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INTRODUCTION
Madagascar is renowned for the strikingly high
endemicity of its native biota, including 100% endemism
of its 171 extant, terrestrial mammal species (Soarimalala
and Goodman 2011; Mittermeier et al. 2014). About 20%
of these are tenrecs (Tenrecidae), small- to mediumsized placental mammals (2–1250 g) often described as
an extraordinary example of adaptive island radiation
(Olson and Goodman 2003; Olson 2013). Madagascar’s
tenrecs are notable for a number of ecomorphological,
physiological, and behavioral specializations (Fig. 1),
including semifossoriality (Oryzorictes); semiaquatic
carnivory (Limnogale); caudal prehensility (Microgale
longicaudata); heterothermy (Geogale); communication
via dorsal spine stridulation (Hemicentetes and Tenrec);
and long-term hibernation without periodic arousal
(Tenrec) (Olson and Goodman 2003; Goodman et al.
2013; Olson 2013; Lovegrove et al. 2014). As conﬁgured
by certain authors, only three tenrec species occur
outside Madagascar; these are the African otter shrews
[Potamogalinae; genera Potamogale (one species) and
Micropotamogale (two species)], which are semiaquatic
and share some superﬁcial morphological similarities
with Limnogale (Benstead and Olson 2003).
Tenrecs have a tumultuous taxonomic history that
has resulted in multiple reinterpretations of their
evolutionary and biogeographic past, and has at times
altered the historical narrative of Madagascar’s notably
imbalanced biotic assemblage with respect to Africa.

For more than a century, tenrecs were erroneously
classiﬁed alongside shrews, moles, hedgehogs, golden
moles, and solenodons on the basis of a shared
“primitive” morphology (Simpson 1945, p. 175).
However, overwhelming molecular (e.g., Stanhope
et al. 1998; Meredith et al. 2011) and, more recently,
morphological and paleontological (O’Leary et al.
2013) evidence supports tenrecs as members of
the superordinal clade Afrotheria, a patchwork of
primarily African taxa that also includes golden moles
(Chrysochloridae), elephants (Proboscidea), dugongs
and manatees (Sirenia), hyraxes (Hyracoidea), sengis
(Macroscelidea), and aardvarks (Tubulidentata). Tenrecs
and golden moles together comprise the order
Afrosoricida (Stanhope et al. 1998) [a misnomer, as the
clade does not include true shrews (Soricidae)].
The family Tenrecidae sensu lato includes at least
34 living species, all but three of which (the otter
shrews) are endemic to Madagascar (Soarimalala and
Goodman 2011). Three subfamilies of Malagasy tenrecs
are recognized by most authorities (Bronner and Jenkins
2005). The subfamily Tenrecinae includes four genera
and ﬁve species (Tenrec ecaudatus, Setifer setosus, Echinops
telfairi, Hemicentetes nigriceps, and H. semispinosus)
with spiny pelage and a larger body size than most
other Malagasy tenrecids. Oryzorictinae includes two
species of rice or mole tenrecs (Oryzorictes hova and
O. tetradactylus); the semiaquatic and monotypic webfooted tenrec (Limnogale mergulus); and shrew tenrecs
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Abstract.—The family Tenrecidae (tenrecs) is one of only four extant terrestrial mammal lineages to have colonized and
diversiﬁed on Madagascar. Over the last 15 years, several studies have disagreed on relationships among major tenrec
lineages, resulting in multiple reinterpretations of the number and timing of historical transoceanic dispersal events between
Africa and Madagascar. We reconstructed the phylogeny of Tenrecidae using multiple loci from all recognized extant species
and estimated divergence timing using six fossil calibrations within Afrotheria. All phylogenetic analyses strongly support
monophyly of the Malagasy tenrecs, and our divergence timing analysis places their colonization of the island at 30–56
Ma. Our comprehensive phylogeny supports three important taxonomic revisions that reﬂect the evolutionary history of
tenrecs: (1) we formally elevate the African otter shrews to their own family Potamogalidae, thereby rendering extant
Tenrecidae entirely endemic to Madagascar; (2) we subsume the semiaquatic genus Limnogale within the shrew tenrec genus
Microgale; and (3) we re-elevate the two largest-bodied shrew tenrecs, Microgale dobsoni and Microgale talazaci, to the genus
Nesogale Thomas (1918). Finally, we use recently summarized habitat data to test the hypothesis that diversiﬁcation rates
differ between humid and arid habitats on Madagascar, and we compare three common methods for ancestral biogeographic
reconstruction. These analyses suggest higher speciation rates in humid habitats and reveal a minimum of three and more
likely ﬁve independent transitions to arid habitats. Our results resolve the relationships among previously recalcitrant
taxa, illuminate the timing and mechanisms of major biogeographic patterns in an extraordinary example of an island
radiation, and permit the ﬁrst comprehensive, phylogenetically consistent taxonomy of Madagascar’s tenrecs. [Afrotheria;
biogeography; Madagascar; taxonomy; Tenrecidae.]
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(Microgale). Finally, the mouse-eared tenrec (Geogale
aurita) is currently placed in its own subfamily,
Geogalinae (e.g., Bronner and Jenkins 2005, following
Trouessart 1881), although it has also been previously
placed in Oryzorictinae (e.g., Genest and Petter 1975).
Phylogenetic and biogeographic hypotheses for
Tenrecidae are rife with debate, and no study to date
has included all recognized species. Three molecular
phylogenetic studies have included all currently
recognized tenrec genera (Olson and Goodman 2003;
Asher and Hofreiter 2006; Poux et al. 2008), and
these have produced discordant topologies (Fig. 2).
Limnogale mergulus has been recovered as either sister to
Potamogalinae (Asher 1999) or nested within Microgale
(Olson 1999; Olson and Goodman 2003; Poux et al. 2008).
A sister relationship to Potamogalinae would necessitate
more than one overwater dispersal event and would
suggest that some of Limnogale’s aquatic adaptations
are synapomorphic with those of African otter shrews
(reviewed in Benstead and Olson 2003). Conversely, a
nested position within Microgale would imply a recent,

rapid evolution of a suite of aquatic adaptations and
in turn render Microgale paraphyletic. Shrew tenrecs
have undergone extensive taxonomic revision since
1992, during which time 10 new species have been
described and an 11th resurrected from synonymy.
Hence, resolving the phylogenetic position of Limnogale
and the concomitant biogeographic implications would
require extensive, if not exhaustive, taxon sampling
within Microgale.
Geogale aurita, another potential biogeographic
linchpin, has also been phylogenetically recalcitrant.
Three studies have recovered three different topologies
with regard to its position (Fig. 2):
(1) Olson (1999) and Olson and Goodman (2003)
used the same unpublished data set consisting
of nuclear + mitochondrial data and recovered
a sister relationship between Geogale and the
remaining Malagasy tenrecs.
(2) Asher and Hofreiter (2006) included 907
nucleotides from an exonic region of the nuclear
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FIGURE 1. Images of tenrecs highlighting a number of ecomorphological, physiological, and behavioral specializations. a) Long-tailed shrew
tenrec, Microgale longicaudata (photo by L.E. Olson). b) Mole-like rice tenrec, Oryzorictes hova (photo by L.E. Olson). c) Aquatic or web-footed
tenrec, Limnogale mergulus (photo by S. Zack). d) Lowland streaked tenrec, Hemicentetes semispinosus (photo by J.L. Fiely). e) Common or tailless
tenrec, Tenrec ecaudatus (photo by L.E. Olson). f) Lesser hedgehog tenrec, Echinops telfairi (photo by L.E. Olson). g) Mouse-eared tenrec, Geogale
aurita (photo by L.E. Olson).
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growth hormone receptor (GHR) gene plus 126
morphological characters in a series of separate
and combined analyses and recovered a nested
relationship of Geogale within Oryzorictinae.
(3) Poux et al. (2008) analyzed 5439 nucleotides of
nuclear DNA from four loci and recovered a sister
relationship between Geogale and Oryzorictinae.

MATERIALS AND METHODS
Data Collection
Samples newly sequenced for this study were
obtained from ﬁeld efforts and associated vouchered
museum specimens by SMG, VS, LEO, and
numerous colleagues over the past two decades
(Supplementary Table 1 available on Dryad at
http://dx.doi.org/10.5061/dryad.711dc). This study
was conducted in strict accordance with the terms of
research permits issued by authorities in Madagascar
(Ministère des Forêts et de l’Environnement and
Madagascar National Parks), following national laws.
We obtained fresh or frozen tissues from all nominal
species of Malagasy tenrecs and three species of golden
moles (Amblysomus hottentotus, Chrysochloris asiatica, and
C. stuhlmanni). We also obtained a sample from the
same Geogale individual sequenced by Poux et al.
(2008) and thought to represent a distinct species.
Despite its tentative recent recognition (Soarimalala
and Goodman 2011; Goodman et al. 2013), the formal
resurrection of M. prolixacaudata Grandidier (1937) from
synonymy with M. longicaudata Thomas (1882) must
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Asher and Hofreiter (2006) also recovered a close
afﬁnity between Geogale and the Kenyan Miocene fossils
†Erythrozootes Butler and Hopwood 1957, †Protenrec
Butler and Hopwood 1957, and †Parageogale Butler
1984, although an alternative topology placing these
fossils outside the Malagasy radiation could not be
rejected. Depending on Geogale’s position in the tenrec
phylogeny, a sister relationship to these extinct African
taxa may indicate more than one colonization event
of Madagascar or else a back-colonization to Africa, a
decidedly rare phenomenon among Malagasy terrestrial
vertebrates (Yoder and Nowak 2006). Poux et al. (2008)
also sequenced a Geogale specimen that was deeply
divergent from the Geogale sequence of Asher and
Hofreiter (2006), suggesting that Geogale “might contain
in fact more than one species” (p. 4), an as-yet untested
hypothesis that may underlie the discrepancies among
published studies. That the inclusion of an unrecognized
cryptic species could inﬂuence higher-level phylogeny
and deep biogeographic inference would be notable.
Evolutionary interpretation of tenrec diversity has
been hindered by a paucity of reliable fossils.
†Parageogale, †Protenrec, and †Erythrozootes are the only
conﬁrmed (see Seiffert et al. 2007) tenrecid fossils from
the Tertiary (66–2.6 Ma); no pre-Pliocene fossil tenrecs
are known from Madagascar (Asher 2010). Seiffert
et al. (2007) suggested that two additional genera,
†Widanelfarasia Seiffert and Simons 2000 and †Jawharia
Seiffert et al. 2007, from the Eo-Oligocene of Egypt, might
nest within Tenrecidae. If correct, these represent the
oldest records of the family; however, the authors were
unable to reject the possibility that one or both taxa
represent a sister group to Afrosoricida. One additional
fossil, †Ndamathaia Jacobs et al. 1987 (now synonymized
with †Kelba Savage 1965), was also originally described
as a tenrecid, but we follow several other authors in
regarding this extinct genus as a non-tenrecid (McKenna
and Bell 1997; Olson 1999; Morales et al. 2000; Asher and
Hofreiter 2006; Cote et al. 2007). The impoverished preQuaternary Malagasy fossil record has made it difﬁcult
to produce a time-calibrated phylogeny of Tenrecidae.
Past estimates of divergence times within Tenrecidae
have used only external fossil-node calibrations, mostly
outside Afrotheria (Douady and Douzery 2003; Poux
et al. 2005, 2008).
Previous studies have only brieﬂy addressed the
in situ diversiﬁcation of Malagasy tenrecs and have
focused almost exclusively on the question of vicariance
versus over-water dispersal in the colonization of
Madagascar (e.g., Poux et al. 2005). No study to date has
attempted to reconstruct ancestral habitat associations

or to understand habitat-speciﬁc speciation processes.
It is estimated that during the Eocene or Oligocene
(the approximate period of tenrecid colonization), there
was an expansion of humid forested habitats in eastern
Madagascar (Samonds et al. 2013). The western region,
shielded from rain-bearing weather systems coming off
the Indian Ocean by the island’s eastern escarpment
and central high plateau, is believed to have remained
relatively xeric more or less throughout the Cenozoic.
Colonization time estimates, and proximity of the west
coast of Madagascar to continental Africa, suggest that
the ﬁrst tenrec(s) likely colonized Madagascar’s arid
western habitats. Because the majority of Madagascar’s
tenrecs are restricted to the eastern humid forest
today (Goodman et al. 2013), we hypothesize that the
expansion of humid forests on the island led to increased
rates of speciation as new niches became available.
Here we present the largest molecular phylogenetic
study of Tenrecidae to date (11 genes, 9584 nucleotides)
and the ﬁrst to include all recognized species.
This comprehensive phylogeny provides a muchneeded backbone for placing newly recognized species,
which have been named at a rate of nearly one
every two years since 1992. We pay particular
attention to the monotypic genera Limnogale and
Geogale, whose phylogenetic lability has resulted
in multiple biogeographic interpretations, and we
resolve the discordance in previous studies regarding
unexpectedly deep molecular divergence within Geogale.
We also estimate divergence times and evaluate
the diversiﬁcation process, especially with respect to
habitat association. This study allows a phylogenetically
consistent taxonomic revision of Tenrecidae, and
improves our understanding of colonization and
biogeography of Madagascar.
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FIGURE 2.
Previous phylogenetic hypotheses of Tenrecidae. Traditionally recognized subfamilies are color coded for extant taxa only.
Eisenberg’s (1975, 1981) hypothesis was speculative and not based on any formal analysis. Trees b–e were rooted using outgroups (not shown).
For monotypic genera only the genus name is presented. The black vertical line denotes Malagasy taxa.

await accurate delineation of species boundaries and
conﬁdent placement of the holotype (Olson et al.
2004). Fresh tissues from African otter shrews were not
available. Instead, dried tissue removed from older skull
or skeleton specimens of these taxa were subjected to the
extraction and ampliﬁcation protocols detailed in Olson
et al. (2005).

Individuals with fresh tissues were sequenced for
mitochondrial genes NADH dehydrogenase subunit
2 (ND2), 12S ribosomal RNA (12S), and tRNA-Valine
(tRNA-Val), and the following eight nuclear exons: exon 1
of alpha 2B adrenergic receptor gene (A2AB), exon
1 of aquaporin 2 gene (AQP2), exon 1 of androgen
receptor gene (AR), exon 1 of brain-derived neurotrophic
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both alignment types were excluded from analyses. To
test for selection of protein-coding genes, we used a
codon-based Z test of positive selection averaged across
all sequence pairs using MEGA5 (Tamura et al. 2013).
Analyses were conducted using the method of Nei and
Gojobori (1986) and the variance of the difference was
computed using 1000 bootstrap replicates.
We determined the best-ﬁt model of nucleotide
substitution for each gene using the full set of 56
possible models available in ModelTest v3.7 (Posada and
Crandall 1998) under the Akaike Information Criterion
(AIC). We also determined the optimal partitioning
scheme for the concatenated analysis and the best-ﬁt
model of nucleotide substitution for each partition using
PartitionFinder v1.1.1 (Lanfear et al. 2012). We used
the Greedy algorithm in PartitionFinder to identify the
optimal number of partitions from 31 possible partitions
representing each codon position for the 9 coding genes
plus 4 partitions representing the inferred stem and
loop regions of 12S and tRNA-Val. The concatenated
matrix contained 9584 base pairs (bp). All new sequences
have been deposited in GenBank (accession numbers
in Supplementary Table S1 available on Dryad) and
alignments for each gene have been submitted to Dryad
(doi:10.5061/dryad.711dc).
Phylogenetic Analyses
We performed gene-tree, concatenated, and
concordance analyses under both maximum-likelihood
(ML) and Bayesian inference (BI) frameworks.
Maximum likelihood.—Maximum-likelihood analyses
were performed on each gene individually and on
three concatenated data sets: all nuclear genes, all
mitochondrial genes, and all genes (mitochondrial
+ nuclear). All ML analyses were implemented in
GARLI v2.0 (Zwickl 2006) using default optimization
parameters. Best-ﬁt models of nucleotide substitution
for each gene or partition were used in all analyses
(methods described in previous section). Nodal support
was estimated from 1000 likelihood bootstrap replicates
in GARLI; each replicate was allowed to run until –lnL
values converged (changing less than 0.01) for 7500
generations. We produced a majority-rule consensus
tree of the 1000 bootstrap replicates using SumTrees
v3.3.1 (Sukumaran and Holder 2010) and visualized the
trees in FigTree v1.3.1.
Bayesian inference.—Individual gene and concatenated
phylogenies were also estimated via Bayesian Inference
in MrBayes v3.2.0 (Huelsenbeck and Ronquist 2001).
Each gene or partition was assigned the best-ﬁt model
of nucleotide substitution available in MrBayes. For
partition one, which included 12S and tRNA-Val,
we recognized a separate data partition for stem
regions using the doublet model implemented in
MrBayes, which accounts for the non-independence of
pairing sites. We conducted all MrBayes analyses using
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factor gene (BDNF), exon 11 of breast and ovarian
cancer susceptibility 1 gene (BRCA1), exon 10 of growth
hormone receptor gene (GHR), exon 1 of recombination
activating gene (RAG1), and exon 28 of von Willebrand
factor gene (vWF). We were unable to obtain clean
12S+tRNA-Val sequence data from the second Geogale
individual (MVZ 220648) and therefore excluded it
from alignments and analyses. Only the mitochondrial
markers were successfully ampliﬁed and sequenced in
the African otter shrews, although all nuclear sequences
for one species (Micropotamogale lamottei) were retrieved
from GenBank. The majority of the sequences in this data
set (82%) were generated for this study by the authors,
whereas the remaining sequences were obtained from
GenBank. Successful primer combinations are listed in
Supplementary Table 2 available on Dryad, and primer
sequences are listed in Supplementary Table 3 available
on Dryad.
Genomic DNA was extracted from frozen or buffered
tissue (spleen, muscle, or kidney) using either the animal
tissue protocol in the PureGene kit (Gentra Systems,
Inc.) or the tissue protocol of the QIAamp Tissue Kit
(Qiagen). Ampliﬁcations were performed in 20 or 30
L reactions containing ampliﬁcation buffer (with 1.5
mM MgCl2 ), Taq polymerase, dNTPs, ddH2 O, template
DNA, and forward and reverse primers. Additional
MgCl2 was added in some cases for a ﬁnal concentration
up to 5 mM. Each PCR included a negative control to
test for contamination. Thermal cycling parameters and
annealing temperatures for PCR varied by gene and
sample, but generally used the following conditions:
94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s,
50–60 °C for 30 s, and 72 °C for 75 s, and a ﬁnal extension
of 72 °C for 5 min.
Aliquots of the PCR products were electrophoresed
and visualized on 1% agarose gels. In some cases, bands
of the appropriate size were excised and melted in 50–
500 L ddH2 O and reampliﬁed using the ampliﬁcation
or nested primers. Unquantiﬁed aliquots of PCR product
(1–5 L) were used to sequence both forward and
reverse strands. Sanger sequencing was carried out
at the University of Washington High Throughput
Sequencing Center, or in the Field Museum’s Pritzker
Laboratory for Molecular Systematics and Evolution
operated with support from the Pritzker Foundation.
Chromatogram outputs from both forward and reverse
strands were edited by eye and assembled into contigs
using Sequencher 5.1 (Gene Codes Corp., Ann Arbor,
MI). Sequences were trimmed to begin at the ﬁrst
complete codon (for exons) or the beginning of the
gene encoding 12S rRNA (5 to and contiguous with
tRNA-Val, also included in analyses). Exonic sequences
were manually aligned in MacClade v4.08 (Maddison
and Maddison 2005) with reference to the translated
amino acids [i.e., inferred insertion–deletion events
(indels) were constrained to triplets]. 12S and tRNAVal sequences were manually aligned to the respective
secondary structure models of Springer and Douzery
(1996) and Kumazawa and Nishida (1993) and were
linked in all analyses. Ambiguously aligned regions in
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two independent MCMC runs (four chains each) of
10,000,000 iterations each, sampling trees every 1000
iterations. Runs were combined using LogCombiner
(Drummond and Rambaut 2007) and stationarity was
assessed by evaluating the likelihood scores of the
MCMC chains in Tracer v1.6 (Rambaut et al. 2014) and
the default MrBayes convergence diagnostics (standard
deviation of split frequencies and potential scale
reduction factor; Gelman and Rubin 1992). The ﬁrst 20%
of all trees were removed as burn-in, and the last 8000
trees were used to construct a majority-rule consensus
tree and assign Bayesian posterior probabilities (BPPs)
to each node.

Bayesian concordance analysis.—Topological discordance
among gene trees due to incomplete lineage sorting,
introgression, gene duplication, and possibly other
phenomena is common (Knowles and Carstens 2007),
and such processes can cause concatenation analyses

to fail (Kubatko and Degnan 2007). Programs based on
the multi-locus coalescent model (e.g., *BEAST, BEST)
explicitly account for topological discord caused by
incomplete lineage sorting, but these methods may not
perform well with poor intraspeciﬁc sampling (Heled
and Drummond 2010) and are therefore inappropriate
for our data set. An alternative to coalescent-based
species-tree programs that does not require intraspeciﬁc
sampling is the Bayesian Concordance Analysis,
implemented in BUCKy (Ané et al. 2007). BUCKy
uses posterior tree distribution ﬁles from MrBayes
analyses, and estimates both the dominant history of
sampled individuals and the amount of support for each
relationship (Bayesian Concordance Factors). BUCKy
uses a Dirichlet process prior called the discordance
factor (), which models the degree of similarity among
gene trees. No assumption is made regarding the reason
for discordance.
We used the posterior distribution tree ﬁles from the
MrBayes analyses of each individual nuclear gene as
input ﬁles in the BUCKy analyses and the posterior
distribution tree ﬁle of the concatenated mitochondrial
analysis (because these genes are linked). We conducted
four BUCKy analyses using different values of  ( 0.1,
1, 5, and 10) to model a range of prior probabilities on
the number of concordance trees, from one ( = 0.1)
to seven or more ( = 10) concordance trees. All other
parameters were set to default values, and we conducted
all analyses using four concurrent MCMC chains of
1,000,000 generations with a 10% burn-in.
We also used multidimensional scaling of tree-totree pairwise distances to visualize the relationships
among our gene-speciﬁc, concatenated, and Bayesian
concordance phylogenies (Hillis et al. 2005). We used
the output ﬁles from each of our MrBayes analyses
to calculate pairwise Robinson-Foulds (RF) distances
between all trees, using every 10th tree in the treeﬁle
after burn-in (for a total of 80 trees per partition). We then
plotted the tree space (including the ﬁnal tree produced
from the BUCKy analysis) using a principal coordinate
analysis (PCoA) of the RF pairwise distance matrix. We
calculated RF distances and conducted the PCoA using
the R packages phangorn and APE (Paradis et al. 2004),
respectively.
Divergence time estimation.—We employed a relaxed
molecular clock model and fossil-based node constraints
to establish an evolutionary timescale and estimate
divergence times within Afrotheria. Fossils were used
to establish constraints on six nodes. Following Parham
et al. (2012), we selected fossils using three criteria:
(i) The locality and age/stratigraphic level for the
fossil must be speciﬁed and published.
(ii) The fossil must represent the oldest known
member of its respective lineage.
(iii) Membership of the fossil in its respective lineage
must have been determined or veriﬁed by a
published phylogenetic or cladistic analysis.
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Reanalysis of published data sets with regard to Geogale.—
The relationship between Geogale and the remaining
Malagasy tenrecs has proven difﬁcult to resolve. Three
recent studies have recovered different phylogenetic
positions for Geogale (Fig. 2; Olson 2013; Asher and
Hofreiter 2006; Poux et al. 2008). Poux et al. (2008)
hypothesized that a possible reason for the discordance
between their topology and that of Asher and Hofreiter
(2006) was the presence of a cryptic species in the genus,
based on highly divergent GHR sequences between the
two studies. In addition to sequencing a new Geogale
specimen for this study, we extracted DNA from the
same specimen (MVZ 220648) used by Poux et al. (2008)
and resequenced GHR using new primers to conﬁrm the
authenticity of the published sequence.
To test the results of previously published studies
regarding the phylogenetic position of Geogale, we ﬁrst
downloaded all alignments from Poux et al. (2008)—
who identiﬁed a sister relationship between Geogale and
Oryzorictinae—and from Asher and Hofreiter (2006)—
who recovered Geogale as nested within Oryzorictinae—
and replicated their partitioned BI phylogenetic analyses
to conﬁrm repeatability. Poux et al. (2008) conducted a
9-partition MrBayes analysis (partition models listed in
their Table 6) using two runs of 1,000,000 generations
sampled every 20 iterations and a 25% burn-in. Asher
and Hofreiter (2006) conducted a 3-partition MrBayes
analysis (GHR nucleotide sequences, recoded GHR
indels, and morphology partitions using the HKY+I+,
binary, and Lewis Mk models, respectively) using
four runs of 1,000,000 generations sampled every 100
iterations with the ﬁrst 15% of samples discarded. We
also used these parameters to analyze each study’s GHR
alignments. We then conducted all analyses a second
time, but replaced the Geogale sequence with that of
the other study (i.e., Poux et al.’s Geogale sequence data
were used in Asher and Hofreiter’s analyses and vice
versa). Finally, all analyses were run using both Geogale
sequences. We compared support values from all trees
produced by these analyses.
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TABLE 1.
Fossil taxa used to calibrate the divergence time analysis (BEAST). Analytical parameters for hard-minimum and soft-maximum
calibrations are provided
Taxon

Reference(s)

Age (myr)

Node placement

Lognormal distribution
parameters

A

†Ocepeia

59.2–61.6

Afrotheria

offset = 59.2, log(mean) = 3,
log(SD) = 0.5

B

†Phosphatherium

Gheerbrant et al. (2001);
Classiﬁcation by Gheerbrant
et al. (2014)
Gheerbrant et al. (1996)

48.6–55.8

Paenungulata

C

†Chambius

40.4–55.8

Macroscelidea-Afrosoricida

D

†Miorhynchocyon

20.0–22.4

Macroscelidea

E

†Widanelfarasia

33.9–37.8

Afrosoricida

F

†Parageogale

Hartenberger (1986); Cladistic
analysis by Benoit et al. (2013)
Butler (1984); Classiﬁcation by
McKenna and Bell (1997)
Seiffert and Simons (2000);
Phylogenetic analysis by
Seiffert et al. (2007)
Butler (1984); Classiﬁcation by
McKenna and Bell (1997)

offset = 48.6, log(mean) = 2.5,
log(SD) = 0.5
offset = 40.4, log(mean) = 2.5,
log(SD) = 0.5
offset = 20.0, log(mean) = 2.5,
log(SD) = 0.5
offset = 33.9, log(mean) = 2.5,
log(SD) = 0.5

11.61–23.03

Geogalinae–Oryzorictinae

offset = 11.608, log(mean) = 2.0,
log(SD) = 0.5

Note: “Node” refers to the labeled, fossil-calibrated nodes on Fig. 6.

We used fossils to place minimum-age constraints on
six nodes representing major splits between Afrotheria
lineages (Table 1; labeled A–F on Fig. 4). Each
fossil represents the oldest recognized member of its
respective order or family and was, therefore, used as a
minimum-age constraint for the origin of that clade. To
use these calibration points, the complete DNA data set
was supplemented with GenBank sequences from single
representatives of the remaining afrotherian orders
except for Macroscelidea, for which representatives
of the divergent subfamilies Rhynchocyoninae and
Macroscelidinae (giant elephant shrews and soft-furred
elephant shrews, respectively; Corbet and Hanks 1968)
were included (Supplementary Table S4 available on
Dryad).
We conducted the fossil-calibrated divergence time
analysis using BEAST v1.7.5 (Drummond and Rambaut
2007). Partitions were established as in previous
analyses, and we allowed independent evolution
of branch lengths under the uncorrelated relaxed
lognormal clock model and the Yule prior. We employed
two independent MCMC runs (four chains each) of
10,000,000 iterations each, sampling trees every 1000
iterations to yield a total of 10,000 trees. Runs were
combined in LogCombiner, the ﬁrst 20% of these trees
were removed as burn-in, and the last 8000 trees were
used to construct a majority-rule consensus tree and
assign BPPs to each branch. Results were summarized
with TreeAnnotator v1.6.1 (Drummond and Rambaut
2007).
We used the resulting ultrametric tree to generate a
lineages-through-time (LTT) plot using the command
LTT.plot in the R package APE. We then ﬁt our data to
the birth-death model and to the Yule (birth-only) model
using the commands make.bd and constrain in the R
package diversitree (FitzJohn 2012), and we tested the ﬁt
of the birth-death and Yule models using a likelihoodratio test. Finally, we simulated 1000 trees under the
best-ﬁt model and plotted these on our LTT plot.

Biogeographic Analysis
To test the hypothesis that Madagascar’s humid forest
habitat is associated with higher rates of speciation in
tenrecs, we used the geographic-state speciation and
extinction (GeoSSE) model (Goldberg et al. 2011) as
implemented in the R package diversitree. The GeoSSE
model is an extension of the binary-state speciation and
extinction (BiSSE) model (Maddison et al. 2007), which
tests whether speciation and extinction rates vary as
a function of a binary character. Unlike BiSSE, which
accepts only binary characters, GeoSSE allows each
species to occur in one or more designated habitats
or areas. In this study, humid (H), dry (D), and a
combination (HD) of habitat associations were speciﬁed
for each species based on comprehensive occurrence
data and habitat types presented in Goodman et al.
(2013; Supplementary Table S5 available on Dryad).
Humid and dry habitats form nearly contiguous regions
along the eastern and western portions of Madagascar,
respectively. The resulting GeoSSE model included
seven parameters: speciation rate in states H, D, and HD
(sH, sD, and sHD, respectively); extinction rate in states
H and D (xH and xD); and dispersal from H to D or D to
H (dH and dD).
Within GeoSSE, we tested a set of 10 models using
the ultrametric tree from our BEAST analysis with otter
shrews and non-tenrecs excluded. We ﬁrst tested the full
model, where all seven parameters were free to vary. We
then tested eight constrained subsets of the full model
and compared models using both the likelihood-ratio
test and AIC:
(i) sH, sD, sHD, xH, xD, dH, dD (full model, seven
parameters)
(ii) sHD = 0 (no intermediate speciation, six
parameters)
(iii) xH = 0, xD = 0 (no extinction, ﬁve parameters)
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(iv) sH = sD (speciation equal between regions, six
parameters)
(v) xH = xD (extinction equal between regions, six
parameters)
(vi) dH = dD (dispersal equal between regions, six
parameters)
(vii) xH = 0, xD = 0, sH = sD (no extinction, equal
speciation between regions, four parameters)
(viii) xH = 0, xD = 0, dH = dD (no extinction, equal
dispersal between regions, four parameters)

In GeoSSE, we ﬁrst conducted ML parameter
estimation and model comparison, then used the
top-ranked model to obtain more accurate parameter
estimates via BI. For the BI analysis, we used
ML parameter estimates as starting values and reestimated parameter values via an MCMC analyses
with 10,000 generations with the ﬁrst 10% removed
for burn-in. Posterior probability distributions for the
GeoSSE parameters were visualized using the function
proﬁles.plot in diversitree. We tested whether the rate of
speciation was greater in humid regions than dry regions
by computing the proportion of humid speciation rate
values that were greater than dry speciation rate values,
following Goldberg et al. (2011).
Another goal of our biogeographic analyses was
to infer the habitat associations of ancestral tenrecs.
To accomplish this we ﬁrst performed an ancestral
character state reconstruction (ACSR) of habitat types
using the function asr.marginal in the package
diversitree, which calculates ancestral character states
using the parameter values estimated in GeoSSE.
Because the GeoSSE model may not include all of the
parameters relevant in our system (see Discussion),
we performed two additional ACSR analyses for
comparison: a BioGeoBEARs analysis, which uses
the Dispersal-Extinction-Cladogenesis (DEC) model
of range evolution (Ree et al. 2005; Matzke 2013),
and a traditional ACSR, which uses a standard ML
approach without explicit biogeographic parameters.
Both analyses used the ultrametric BEAST phylogeny
and the same habitat trait matrix used in the GeoSSE
analysis.
The DEC model is a geographic range evolution
model in which range expansion occurs by dispersal
events, range contraction occurs by local extinction
events, and the probability of each event is proportional
to branch length. Unlike GeoSSE, the DEC model
assumes that speciation and extinction are independent
of the range evolution process. The R package
BioGeoBEARS provides a ﬂexible framework for
comparing biogeographic models, including the DEC
model and the DEC+j model, which incorporates

founder-event speciation by allowing dispersal without
range expansion (the “jump” parameter, j; Matzke 2014).
We reconstructed ancestral areas under both the DEC
and DEC+j models and compared the ﬁt of the two
models with respect to the addition of the “j” parameter
by evaluating delta-AIC and a standard likelihoodratio test.
Finally, we performed a traditional (nonbiogeographic) ML ACSR on habitat types using
the Ancestral Character Evolution (ACE) function in the
R package APE. In this analysis, the character state “both
habitats” (HD) is a discrete third state, and there are
no explicit biogeographic parameters. We tested three
alternative transition-rate models: Equal Rates (ER;
assumes equal transition rates among all habitats), All
Rates Different (ARD; assumes different transition rates
among all habitats in all directions), and Symmetrical
Rates (SYM; assumes that transition rates to and from
the same habitats are equal). We selected the model with
the best ﬁt to the data using a standard likelihood-ratio
test, and then used the top-ranked model to reconstruct
ancestral nodes. Finally, we repeated all ACSR analyses
(GeoSSE, BioGeoBEARs, and ML) with African otter
shrews included, because the inclusion of outgroups
may inﬂuence the node reconstructions, especially at
the earliest nodes (all otter shrews are endemic to humid
habitats on continental Africa and were thus coded as
“humid”).
RESULTS
Sequence Characteristics
The complete concatenated analysis includes four data
partitions, identiﬁed by PartitionFinder (Table 2). Bestﬁt models of nucleotide substitution for each partition
were identiﬁed by PartitionFinder, while best-ﬁt models
for individual genes were determined using ModelTest
(Supplementary Table S6 available on Dryad). All Pvalues from our Z-tests for selection were non-signiﬁcant
(P >0.05), indicating that none of our coding genes are
under positive selection.
Phylogenetic Analyses
We generated a majority-rule consensus tree from our
concatenated analysis of the 11-gene (4-partition) data
set (Fig. 3). Monophyly of the extant Malagasy tenrecs
is recovered in all gene trees (Supplementary Figs S1
and S2 available on Dryad) and all combined analyses.
The concatenated analyses also recover monophyly of all
tenrecid subfamilies and genera, with the exception of
Microgale; the aquatic tenrec Limnogale is nested within
Microgale in all gene trees and concatenated analyses
with high support.
Gene-tree topologies disagree with regard to Geogale’s
position (Supplementary Figs S1 and S2 available on
Dryad). It is variably recovered as sister to Microgale
(12S + tRNA-Val), sister to Tenrecinae (ND2), sister to
Oryzorictes (RAG1), or in a polytomy with two or more
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equal speciation between regions, equal dispersal
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TABLE 2.
Characteristics of the four sequence data partitions estimated by PartitionFinder. Ambiguously aligned positions were removed
from all analyses and are not included in these calculations. Calculations do not include the sequences from taxa outside Afrosoricida that were
used for divergence dating
Partition Model

Genes (Codons)

1
2
3
4

12S, tRNA-Val, ND2 (1,2)
1542
ND2 (3)
348
A2AB (1,2), AQP2 (1,2), AR (1,2), BDNF (1,2,3), GHR (1,2), RAG1 (1,2), vWF (1,2) 4516
A2AB (3), AQP2 (3), AR (3), BRCA1 (1,2,3), GHR (3), RAG1 (3), vWF (3)
2974

1.89
3.28
4.29
4.74

536
329
571
1493

Total

4.00

2929

HKY+I+G*
GTR+I+G
GTR+I+G
GTR+G

Base % Missing Parsimony
pairs data
informative sites

9380

*In MrBayes analyses, the doublet model was assigned to all 12-S and tRNA-Val pairing stem regions.

Reanalysis of Published Data Sets with Regard to Geogale
We reanalyzed the data sets published by Poux et al.
(2008) and Asher and Hofreiter (2006) and recovered
their respective topologies. However, the position of
Geogale varies according to which Geogale GHR sequence
is used in the analysis (Supplementary Fig. S4 available
on Dryad). Speciﬁcally, a sister relationship between
Geogale and Oryzorictinae is always recovered when
Poux et al.’s (2008) Geogale GHR sequence (GenBank
accession AM905347) is used in the analysis, while
a sister relationship between Geogale and Microgale is
always recovered when Asher and Hofreiter’s (2006)
GHR sequence (DQ202287) is employed. When both
GHR sequences are used, all analyses recover a sister
relationship between Geogale and Oryzorictinae. Those
relationships hold true for both GHR-only and multipartition analyses.
Bayesian Concordance Analysis
The primary concordance tree produced by
BUCKy (Fig. 3) was topologically congruent with our
concatenated phylogeny. Varying the concordance prior
 had no effect on topology or concordance factor (CF)
values. Many splits have low CF values (see Discussion);
nonetheless, our PCoA of pairwise RF distances
(Supplementary Fig. S5 available on Dryad) shows a
close proximity between the BUCKy concordance tree
and our concatenated trees, and among all fast-evolving
loci (mitochondrial genes, BRCA1, GHR, RAG1, and

vWF). The PCoA plot also shows a clear separation of
the gene AQP2 from all other loci. This is not particularly
surprising, as AQP2 contained few informative sites
(Supplementary Table S6 available on Dryad) and
almost no well-resolved nodes within Malagasy tenrecs
(Supplementary Figs S1 and S2 available on Dryad).
Similarly, this plot shows that the phylogenies of the
slowly evolving nuclear genes BDNF, A2AB, and AR
differ from the ﬁnal concatenated and concordance
trees.

Divergence Time Analysis
We generated a chronogram using the last 10,000
trees from our fossil-calibrated BEAST analysis
(Fig. 4). We summarized divergence dates for all major
clades (Table 3), and plotted prior and posterior
age distributions of each fossil-calibrated node
(Supplementary Fig. S6 available on Dryad). The origin
of Tenrecidae sensu lato [i.e., including African otter
shrews (Potamogalinae)] was estimated in the Paleocene
to early Eocene [58.92 Ma (95% CI: 66.19–50.83)], with
African otter shrews and Malagasy tenrecs diverging
during the Eocene [47.51 Ma (95% CI: 55.61–40.73)]. The
crown diversiﬁcation of Malagasy tenrecs began during
the late Eocene to early Oligocene [34.94 Ma (95% CI:
41.75–29.57)]. The clade composed of Microgale dobsoni
and M. talazaci diverged from the lineage leading to the
remaining shrew tenrecs (plus Limnogale) during the
Miocene [19.35 Ma (95% CI: 15.84–23.12)].
Our estimate for the divergence of African otter
shrews and Malagasy tenrecs matches that of Poux
et al. (2008; 55–40 Ma), although we obtained different
divergence time estimates for other splits. For example,
our results show a younger time for the divergence
of Tenrecidae and Chrysochloridae from their MRCA
(59 Ma compared to 69 Ma) and generally older times
for splits within the Malagasy tenrecs (e.g., 30 Ma
compared to 24 Ma for the split between Geogalinae and
Oryzorictinae). Nonetheless, all of our 95% credibility
interval (CI) values overlapped with those of Poux et al.
(2008).
We used our BEAST tree to test two diversiﬁcation
models, the birth-death model and the Yule model,
and found that the inclusion of an extinction
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oryzorictine taxa (AQP2, BDNF, and GHR). Four out of
10 gene trees (A2AB, AR, BRCA1, and vWF) support a
sister relationship between Geogale and Oryzorictinae,
and the same relationship is recovered in the full
concatenated analysis with high support.
We identiﬁed several indels in six of our genes,
including a number of important molecular
synapomorphies for previously contested clades
(Supplementary Fig. S3 available on Dryad). These
include two single-codon indels found in Microgale
and Limnogale (A2AB and BRCA1), a 4-codon deletion
in M. dobsoni and M. talazaci (BRCA1), and a 9-codon
deletion in Microgale and Limnogale to the exclusion of
M. dobsoni and M. talazaci (BRCA1).
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FIGURE 3. Phylogenetic relationships among Malagasy tenrecs and African otter shrews as determined from the BUCKy concordance analysis
and the ML and BI concatenated analyses, which recovered identical topologies. Concordance factor values are shown at each node, and Bayesian
posterior probabilities/ML bootstrap values are given in parentheses. Bayesian posterior probabilities >0.99 and ML bootstrap values >99 are
not labeled. Branch lengths were produced by the BI concatenated analysis. Dashed lines indicate taxa for which only mitochondrial sequence
data were collected.
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parameter in the birth-death model did not result
in a signiﬁcant improvement over the birth-only
(Yule) model [LnLYule = −30.23, LnLBD = −30.44, not
signiﬁcant (P-value = 0.90)]. We generated an empirical
LTT plot, and plotted lineages through time for 1000 trees
simulated under the Yule model (Supplementary Fig. S7
available on Dryad).
Biogeographic Analysis
The top-ranking GeoSSE model had zero extinction
and equal rates of dispersal between both humid and
dry regions, but different rates of speciation among all
habitat types, for a total of four parameters: sH, sD, sHD,
and d (Table 4). We used this GeoSSE model in a BI
analysis and plotted the posterior densities of dispersal
rate and habitat-speciﬁc speciation rates (Fig. 5). The
rate of speciation in humid habitats is nearly three times

higher than in dry habitats (Fig. 5, Table 4, ANOVA Pvalue <0.001) and is highest for eurytopic species (sHD
= 0.217), although the posterior density curve is very
diffuse (Fig. 5b). Finally, our ACSR analysis recovered
a eurytopic MRCA of Malagasy tenrecs when African
otter shrews were excluded (85.9% both habitats, 7.7%
humid habitat, 6.4% dry habitat; Fig. 6a), but a dry
MRCA of Malagasy tenrecs when African otter shrews
were included (59.1% dry habitat, 11.6% humid habitat,
29.3% both habitats; Supplementary Fig. S9a available
on Dryad).
In our BioGeoBEARS analyses, the addition of the
“j” parameter for founder-event speciation signiﬁcantly
increased the likelihood of the DEC model (DEC lnL =
−26.51, DEC+j lnL = −20.44, P < 0.001; delta-AIC =
10.14). This analysis recovered a eurytopic MRCA of
Malagasy tenrecs when African otter shrews were
excluded (59.2% both habitats, 28.9% humid habitat,
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FIGURE 4. Divergence time chronogram produced using BEAST. Fossil calibration points are indicated by letters A–F next to black squares.
Mean divergence time estimates (in millions of years) are adjacent to their respective nodes. Purple nodal bars correspond to the 95% highest
posterior density regions. “Pl” = Pliocene, “Q” = Quaternary. Subfamilies and Malagasy taxa colored as in Fig. 2. Tree was rooted using an
armadillo (Dasypus novemcinctus) as the outgroup.
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DISCUSSION
Past studies of Tenrecidae have disagreed on the
monophyly of, and relationships within, Malagasy
tenrecs; these differences have signiﬁcant biogeographic
and evolutionary implications. Much of the conﬂict
may be attributable to insufﬁcient taxon and/or
character sampling or to topological discordance
between molecular and morphological data. Our study
represents the largest genetic data set to date to address
TABLE 3.
Mean ages and 95% highest posterior density ranges
(HPD) for major afrosoricidan lineage splits
Clade

Mean
age (myr)

95%
CI (myr)

Tenrecs–golden moles
African otter shrews–Malagasy tenrecs
Tenrecinae–remaining Malagasy tenrecs
Geogalinae–Oryzorictinae
Oryzorictes–remaining oryzorictines
(Microgale + Limnogale)–
(M. dobsoni + M. talazaci)
Tenrec– Hemicentetes
Echinops–Setifer
Limnogale mergulus–M. parvula
Geogale (1) –Geogale (2)

58.44
48.33
35.59
30.10
27.81
19.35

50.83–66.19
40.73–55.61
29.57–41.75
24.49–35.48
22.68–33.22
15.85–23.12

16.10
10.21
14.96
9.19

10.80–21.72
5.24 – 15.89
11.57–18.07
4.91–13.59

the evolutionary history of tenrecs, and is the ﬁrst study
to use comprehensive taxon sampling. We mitigated the
impacts of incomplete lineage sorting and conﬂicting
gene-tree topologies by including multiple genes from
both nuclear and mitochondrial genomes in a Bayesian
Concordance Analysis.

Phylogenetic Position of Geogale
We reanalyzed the data sets of Asher and Hofreiter
(2006) and Poux et al. (2008) and found that the
phylogenetic position of Geogale varies according
to which sequence is used. When both specimens
are included, a sister relationship between Geogale
and Oryzorictinae is recovered by both Asher and
Hofreiter (2006) and Poux et al. (2008), which is the
same relationship recovered by our concatenated and
concordance analyses. All combined analyses, regardless
of topology, recover a short branch length between
the Geogale, Microgale (plus Limnogale), and Oryzorictes
crown diversiﬁcation nodes, indicating that these three
lineages likely diverged rapidly.
Our results are consistent with the suggestion by Poux
et al. (2008) of two cryptic species of Geogale. Genetic
distances between the two Geogale specimens are on par
with those observed between other recognized species
(Supplementary Fig. S8 available on Dryad), yet the
two individuals always form a sister pair. Future work
should investigate both geographical and morphological
differences between the two purported taxa. It would not
be surprising if an undescribed species of Geogale exists,
particularly in light of the scant taxonomic attention the
genus has received, the few available specimens until
recent years, and the recent descriptions of previously
unknown, similarly sized Microgale species.
Nonmonophyly of Microgale
This study supports the contention of Guth et al.
(1959) that Limnogale is “simply an aquatic Microgale”
(p. 447; translated from the original French). All searches,
including all individual gene analyses, nested Limnogale
within the shrew tenrecs with high support, rendering

Comparison of alternative GeoSSE submodels using the R package diversitree

Model

d.f.

−lnL

AIC

AIC weight

sA

sB

sAB

xA

xB

dA

dB

xH = 0, xD = 0, dH = dD
xH = 0, xD = 0, sH = sD, dH = dD
xH = 0, xD = 0
xH = 0, xD = 0, sH = sD
dH = dD
xH = xD
Full
sH = sD
sHD = 0

4
3
5
4
6
6
7
6
6

−129.97
−131.88
−129.95
−131.80
−129.95
−129.97
−129.95
−131.69
−134.53

0.00
1.81
1.94
3.66
3.94
4.00
5.94
7.43
13.11

0.436
0.176
0.165
0.070
0.060
0.059
0.022
0.011
0.001

0.070
0.057
0.070
0.057
0.070
0.070
0.070
0.060
0.103

0.024
–
0.024
–
0.024
0.024
0.024
–
0.032

0.217
0.225
0.234
0.240
0.217
0.234
0.234
0.237
–

–
–
–
–
1.60E-07
1.00E-06
2.33E-06
1.00E-08
0.052

–
–
–
–
2.89E-06
–
5.17E-06
2.10E-02
0.019

0.018
0.018
0.017
0.016
0.018
0.017
0.017
0.019
0.017

–
–
0.023
0.025
–
0.023
0.023
0.021
0.017

Note: Parameters are speciation (s), extinction (x), and dispersal (d) for species in humid habitats (H), dry habitats (D), and both (HD).
d.f. = degrees of freedom.
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11.9% dry habitat; Fig. 6b), but a humid MRCA when
African otter shrews were included (52.6% humid
habitats, 29.4% dry habitats, 18.0% both habitats;
Supplementary Fig. S9b available on Dryad).
Finally, in our traditional (non-biogeographic) ML
analysis, neither the three-rate SYM model nor the sixrate ARD model resulted in a signiﬁcant likelihood
increase over the one-rate ER model [ER lnL = −22.9,
SYM lnL = −21.2 (P-value = 0.17), ARD lnL = −20.5
(P-value = 0.42)]. The MRCA of Malagasy tenrecs was
recovered in the humid habitat when only Malagasy
tenrecs were considered (70.0% humid habitat, 15.5%
dry habitat, 14.4% eurytopic; Supplementary Fig. S10a
available on Dryad) and when African otter shrews were
included (73.1% humid habitat, 13.6% dry habitat, 13.3%
eurytopic; Supplementary Fig. S10b available on Dryad).

TABLE 4.
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FIGURE 5. Posterior probability distributions of GeoSSE parameters for Madagascar’s tenrecs. Rates of speciation were estimated for a) humid
(H; green) and dry (D; yellow) habitats, and for b) both habitats (HD; blue). The top-ranking model estimated c) a single rate of dispersal for all
habitats. Shaded regions in all plots show the 95% credible interval. The top-ranking model did not parameterize extinction. Note the difference
in scale for all plots.

Microgale paraphyletic. We therefore follow Olson and
Goodman’s (2003) recommendation that Limnogale be
considered a junior synonym of Microgale (Table 5; see
also Asher and Helgen 2010) but we continue to use the
generic name Limnogale throughout the remainder of this
discussion for the sake of clarity and continuity.
The nested position of Limnogale within Microgale
contradicts Asher’s (1999) results favoring a sister
relationship to the African otter shrews and Eisenberg’s
(1981) speculation of a sister relationship to the
remaining Malagasy tenrecs. Asher (1999) identiﬁed two
cranial synapomorphies to support a Potamogalinae +
Limnogale clade—a fenestrate basioccipital and absence
of a lacrimal foramen—but Olson and Goodman’s (2003)
considered both characters dubious, highlighting the

presence of a fenestrate basioccipital in other shrew
tenrecs not included in Asher’s (1999) matrix and
contradicting the claimed absence of a lacrimal foramen
in Limnogale (but see Asher and Hofreiter 2006).
The position of Limnogale within Microgale is less
certain. Most of our slowly evolving nuclear genes were
unable to resolve relationships within Microgale, which
is the most recent and rapid tenrec radiation; these
genes recover a polytomy between Limnogale and four
or more Microgale species. However, four genes and all
multi-locus analyses support a sister relationship with
M. parvula. This result is surprising, as L. mergulus and
M. parvula represent the largest (60-107 g) and smallest
(adult mass 2.0–5.0 g) members of the clade, respectively
(Soarimalala and Goodman 2011; Olson unpublished).
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FIGURE 6.
Ancestral character state reconstructions of the habitat associations in Malagasy tenrecs using a) the GeoSSE model and b)
BioGeoBEARs’ DEC+j model. Colors correspond to three habitat states: humid (green), dry (yellow), and both/eurytopic (blue). Pie charts
show the relative likelihoods of each ancestral habitat. Geological epochs are shown below the timescale. The GeoSSE models reconstructs a
single state for ancestral nodes, while BioGeoBEARs reconstructs ancestral nodes as a triplet of parent and daughter states.
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Revised taxonomy of Tenrecomorpha

1 Formerly Limnogale. 2 Formerly Microgale. 3 du Chaillu (1860) provisionally named Potamogale as the eventual genus to contain velox but, having
only a skin on which to base his description, formally described the new species as Cynogale velox; Cynogale (Gray, 1837) is a genus of Carnivora.

Limnogale’s large body size compared to the shrew
tenrecs likely reﬂects the general trend for aquatic small
mammals to be larger than their terrestrial sister species
(reviewed in Benstead and Olson 2003).
Revised and Phylogenetically Consistent Taxonomy
of Extant Tenrecs
Our inclusive taxon sample and well-resolved
phylogeny allow for a revised taxonomy of extant
tenrecs reﬂective of their evolutionary history (Table 5).
Perhaps most notably, we formally re-elevate the African

otter shrews (formerly Potamogalinae) to familial rank
(Potamogalidae). Allman’s (1865, 1866) decision to name
Potamogalidae in his description of Potamogale velox
stemmed not from its distinctiveness from tenrecids
but rather its perceived similarities to Solenodon, a
Caribbean genus long allied with tenrecs and African
otter shrews (Dobson 1882; Simpson 1945; McDowell
1958) but now placed in a separate superordinal clade
based on analyses of molecular, morphological, and
paleontological data (Roca et al. 2004; O’Leary et al.
2013). Potamogalidae has been recognized as the sister
family to Tenrecidae sensu stricto by a number of
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Tenrecomorpha Butler, 1972:261
Potamogalidae Allman, 1865:467
Micropotamogale Heim de Balsac, 1954:102
M. lamottei Heim de Balsac, 1954:103
M. ruwenzorii (De Witte and Frechkop, 1955:1)
3 Potamogale du Chaillu, 1860:363
P. velox (du Chaillu, 1860:361)
Tenrecidae Gray, 1821:301
Geogalinae Trouessart, 1879:275
Geogale Milne-Edwards and A. Grandidier, 1872:1.
G. aurita Milne-Edwards and A. Grandidier, 1872:1
Oryzorictinae Dobson, 1882:71
Microgale Thomas, 1882:319
M. brevicaudata G. Grandidier, 1899:349
M. cowani Thomas, 1882:320
M. drouhardi G. Grandidier, 1934:474
M. dryas Jenkins, 1992:53
M. fotsifotsy Jenkins, Raxworthy, and Nussbaum, 1997:2
M. gracilis Major, 1896:321
M. grandidieri Olson et al., 2009:1097
M. gymnorhyncha Jenkins, Goodman, and Raxworthy, 1996:211
M. jenkinsae Goodman and Soarimalala, 2004:251
M. jobihely Goodman, Raxworthy, Maminirina, and Olson, 2006:384
M. longicaudata Thomas, 1882:320
M. macpheei Goodman, Vasey, and Burney, 2007:367
M. majori Thomas, 1918:304
1 M. mergulus Major, 1896:318
M. monticola Goodman and Jenkins, 1998:149
M. nasoloi Jenkins and Goodman, 1999:156
M. parvula G. Grandidier, 1934:476
M. principula Thomas, 1926:250
M. pusilla Major, 1896:462
M. soricoides Jenkins, 1993:2
M. taiva Major, 1896:461
M. thomasi Major, 1896:318
Nesogale Thomas, 1918:303
2 N. dobsoni (Thomas, 1884:337)
2 N. talazaci Major, 1896:318
Oryzorictes A. Grandidier, 1870:50
O. hova A. Grandidier, 1870:50
O. tetradactylus Milne-Edwards and A. Grandidier, 1882:55
Tenrecinae Gray, 1821:301
Echinops Martin, 1838:17
E. telfairi Martin, 1838:17
Hemicentetes Mivart, 1871:58
H. nigriceps Günther, 1875:125
H. semispinosus G. Cuvier, 1798:108
Setifer Froriep, 1806:15
S. setosus Schreber, 1777:583
Tenrec Lacépède, 1799:7
T. ecaudatus Schreber, 1777:584.
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easily distinguished from all other Malagasy tenrecs by
its numerous semiaquatic adaptations (Benstead and
Olson 2003).
Some authors have argued that Tenrecomorpha has
priority over Afrosoricida as the ordinal name for
tenrecs, otter shrews, and golden moles (e.g., Mouchaty
et al. 2000; Malia et al. 2002; Asher 2010). We agree
with the rationale presented by Bronner and Jenkins
(2005) (while sharing their misgivings) for recognizing
Afrosoricida.
Bayesian Concordance Analysis
Our Bayesian Concordance Analysis (BUCKy)
recovered the same topology as our concatenated
analysis (Fig. 3); however, a number of strongly
supported clades in the concatenated tree have low CF
values in the primary concordance tree. Although CF
values are superﬁcially similar to bootstrap percentages
or Bayesian posterior probabilities, they should not
be interpreted as measures of statistical uncertainty
(Baum 2007); rather, they represent the proportion
of gene regions that contain a particular split (Ané
et al. 2007). Low CFs may be caused by low levels of
phylogenetic information in particular genes, as was the
case in AQP2, BDNF, and A2AB here (Weisrock 2012).
Where CF values on our primary concordance tree are
especially low (<0.50), it may still be inappropriate to
interpret these values as poor support for that clade.
As an example, consider the Geogalinae–Oryzorictinae
split, which received a CF value of 0.499. We can say that
this is the best-supported relationship for Geogalinae,
even though it is reﬂected in less than half of our data
set, because all alternative branching scenarios for
Geogalinae were recovered with much lower CF values:
a sister relationship between Geogalinae and Microgale
received a CF of 0.148 (0.000,0.222), a sister relationship
between Geogalinae and Oryzorictes received a CF of
0.142 (0.111,0.222), and a sister relationship between
Geogalinae and Tenrecinae received a CF of 0.125
(0.111,0.222).
Divergence Timing
We used six afrotherian fossil-based node calibration
points in our divergence time analysis. By contrast,
Douady and Douzery (2003) and Poux et al. (2005,
2008) each used only one calibration point within
Afrotheria [†Phosphatherium (Gheerbrant et al. 1996),
used to calibrate the Paenungulata node], plus several
non-afrotherian fossils. Nonetheless, our divergence
time estimates are generally on par with those of
previous studies (Table 3; Table 1 in Douady and
Douzery 2003; Tables 2 and 3 in Poux et al. 2005 and
2008, respectively). The speciﬁc timing of Malagasy
colonization is still uncertain because dispersal may have
occurred at any point along the branch leading to crown
Malagasy tenrecs. We therefore conservatively conclude
that tenrecs arrived on Madagascar between 55.6 and
29.6 Ma, where 55.6 Ma is the oldest value in the 95% CI
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authors (e.g., Simpson 1945; Eisenberg 1981; Salton and
Szalay 2004; Seiffert et al. 2007), and no explicit or
compelling opposition to this arrangement has been
expressed in the recent literature. Morphologically,
African otter shrews are distinct from all Malagasy
tenrecs, and every other taxon with which they have been
allied, in lacking clavicles and possessing syndactylous
(conjoined) second and third hindfoot digits (reviewed
in Guth et al. 1959; Guth et al. 1960; Olson 1999). Doublerooted canines and absent or indistinct hindfoot thenara
(integumental pads) also set African otter shrews apart
from tenrecs (Olson 1999), as does the aforementioned
absence of a lacrimal foramen (Olson and Goodman
2003, but see Asher and Hofreiter 2006). Collectively,
these differences, in addition to the inferred antiquity of
the potamogalid lineage (Meredith et al. 2011; this study),
seem more than sufﬁcient to warrant its recognition as a
family distinct from Malagasy tenrecs.
Within Tenrecidae, our results support the three
traditional subfamilies recognized by most recent
authors (e.g., Bronner and Jenkins 2005; Soarimalala
and Goodman 2011; Goodman et al. 2013). Geogale
has at times been placed in Oryzorictinae (Cabrera
1925; Simpson 1945; Van Valen 1967), but most recent
classiﬁcations have recognized Geogalinae (McKenna
and Bell 1997; Bronner and Jenkins 2005). This
is supported by its long history of evolutionary
independence (~30 myr) and a suite of traits that render
Geogale distinct from Oryzorictinae, including unique
tarsal morphology (Salton and Szalay 2004), a reduced
dental formula, a specialized diet consisting primarily
of termites, and heterothermy across a wide range of
ambient temperature (reviewed in Stephenson 2003).
In addition to the synonymization of Limnogale with
Microgale, we propose another revision to shrew tenrec
taxonomy. The genus Nesogale was erected by Thomas
(1918) to accommodate M. dobsoni and M. talazaci, both
of which are much larger and more robust than other
shrew tenrecs. He also reported a “peculiar sinuosity”
in the skull proﬁle, and reduced or absent secondary
cusps on the incisors and canines (p. 34). MacPhee (1987)
noted that M. dobsoni and M. talazaci are the only shrew
tenrecs without premolar diastemata; he nonetheless
considered Nesogale a junior synonym of Microgale.
Our results support the resurrection of Nesogale,
as all of our concatenated and species-tree analyses
recover reciprocal monophyly between this grouping
and Microgale (including Limnogale). Nine out of 10
individual gene trees also support monophyly of
Nesogale. We also identiﬁed a 4-codon deletion in
BRCA1 (beginning at alignment position 826) unique to
Nesogale, and a 9-codon deletion in BRCA1 (alignment
position 889) unique to Microgale exclusive of Nesogale.
Morphologically, both species are readily diagnosable
on the basis of their relatively enlarged, caninelike (“caniniform”) lower 2nd incisors (Olson 1999;
Jenkins 2003), the aforementioned absence of premolar
diastemata (MacPhee 1987), and generally large body
size (Soarimalala and Goodman 2011). While they share
all these features with Limnogale mergulus, the latter is
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for the divergence of African otter shrews and Malagasy
tenrecs and 29.6 Ma is the youngest possible time in the
95% CI for the crown diversiﬁcation of Malagasy tenrecs.
These dates overlap broadly with the colonization timing
estimates reported by Douady et al. (2002; 55–37 Ma),
Poux et al. (2005; 50.3–19.7 Ma) and Poux et al. (2008;
51–26 Ma).

occupy humid habitats on continental Africa, and their
inclusion generally increased support for a humid-forest
MRCA of tenrecs plus otter shrews as well as the MRCA
of Malagasy tenrecs (Supplementary Figs S9b and S10
available on Dryad).
The most notable examples of disparity among
the three models involve the deepest nodes on
the phylogeny. Both GeoSSE and BioGeoBEARs
reconstructed a widespread MRCA of Malagasy tenrecs,
while the standard ML analysis reconstructed a humid
forest ancestor. Results from the standard ML analysis
are perhaps the least reliable, as this model is not
explicitly biogeographic—it does not contain any
biogeographic parameters and “both habitats” is a
distinct third state rather than a combination of humid
and dry. Conversely, both the GeoSSE model and
BioGeoBEARs’ DEC+j model contain parameters that
are important to consider in this system. GeoSSE allows
non-independence of speciation rate with respect to
habitat type, while DEC+j allows jump dispersal. In
GeoSSE, jump dispersal will manifest as spuriously
high values of sHD, which may have occurred in
this study (Fig. 5; Goldberg et al. 2011). Furthermore,
BioGeoBEARs offers a distinct advantage in ACSR by
reconstructing ancestral areas as a triplet of parent and
daughter states at each node. Results from GeoSSE,
where only the nodal states are reconstructed, may be
confusing by comparison. An improved biogeographic
model would contain elements from both the GeoSSE
and BioGeoBEARS models.
Ultimately, there is a two-fold problem with any
method for reconstructing ancestral habitat association:
we do not know if present-day habitats existed in the
past (or if they existed in the same geographical area),
nor do we know if species exhibit niche conservatism
or if they have adapted to changing habitats over time
(Donoghue and Edwards 2014). Our analyses variably
recovered an ancestral Malagasy tenrec that occupied
humid, dry, or both habitats, but we do not know if any
of these habitat types existed at that time. Wells (2003)
and Samonds et al. (2013) agree that humid forests likely
did not arise on Madagascar until the Oligocene or early
Miocene (after colonization by tenrecs), coincident with
the commencement of Madagascar’s current monsoon
pattern. Before this time, it is likely that Madagascar
was much drier, or that it was covered by habitats that
do not exist today. The ancestral state reconstructions
at these deeper nodes on our tree should, therefore, be
interpreted with caution.
A commonality among all ACSR analyses of our data
is that they require at least three independent transitions
from humid to dry habitats in Microgale. Notably,
three of the four arid-adapted shrew tenrecs were only
discovered and described in the past two decades. This
underscores the need for continued taxonomic and
inventory work, particularly in undersampled regions of
Madagascar, not only to document more thoroughly its
biodiversity but also to better understand the underlying
processes that generated it. The recent (Olson et al. 2009)
description of M. grandidieri, for example, and its sister
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Biogeographic Analysis
We found higher rates of diversiﬁcation in humid
versus xeric habitats (Fig. 5). Additionally, our topranking GeoSSE models do not parameterize extinction
(Table 4), suggesting that extinction may have been
relatively rare over the evolutionary history of tenrecs.
This corresponds well with our diversiﬁcation model
results, which showed that a Yule model (no extinction)
best explains the observed diversiﬁcation pattern in
tenrecs (Supplementary Fig. S7 available on Dryad). A
recent study found that BiSSE has a high type I error
rate, meaning that neutral traits may falsely appear to
be positively correlated with speciation, and we can
assume that other SSE methods (including GeoSSE)
may also be susceptible to this problem (Rabosky and
Goldberg 2015); however, the increased rate of humid
habitat speciation recovered in this study does not seem
unreasonable. This result matches worldwide patterns
of increased species diversity in humid tropical forests
(Gaston 2000).
Our reconstruction of ancestral habitats is the
ﬁrst such attempt for any of Madagascar’s mammal
radiations. Over two-thirds of extant Malagasy tenrec
species (n = 23) are currently restricted to humid
environments. Another two species occupy both humid
and arid habitats (Supplementary Table S5 available
on Dryad). This unevenness, which is not associated
with habitat-biased small mammal inventories over the
past few decades (Goodman et al. 2013, Fig. 1, p. 212),
is most pronounced in the subfamily Oryzorictinae
(shrew, mole, and aquatic tenrecs), of which over threequarters (21 out of 25) are known only from humid
areas. Unsurprisingly, the MRCA of Oryzorictinae was
recovered as a humid forest endemic. Ancestral habitats
within Tenrecinae (spiny tenrecs), on the other hand,
were not conﬁdently reconstructed. Of the ﬁve tenrecine
species, two occupy humid habitats, one occupies dry
habitats, and two are eurytopic; therefore, estimates at
the MRCA of Tenrecinae from all ACSR models were
ambiguous.
The ancestral habitat results varied substantially
depending on which reconstruction model was used. For
example, a deﬁning feature of the GeoSSE model is that
transition from one habitat to another must occur via an
intermediate “widespread” step; thus, in all cases where
sister taxa occupy different habitats, their ancestor is
recovered as widespread with high probability (Fig. 6a).
This is not an assumption of the other two models,
and “widespread” was therefore not always recovered.
Results also varied depending on whether African otter
shrews were included. All three otter shrew species
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