -
Deleted Text: y
Deleted Text: a
Deleted Text: a
Deleted Text: -
Deleted Text: y
Deleted Text: a
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw221/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw221/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw221/-/DC1
Deleted Text: y
Deleted Text: a
Deleted Text: -
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw221/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw221/-/DC1
Deleted Text: -


the analysis supported a North American origin of Scalopini,
and European origins of Talpini as well as the ancestor of
CondyluriniþDesmaniniþ Talpini. The extant-species-only
analysis did not strongly support biogeographic origins for
any of these clades. The two analyses also supported different
origination scenarios for the ancestor of the long-tailed mole
and the shrew moles.

Morphology-Based Trees
We also explored phylogenetic relationships based on 175
morphological characters (Schwermann and Thompson
2015), and recovered nine most parsimonious (MP) trees
with tree lengths of 569 steps (table 1; supplementary file
S1, Supplementary Material online). These trees broadly con-
flicted with molecular phylogenetic relationships, in that they
reject shrew mole monophyly, place desmans as sister to the
other non-Uropsilus tribes, and recovered Condylura as the
sister group of Talpiniþ Scalopini (supplementary fig. S3,
Supplementary Material online). Eighteen transformation se-
ries (TS) supported the sister relationship of
Talpiniþ Scalopini, and another 12 TS supported the clade
uniting Condylurini with the fossorial moles, with most per-
taining to the clavicle, humerus, manubrium, scapula, and
sternum (supplementary text S1, Supplementary Material on-
line). When characters were optimized on our molecular

phylogenies, single trees of 621–622 steps (fully constrained)
or 5 trees of 581 steps (partly constrained) were recovered
(table 1; supplementary file S1, Supplementary Material on-
line). When the monophyly of CondyluraþDesmanini was
constrained, five MP trees with tree lengths of 582 steps were
recovered, with only five TS supporting this semi-aquatic
clade (supplementary text S2, Supplementary Material on-
line); notably, these characters do not appear to be speciali-
zations for aquatic locomotion or lifestyles.

Discussion
Accurate species trees are the lifeblood of many questions in
evolutionary biology, though have proven to be challenging to
elucidate in practice due to ancient rapid radiation events and
the confounding effects of recombination, hybridization, and
incomplete lineage sorting (ILS). While numerous multi-gene
phylogenetic reconstruction approaches (e.g., concatenation
and coalescent estimation) have been developed to overcome
the influence of these forces, the optimal analytical approach
remains contested as each method is subject to different
tradeoffs, drawbacks, and biases (Chou et al. 2015; Mirarab
and Warnow 2015; Springer and Gatesy 2016). Despite their
different limitations, concatenation, ASTRAL-II, and
SVDquartets provide 100% bootstrap support for many of
the same clades including a basal split between Uropsilinae

FIG. 2. Bootstrap coalescent species trees of the family Talpidae estimated using (A) ASTRAL-II, and (B) SVDquartets. Support values are provided
for all non-highly supported nodes (posterior probabilities [PP]<0.95 or bootstrap values [BS]<90).
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and other talpids, inclusion of the Gansu mole (S. oweni)
within the otherwise New World tribe Scalopini, monophyly
of ScaptonychiniþUrotrichiniþNeurotrichini, and mono-
phyly of each of the remaining tribes that include more
than one species (Desmanini, Talpini). While conflicts were

apparent among the species trees, in all cases these differences
were not robustly supported by two or more competing
methods.

In general, bootstrap support percentages are higher for
concatenation with 21 genes (mean bootstrap

FIG. 3. Maximum likelihood tree (-ln likelihood¼ 138472) of the family Talpidae based on an expanded supermatrix for 19 nuclear and 2
mitochondrial genes from 782 specimens (2,836 gene sequences; supplementary file S2, Supplementary Material online). Currently undescribed,
potential cryptic species are numbered 1–12 (see supplementary table S1, Supplementary Material online). The tree was constructed using
RAxML, with tree branch lengths representing substitutions per site.
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support¼ 94%) than for ASTRAL-II (90%) and SVDquartets
(87%). This finding is consistent with other studies (e.g., Prum
et al. 2015) that have reported higher bootstrap percentages
for methods when individual gene segments are not binned
through local or global concatalescence (Gatesy and Springer
2013) to mitigate gene tree reconstruction errors. Differences
between concatenation and coalescence species trees may
also reflect the distinction between ILS ignorant (concatena-
tion) and ILS aware (coalescence) methods, but evaluations of
empirical datasets suggest that problems with gene tree inac-
curacy are more problematic for shortcut coalescent methods
than ILS is for concatenation for deep-level problems in the
Tree of Life (Gatesy and Springer 2014; Springer and Gatesy
2016). Also, species trees based on two coalescence methods
(ASTRAL-II, SVDquartets) exhibit topological differences with
each other, but these differences cannot be explained by ILS.
The strongly supported basal relationships among the five
nonuropsiline clades in the concatenated 21-gene Bayesian
analysis (PP> 0.95 in all cases) is similarly suspect and may
reflect model mis-specification (Waddell and Shelley 2003) as
placements of these lineages received low support scores in all

other analyses conducted both with and without inclusion of
the two mitochondrial loci. The low branch supports we re-
covered for the clade containing the six non-Scalopini tribes in
our non-Bayesian analyses are particularly surprising given
that this clade was highly supported in ML analyses
(BS¼ 92) conducted on a much smaller (six loci; �5.8 kb)
dataset (Bannikova, Zemlemerova, Lebedev, et al. 2015).
Nonetheless, our inability to statistically refute
Talpiniþ Scalopini monophyly re-opens the debate regarding
the single versus convergent evolution of fossorial adaptations
in these tribes. This lack of resolution and the discordant
placement of tribes among our concatenated and coalescent
trees are consistent with a series of rapid radiation events, and
calls for additional phylogenomic data and alternative analy-
ses (e.g., retroposon insertions) to fully resolve difficult nodes.

As noted above, however, even with these differences
there are no topological incongruences that are strongly sup-
ported by both concatenation and coalescence species trees,
that is, all methods resulted in a congruent set of strongly
supported clades, and thus close several century-long debates
about the taxonomy and phylogeny of moles. For example, all

FIG. 4. Biogeographical reconstruction of ancestral ranges of the family Talpidae estimated using the DEC*þJ model with only living species (A),
and with 14 fossil taxa included (B). Pie charts represent the probabilities of the likely ancestral ranges at each node. Map insets show the most likely
trans-continental migration scenarios at ancestral nodes or for each tribe. Crosses indicate extinction after migration.

Table 1. Summary of the Results of Morphological Analyses.

# of best trees # steps CI RI RC

Maximum parsimony treesa 9 569 0.424 0.676 0.286
Full constraint (21 genes/concatenation)b 1 621 0.388 0.625 0.242
Full constraint (21 genes/ASTRAL-II) 1 622 0.387 0.624 0.242
Full constraint (21 genes/SVDquartets) 1 622 0.387 0.624 0.242
Partial constraint (molecular consensus)c 1 581 0.415 0.664 0.275
Condylura þ Desmanini constrained 5 582 0.414 0.663 0.275

NOTE.—all input datasets and output results are given in the supplementary file S1, Supplementary Material online.
aProvided in supplementary fig. S3, Supplementary Material online.
bThe maximum clade credibility tree estimated using the concatenated 21-gene dataset implemented in BEAST.
cOnly those relationships that were strongly supported (PP�0.95 and BS� 85) in concatenated and coalescent species trees using 21 genes were constrained.
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analyses strongly supported inclusion of the long-tailed moles
(Scaptonychini) into a monophyletic clade containing the
two shrew mole tribes, a point that has previously generated
considerable debate, mostly disputing their monophyly (Van
Valen 1967; Ziegler 1971; Hutchison 1976; Yates and Moore
1990; Corbet and Hill 1992; McKenna and Bell 1997;
Shinohara et al. 2003; Motokawa 2004; Cabria et al. 2006;
Sanchez-Villagra et al. 2006; Kawada, Li, et al. 2008;
Schwermann and Thompson 2015). The Gansu mole
(S. oweni) is also unambiguously placed with the North
American scalopins (Hutchison 1968; Bannikova,
Zemlemerova, Lebedev, et al. 2015; Schwermann and
Thompson 2015) rather than with Asian scaptonychins
(Van Valen 1967). Moreover, crown Scalopini is equally or
slightly older than crown Talpini (fig. 1), suggesting that the
Gansu mole is a relict scalopin in Asia that has survived a long
history of climatic changes and competition with radiations
of Old World moles as well as various subterranean rodent
lineages (Nevo 1979). In addition, the surprisingly ancient
divergence (�18 Ma) within the monotypic long-tailed
mole genus Scaptonyx, and paraphyletic or polyphyletic
Euroscaptor indicate the presence of uncharacterized genus-
level talpid lineages, with strong evidence for cryptic species
also found in Euroscaptor, Parascaptor, and Uropsilus, as sug-
gested in previous studies (Wan et al. 2013; He et al. 2014).
Remarkably, our expanded supermatrix analysis indicates that
up to 12 genetically distinct talpid lineages remain to be
characterized (fig. 3), indicating that talpid diversity may be
nearly a third higher than previously recognized (i.e., 55 vs. 43
species). Most of these putative species are from the moun-
tains of southwest China, implying that the “sky island” land-
scape has had significant effects on speciation (Lei 2012; He
and Jiang 2014). Extensive sampling in this and adjacent areas
is likely to reveal additional undescribed lineages, and is re-
quired to elucidate the full species diversity of the region.

Timing and Tempo of Talpid Diversification
Divergence time estimates indicate that all tribes originated
during the Eocene–Oligocene transition, which may be at-
tributed to global cooling and desiccation, and the conse-
quent development of non-forest flora (Nevo 1979).
Although most extant talpids have very limited distributions
and dispersal abilities, there is strong evidence for trans-
continental and oversea dispersals following these radiation
events (fig. 4; supplementary text S3, Supplementary Material
online). For example, the fossil history of Uropsilinae (includ-
ing Asthenoscapter and Desmanella) extends much further
back in Europe than it does in Asia (Qiu and Storch 2005).
Similarly, members of the North American tribes
Neurotrichini, Condylurini, and Scalopini were also distrib-
uted in Europe during the Oligocene to Pleistocene (supple
mentary fig. S2C, Supplementary Material online), but have
since been extirpated (van den Hoek Ostende et al. 2005).
This decline of non-fossorial talpids was clearly evident on
the fossil-diversity plot (supplementary fig. S2B,
Supplementary Material online), but not accounted for on
the LTT plot using living species only (supplementary fig. S2A,
Supplementary Material online). Consequently,

biogeographical reconstructions in the absence of fossil evi-
dence (see fig. 4) may be highly misleading, though it is im-
portant to note that they may also be strongly biased by both
missing and incorrectly placed fossil taxa, as well as by un-
certain phylogenetic relationships among living taxa. These
constraints call for studies addressing the definitive phyloge-
netic placements of all known fossil species to better assess
the biogeographic origins of the various major lineages within
Talpidae, and for the family itself, as morphological character
matrices are currently only available for a few fossil European
species (Schwermann and Thompson 2015; Hooker 2016).

Ecomorphological Evolution
The adaptation of talpid moles to fossorial and aquatic en-
vironments has generated substantial research attention.
Mapping morphological characters on our molecular phy-
logenetic trees resulted in an increase in tree length from
569 to at least 581 steps (table 1). When morphological
characters primarily associated with digging are mapped
on the most parsimonious morphological tree, a pattern
of increasing robustness of the clavicle, manubrium, scapula,
sternum, and humerus are apparent from the shrew moles
through to the star-nosed moles, and finally to the true
(Scalopiniþ Talpini) mole tribes (supplementary fig S3
and supplementary text S1, Supplementary Material online).
As a sister-taxa relationship between these latter two tribes
was neither supported nor rejected by molecular evidence,
however, questions regarding evolution of their fossorial
specializations remain unresolved (Schwermann and
Thompson 2015). Conversely, the five uniquely shared ana-
tomical characters in the tribes Condylurini and Desmanini
are unlinked to semi-aquatic lifestyles (supplementary text
S2, Supplementary Material online), supporting the conten-
tion that star-nosed moles and desmans evolved aquatic
specializations along independent morphological trajecto-
ries from a common shrew-mole-like ancestor.

Conclusions
We provide a phylogenetic hypothesis that robustly unites
long-tailed moles with shrew moles, identifies a deep (mid-
Miocene) split within the monotypic genus Scaptonyx, and
illuminates parallel adaptive routes to semi-aquatic habits.
Moreover, our phylogeny challenges numerous taxonomic
classifications pertaining to the mole family and reopens
the Talpiniþ Scalopini monophyly versus diphyly debate.
Finally, our findings suggest that talpid species richness is
underestimated by nearly 30%, with most of these unde-
scribed lineages inhabiting the meagerly sampled mountains
of southwest China—a known biodiversity hotspot that is
likely to harbor additional taxonomic diversity.

Materials and Methods

Taxon Sampling and Data Collection
Forty-three talpid species, including four recently described
species (Kawada et al. 2007; Kawada, Yasuda, et al. 2008;
Kawada, Son, et al. 2012; Liu et al. 2013), are recognized world-
wide. Our taxon sampling included representatives from 25
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accepted species and 5 putative cryptic lineages identified in
previous studies (Wan et al. 2013; He et al. 2014) from all 17
talpid genera (52 specimens in total), together with 3 shrew
species (supplementary table S3, Supplementary Material on-
line). Standard phenol–chloroform extraction protocol or
Qiagen DNeasy Blood and Tissue kits were used to extract
total DNA.

Two mitochondrial (12S, CYTB) and segments of 19 nu-
clear genes (ADORA3, ADRB2, APOB, APP, ATP7A, BCHE,
BDNF, BMI1, BRCA1, BRCA2, CREM, DMP1, ENAM, GHR,
PLCB4, RAG1, RAG2, TTN2, VWF) were amplified following
(Meredith et al. 2011). Primer sequences are provided in
supplementary table S4, Supplementary Material online.
Corresponding sequences of two moles, two shrews, one
hedgehog, one gymnure, and one solenodon were down-
loaded from GenBank and included in our dataset.
Sequences from 54 ingroups and 7 outgroups were assembled
using SeqMan (Lasergene v7.1) and aligned using MUSCLE
(Edgar 2004). Patterns of variation including mean genetic
distances and informative sites for each gene are given in
supplementary table S5, Supplementary Material online.

Gene Trees and Divergence Time
We first constructed 20 maximum likelihood gene trees (one
for each nuclear locus plus a combined mitochondrial gene
tree) rooted with Solenodon and enforcing the monophyly of
each family. As preliminary analyses using RAxML revealed
high percentages of arbitrarily resolved relationships with
branch lengths<1 � 10�8 for all loci, we instead imple-
mented the default settings in GARLI v2.0.1 (Bazinet et al.
2014) and collapsed branches with lengths<1 � 10�8 into
polytomies. The partitioning schemes and evolutionary mod-
els of each gene/codon position were simultaneously esti-
mated using PartitionFinder v1.1.1 (Lanfear et al. 2012)
(supplementary table S6, Supplementary Material online).
GARLI was run twice for each gene alignment to estimate
100 bootstrap trees and to determine the best scoring ML tree.

Two concatenated datasets were compiled: one solely
based on the 19 nuclear markers (13,992 bp) and the other
incorporating both mitochondrial and nuclear loci
(15,986 bp). Bayesian and ML gene trees were estimated
from these datasets using BEAST v1.8.0 (Drummond et al.
2012) and RAxML v8.2 (Stamatakis 2014), respectively. The
partitioning schemes and evolutionary models were esti-
mated using PartitionFinder (supplementary tables S7 and
S8, Supplementary Material online). The concatenated
BEAST analyses consisted of 100 million generations, with
chains being sampled every 10,000 generations, and the nu-
clear genes and mitochondrial genes given independent re-
laxed molecular clocks. Each analysis used a random starting
tree, birth–death tree prior. Ten calibrations were used for
divergence time estimation (supplementary text S4,
Supplementary Material online). Convergence of parameters
was accessed using Tracer v1.6. We ran RAxML analyses of the
partitioned data with random starting trees with GTRþC
model, performed on CIPRES (Miller et al. 2015). Supports for
relationships were estimated with a rapid Bootstrap

algorithm and 500 replicates were used to estimate the
Bootstrap supports.

Species Delimitation, Species Tree Reconstruction,
and Biogeographic Reconstruction
Species delimitation analyses based on the phylogenetic spe-
cies concept were calculated using a generalized mixed Yule-
coalescent model (GMYC) implemented with the R package
splits (Pons et al. 2006).

As our dataset contained gene trees with bifurcations
connected by branches with effective lengths of 0 (see
above), species trees were estimated using a recently devised
and statistically consistent summary coalescent approach—
ASTRAL-II—that accommodates polytomies (Mirarab and
Warnow 2015). In brief, we ran ASTRAL-II using the best
scoring ML trees estimated by GARLI, with 100 bootstrap
trees of each gene used for multi-locus bootstrapping. We
also estimated species trees with SVDquartets as imple-
mented in PAUP* 4.0a. This SNP summary approach infers
quartet trees for all subsets of four species from single-site
data, and then combines the set of quartet trees into a spe-
cies tree, thereby avoiding potential problems arising from
gene tree discordance (Chifman and Kubatko 2014). We
evaluated 100,000 random quartets with 100 bootstrap rep-
licates. For both the ASTRAL-II and SVDquartet analyses,
species trees were estimated from both the nuclear and com-
bined nuclear/mitochondrial datasets.

Because not all phylogenetic relationships in our concaten-
ated tree were well supported by species tree estimations, we
further tested the monophyly versus diphyly of
Scalopiniþ Talpini using three parsimony-based methods—
Kishino–Hasegawa (Kishino and Hasegawa 1989), Templeton,
and winning site tests (Templeton 1983)—as implemented in
PAUP* 4.0a and CONSEL v0.1, respectively.

We estimated ancestral distributions by applying a mod-
ified likelihood-based Dispersal–Extinction–Cladogenesis
(DEC) model—DEC*þJ (Massana et al. 2015)—which al-
lowed dispersal events (J) and prohibited transitions into
the null range in the transition rate matrix (*). We used our
21-gene ultrametric tree to assign living species to their con-
temporary distributions. The talpid distributions were divided
by continents: Asia, Europe, and North America, and we al-
lowed a maximum of two areas at each node, assuming such
small animals could not be distributed through three conti-
nents at the same time. Analyses were implemented in the R
package BioGeoBEARS (Matzke 2014). We also included fossil
taxa though adopted a more conservative approach than
Piras et al. (2012). In brief, we placed 14 fossil taxa whose
phylogenetic positions have been strongly inferred (see sup-
plementary text S5, Supplementary Material online, for justi-
fications) in previous studies on our concatenated gene tree,
and re-ran the analysis. All fossil taxa were treated as terminal
taxa instead of direct ancestors, thus accounting for dispersal,
extinction, and cladogenesis in the analyses.

Expanded Supermatrix Analysis
To assess potential overlooked genetic diversity in the talpid
family, we assembled an expanded molecular supermatrix
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(supplementary file S2, Supplementary Material online) con-
taining 2,856 sequences from 782 specimens (�2.38 mbps)
that included representatives from 40 of the 43 recognized
talpid species, plus 7 outgroup species using SequenceMatrix
v1.7 (Vaidya et al. 2011). In brief, we searched GenBank for
sequences that were orthologous to those in our 21-gene
dataset,>300 bp in length, and that included voucher or iso-
late numbers. New sequences were aligned with the above
21-gene dataset using MUSCLE. Phylogenetic relationships
were estimated using RAxML v8.2, as this program is able
to handle short sequences and place them on the tree using
an MP-based evolutionary placement algorithm (Berger et al.
2011). The alignment was partitioned by genes and codon
positions. We employed a GTR model of sequence evolution
for searching the best tree and GTRþC model for boot-
strapping. The mitochondrial CYT B sequences were sepa-
rated into three partitions by codon positions, while all
nuclear coding genes were separated into two partitions
(1stþ 2nd codon positions were in the same partition).

Tracing Morphological Evolution
We removed fossil talpid species from a recently published
morphological matrix containing 175 characters
(Schwermann and Thompson 2015), and used this dataset
to construct the most parsimonious (MP) trees using PAUP*
4.0a (Swofford 2002). We performed heuristic searches with
10,000 random addition replicates using the TBR branch-
swapping algorithm. The characters were optimized using
“delayed transformation” on the trees in memory. Tree
lengths were obtained and apomorphy lists were generated.
We then re-ran this analysis (i) using constrained topologies
according to our concatenated and coalescent species trees,
(ii) using a consensus tree whereby only those relationships
that were strongly supported (i.e., PP�0.95 and BS� 85) in
our concatenated and coalescent species trees estimated us-
ing 21 genes were constrained, and (iii) with only the sister-
relationship of Condylura and Desmanini constrained.

Supplementary Material
Supplementary tables S1–S8, figures S1–S3, supplementary
texts and files S1 and S2 are available at Molecular Biology
and Evolution online.
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