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A B S T R A C T

Phylogeographic research on endemic primates and amphibians inhabiting the Indonesian island of Sulawesi
revealed the existence of seven areas of endemism (AoEs). Here, we use phylogenetic and population genetic
analyses of one mitochondrial gene and 15 nuclear loci to assess geographic patterns of genetic partitioning in a
shrew (Crocidura elongata) that is endemic to Sulawesi, but occurs across the island. We uncover substantial
genetic diversity in this species both between and within AoEs, but we also identify close relationships between
populations residing in different AoEs. One of the earliest divergences within C. elongata distinguishes a high-
elevation clade from low-elevation clades. In addition, on one mountain, we observe three distinct genetic
groups from low, middle, and high elevations, suggesting divergence along a single elevational gradient. In
general, our results show that C. elongata, like several other Sulawesi endemic taxa, harbors extensive genetic
diversity. This diversity is structured in part by known AoE boundaries, but also by elevational gradients and
geographic isolation within AoEs.

1. Introduction

Insular Southeast Asia holds an important place in the history of
biogeography and indeed, in the history of evolutionary biology
(Wallace, 1869, 1876, 1880). Early naturalists documented sharp zones
of faunal turnover and remarkable levels of endemism (e.g., Huxley,
1868; Wallace, 1869; Dickerson, 1928; Taylor, 1934). Despite these
early discoveries, the fauna of this megabiodiverse region remains
poorly known in many respects, and modern expeditions frequently
uncover new species of vertebrates, including mammals (e.g., Heaney
et al., 2011, 2014; Esselstyn et al., 2012, 2013; Rowe et al., 2016). It is
perhaps unsurprising then that the biogeographical factors that shaped
the region’s current patterns of diversity and endemism remain in-
completely understood (Lohman et al., 2011; Brown et al., 2013;
Sheldon et al., 2015). Nevertheless, within-island diversification, fa-
cilitated by topographic complexity, is emerging as a significant con-
tributor to the phylogenetic diversity of insular faunas (Heaney and
Rickart, 1990; Heaney et al., 2011; Esselstyn et al., 2013; Hosner et al.,

2013; Toussaint et al., 2014; Justiniano et al., 2015; Demos et al.,
2016). Several studies have identified species endemic to single
mountains or mountain ranges, with close relatives found in neigh-
boring ranges (e.g., Heaney et al., 2011; Esselstyn et al., 2013;
Justiniano et al., 2015). This suggests that unsuitable lowland habitats,
competitive exclusion by closely related lowland species, or both re-
present long-term ecological barriers to dispersal for these taxa. Fur-
thermore, elevational gradients on individual mountains may generate
diversity if divergent natural selection promotes reproductive isolation
and the formation of parapatric species. However, documented ex-
amples of this phenomenon are rare and often debatable (Caro et al.,
2013; Demos et al., 2016).

The island of Sulawesi is large (11th largest globally), topo-
graphically complex (several mountains exceed 3000 m elevation), and
shaped like a “K”, with its four peninsulas together comprising a greater
land area than the island’s central core (Fig. 1). In addition, Sulawesi is
a composite island, formed as no fewer than four (and perhaps seven or
more) prehistoric landmasses collided between ∼25 and 2 Ma (Hall,
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2002; Spakman and Hall, 2010; Hall, 2011). Moreover, because the
individual landmasses constituting this proto-Sulawesi archipelago
were divided further by periods of partial marine inundation (Whitten
et al., 2002), the total number of prehistoric islands was even greater.
As the centerpiece of the Wallacean biogeographic zone, Sulawesi has
been colonized by faunal elements from up to three biologically diverse
and distinctive areas: Sahul (Australia and New Guinea), Sunda
(Borneo, Java, and Sumatra), and perhaps the Philippines (Stelbrink
et al., 2012). Together, Sulawesi’s geographical characteristics and
geological history provide numerous plausible mechanisms for gen-
erating high levels of species diversity and concordant phylogeographic
patterns.

Early taxonomic work on Sulawesi’s vertebrate fauna showed that
most species are endemic (e.g., Miller and Hollister, 1921a, 1921b), but
it was not until much later that biologists began to notice geographic
patterns of endemism within the island. Fooden (1969) first noted that
macaque hybrid zones correspond to natural geographic boundaries
separating the peninsulas from the central core, and individual com-
ponents of the north peninsula from each other. More recent genetic
comparisons demonstrated that these boundaries are consistent for
various lineages of amphibians, reptiles, and mammals, suggesting that
genetic diversity in these lineages has been influenced by shared me-
chanisms (Evans et al., 2003a, 2003b, 2008; McGuire et al., 2007;
Shekelle et al., 2010; Setiadi et al., 2011). These studies defined seven
areas of endemism (AoEs; Fig. 1) on Sulawesi that correspond to the
island’s central core, its east, southeast, and southwest peninsulas, and
three areas on the north peninsula. However, some subsequent studies
of Sulawesi taxa such as snails (von Rintelen et al., 2014), tarsiers
(Driller et al., 2016), and bats (Campbell et al., 2007) have recorded
geographic patterns only partially consistent with those observed in the
monkeys and toads that defined Sulawesi’s original AoEs (Evans et al.,
2003a). Evans (2012) reviewed available evidence and noted that in
addition to the original AoE boundaries, several lineages are partitioned
within the central core area, and the geographic position of these
boundaries is shared by some lineages. Because AoEs on Sulawesi have
been defined solely by shared phylogeographic patterns, the roles
played by various plausible mechanisms (such as paleo-island

geography, sea incursions, ecological barriers, and peninsular effects) in
the formation of Sulawesi’s AoEs are not well understood. As such, the
extent to which the AoE paradigm can be applied to the whole of Su-
lawesi’s biota remains unknown, and testing for the AoE pattern in
additional organisms will help assess the importance of shared me-
chanisms of diversification, while also offering improved guidance to
conservation efforts.

Whereas AoE patterns are inherently based on geographic distances,
which have dominated discussions of within-island diversification on
Sulawesi, elevational gradients provide potential alternative mechan-
isms of generating diversity and local endemism, as has been docu-
mented on other islands (e.g. Justiniano et al., 2015; Demos et al.,
2016). Because studies that have investigated the AoE pattern on Su-
lawesi have not generally considered the elevational distribution of
their focal lineage or its potential effect on geographic isolation and
diversification, it is unclear whether elevational gradients serve as a
cause of some reported AoE patterns of diversity, whether they act as an
additional cause of diversification, or whether they have little influence
on diversity and endemism.

Shrews of the genus Crocidura are represented on Sulawesi by six
endemic species derived from two independent colonizations (Ruedi,
1995; Ruedi et al., 1998; Esselstyn et al., 2009). Among these shrews,
Crocidura elongata offers a particularly promising opportunity to assess
phylogeographic structure relative to AoE boundaries and along ele-
vational gradients because it is widespread on the island, occurs from
near sea level to the highest mountain areas that have been sampled,
and its members are easily distinguished from other species by external
characters (Ruedi, 1995). Here, we perform multi-locus population
genetic, phylogenetic, and species delimitation analyses on C. elongata
sampled from across Sulawesi to test if the species exhibits genetic
structure associated with AoE boundaries, with elevational gradients,
with both, or with neither.

2. Materials and methods

2.1. Taxon sampling

Specimens of Crocidura elongata were collected from 15 sites con-
tained in nine general localities. These localities are spread across
Sulawesi and represent four of the island’s seven AoEs. Specimens are
vouchered at the Field Museum of Natural History, Chicago (FMNH);
Museum Victoria, Melbourne (NMV); Louisiana State University
Museum of Natural Science, Baton Rouge (LSUMZ); Museum of Wildlife
and Fish Biology, Davis (WFB); and Museum Zoologicum Bogoriense,
Bogor (MZB). Our sampling includes multiple localities within the
Central Core and Northwest (NW) AoEs, with one locality sampled from
each of the Southeast (SE) and East (E) AoEs (Fig. 1; Table 1). All
shrews were collected in forested habitats, with the majority taken in
relatively undisturbed primary forest. Only the lowest site on Mt.
Gandangdewata (also known as Gandadiwata) and the Malili locality
consisted of secondary forest and shrubby, regenerating vegetation.
Several of the mountains were sampled at multiple elevations (see
above), often encompassing the major forest types of lowland tropical
evergreen rainforest and montane forest (sensu Musser, 2014). We
generally found C. elongata co-occurring with four to five other species
of Crocidura.

2.2. DNA sequencing

DNA was extracted from tissue samples using the Qiagen DNeasy
protocol or Promega Wizard SV kits. We amplified one mitochondrial
gene (cytochrome b [cyt b]) and 15 nuclear loci via PCR. Of the 15
nuclear loci, eight (apolipoprotein B [ApoB]; brain-derived neuro-
trophic factor [BDNF]; breast cancer susceptibility gene [BRCA];
growth hormone receptor [GHR]; mast-cell growth factor [MCGF];
prostaglandin E2 receptor [PTGER]; recombination-activating gene
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Fig. 1. Map of Sulawesi with black lines corresponding to AoE boundaries. Numbers
indicate the locations of sampling localities as follow: 1 = Mt. Gandangdewata,
2 = Malili, 3 = Mt. Balease, 4 = Mt. Latimojong, 5 = Mt. Rorekatimbo, 6 = Mt.
Tompotika, 7 = Mt. Dako, 8 = Mt. Buliohuto, and 9 = Mt. Mekongga. Bold text in-
dicates the abbreviated name of each AoE. Inset shows the position of Sulawesi in SE Asia.
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[RAG-1]; and von Willebrand factor [vWF]) were amplified and se-
quenced following the protocols of Esselstyn et al. (2013). Primers for
the remaining seven loci (ankyrin repeat domain [ANKRD]; cyclin-T
[CCNT]; glutamate receptor, N-methyl D-Aspartate [GRIN]; methyl-
CpG-binding domain [MBD]; nuclear receptor coactivator [NCOA];
SLIT and NTRK family [SLITRK]; and transmembrane protein [TMEM])
were designed using alignments of coding loci from Sorex araneus, Bos
taurus, and Mus musculus, taken from the OrthoMam database (Douzery
et al. 2014). General methods of amplification and cycle sequencing for
these seven loci followed Esselstyn et al. (2013), but with locus-specific
annealing temperatures (Supplementary Table 1) used during PCR cy-
cles. All nuclear loci are entirely protein coding except MCGF, which
spans exon-intron boundaries. PCR products were purified using
ExoSAP-IT and prepared for sequencing using the BigDye Terminator
v3.1 Cycle Sequencing Kit and a non-commercial ethanol clean up
procedure. PCR products were sequenced in both directions at the
Cornell University Biotechnology Resource Center. Sequences were
edited by eye in Geneious 7.1.7 (Kearse et al., 2012) and aligned using
the MUSCLE algorithm (Edgar, 2004) in Geneious. Alignments were
examined by eye and verified to be free of premature stop codons.
Degenerate bases were called as heterozygotes by Geneious. Chroma-
tograms associated with each heterozygous site were subsequently
checked by eye to avoid scoring sequencing errors as genetic variants.

All nuclear sequences were resolved into statistically probable
haplotypes using PHASE 2.1.1 (Stephens et al., 2001; Stephens and
Donnelly, 2003). The online application SeqPHASE (Flot, 2010) was
used to convert FASTA files to PHASE input files, as well as convert
PHASE output back to FASTA format.

2.3. Mitochondrial gene tree and divergence date estimation

We estimated a mitochondrial gene tree for cyt b using Bayesian and
maximum likelihood (ML) frameworks. An HKY + Γ model of nucleo-
tide substitution was chosen using the Bayesian Information Criteria
(BIC) in jModelTest 2.1.7 (Guindon and Gascuel, 2003; Darriba et al.,
2012), where we allowed three substitution schemes (JC/F81, K80/
HKY, and SYM/GTR) and used a single ML-optimized tree for calcu-
lating model likelihoods.

We performed Bayesian phylogenetic analysis in BEAST 2.1.3
(Bouckaert et al., 2014) using a Yule model on the tree shape prior. Two
independent runs of 2 × 109 Markov chain Monte Carlo (MCMC)
generations were initiated with random starting trees. Samples were

drawn every 2 × 105 generations. We estimated divergence dates using
a mean substitution rate for cyt b of 0.01 substitutions per site per
million years (Brown et al., 1979; see also Nabholz et al., 2007), with
95% of the prior probability between 0.001 and 0.02. We assumed a
relaxed clock with a lognormal distribution. For the ucld mean prior we
assigned a lognormal distribution. We assessed MCMC convergence and
selected appropriate burn-in values by examining trace plots of the
likelihood and other parameters, while verifying that adequate effective
sample sizes (> 200) were obtained, in Tracer v1.6 (Rambaut et al.,
2014). Trees produced by BEAST were summarized using TreeAnno-
tator v2.1.2 after discarding the burn-in (Bouckaert et al., 2014).

We conducted ML phylogenetic analyses using Garli v2.0 (Zwickl,
2006). We performed six independent analyses, each consisting of five
replicates of 5 × 106 generations. Outside of specifying the model of
nucleotide substitution, we kept all settings at their defaults. We used
Crocidura batakorum, a Philippine endemic species inferred as sister to
the main radiation of Sulawesi shrews (Esselstyn et al., 2009), as the
outgroup. Bootstrap support values were obtained from 1000 bootstrap
replicates and mapped onto the ML tree using Sumtrees v4.1.0 in
DendroPy v4.1.0 (Sukumaran and Holder, 2010; Sukumaran and
Holder, 2016).

2.4. Phylogenetic analysis of concatenated nuclear genes

We conducted a concatenated analysis using MrBayes v3.2.5 using
all 15 unphased nuclear loci. This analysis was partitioned, with dis-
tinct models of nucleotide substitution chosen for each unphased gene
using the BIC in jModelTest 2.1.7 (Supplementary Table 2; Guindon and
Gascuel, 2003; Darriba et al., 2012) as above. We ran two independent
MCMC analyses, each with four chains. Both analyses were run for 106

generations, drawing samples every 1000 generations, and we dis-
carded the first 25% of generations as burn-in. We used Tracer v1.6
(Rambaut et al., 2014) to confirm MCMC stationarity and ensure that
effective sample sizes> 200 were obtained. Crocidura nigripes, a dis-
tantly related species (Ruedi et al., 1998; Esselstyn et al., 2009), was
used as the outgroup.

2.5. Assessment of geographic patterns of diversity

We used Mantel tests (Mantel, 1967) in the ade4 package (Dray and
Dufour, 2007) in R (R Core Team, 2016) to test for spatial auto-
correlation between mitochondrial genetic distance (calculated with
MEGAv6.0; Tamura et al., 2013) and both straight-line geographic
distance and elevational difference. We based our results on 104 per-
mutations.

We used the Bayesian approach implemented in Structure v2.3
(Pritchard et al., 2000) to cluster individuals according to genetic si-
milarity and thereby ascertain geographic patterns within C. elongata.
We used Structure’s admixture model and assumed that allele fre-
quencies were correlated between clusters (Falush et al., 2003). We
chose not to use collection locality as a prior. Initial analyses, including
the full set of 76 individuals and 15 phased nuclear loci, were run for
5 × 104 generations with 104 generations discarded as burn-into ex-
plore the potential number of clusters (K) at values of 1–10 (10 re-
plicates each). Continuing to use the full dataset, we subsequently ran
Structure longer (7.5 × 105 generations, 5 × 105 generations dis-
carded as burn-in), 20 times with a narrower range of K values (1 −5)
based on results from our initial analyses. As finer-scale population
genetic partitions can be overshadowed by higher levels of genetic
structuring (Evanno et al., 2005), additional runs of Structure were
performed in a hierarchical manner with subsets of the original group
of individuals included, similar to the approach used by Vähä et al.
(2007). Following the identification of the highest-level split of clusters
in the initial Structure analyses (“Level I”), Structure was run in-
dependently on each of the resultant clusters (“Level II”). This logic was
extended to a third round (“Level III”), by which point most individuals

Table 1
Geographic sampling of C. elongata; locality numbers indicate geographic locations shown
in Fig. 1.

AoE Locality
number

Locality name Elevation (m) Number of
individuals

Central Core 1a Mt. Gandangdewata
(low-elevation)

170 4

1b Mt. Gandangdewata
(mid-elevation)

1535–1600 5

1c Mt. Gandangdewata
(high-elevation)

2200–2600 15

2 Malili 455 3
3 Mt. Balease 830–1140 10
4 Mt. Latimojong 2050 6
5 Mt. Rorekatimbo 2020 9

East (E) 6 Mt. Tompotika 350 3

Northwest
(NW)

7 Mt. Dako 512 3
1600 6

8 Mt. Buliohuto 480–580 5
1200–1390 3

Southeast
(SE)

9 Mt. Mekongga 150 1
1515 1
1899 1
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had sorted into clusters corresponding to collection localities.
In the majority of cases, we determined the best estimate of the

number of clusters (K) using the method of Evanno et al. (2005) as
implemented in the online application Structure Harvester (Earl and
vonHoldt, 2012). Estimates of K are made independently of any direct
consideration of biological reality and therefore blind acceptance of
estimated K values has been discouraged (Meirmans, 2015). In this
study, there was a single instance (Level IIIc) in which the K identified
using the method of Evanno et al. (2005) seemed dubious on biological
grounds (see Results).

All runs in Levels II and III were initially conducted for 5 × 104

generations (burn-in of 104 generations; 20 times for each K of 1–10),
whereupon cluster assignment coefficients were compared between
replicates to ensure consistency among runs at each K. The two analyses
initially produced inconsistent results (3b and 3c) and were re-run for
longer durations (3b was run for 7.5 × 105 generations with a burn-in
of 5 × 105, 20 times for each K 1–10; after use of those settings in 3c
continued to produce inconsistent results, we re-ran 3c for 2 × 106

generations with a burn-in of 7.5 × 105, 20 times for each K 1–10).

2.6. Delimiting diversity

Because our phylogenetic analyses showed substantial genetic di-
vergence between populations, we tested the hypothesis that these
populations represented independent evolutionary lineages (and pos-
sibly undiagnosed species) under the multispecies coalescent using BPP
v3.1 (Yang and Rannala, 2010, 2014; Rannala and Yang, 2013; Yang,
2015). Although it is sometimes touted as useful for such purposes, BPP
does not perform species delimitation per se (Sukumaran and Knowles,
2017). Instead, it delimits units of population structure that tax-
onomists can use as one type of evidence for the diagnosis of species. As
such, we used BPP to provide a maximal estimate of the potential
number of species. We included all phased nuclear loci (but not cyt b) in
this analysis. We divided individuals among 12 potential species. Each
sampling locality was represented by one potential species, with the
exceptions of Mts. Gandangdewata and Rorekatimbo, which were di-
vided into three and two potential species, respectively, on the basis of
our observations from our mitochondrial gene tree analyses (see Re-
sults). We also excluded one Mt. Mekongga individual (WFB8203) from
the analysis because it appeared alone at the end of a long branch in the
cyt b tree and we wanted to avoid artifacts of small sample size (initial
runs including that individual produced inconsistent results). We did
not specify a guide tree, allowing the program to test for population
structure under all possible topologies. Each BPP analysis was run for
105 steps after discarding a burn-in of 8000 steps. As prior selection
influences the posterior probabilities for models (Yang and Rannala,
2010), BPP was run with three separate combinations of priors for
ancestral population size (θ) and root age (τ0), mirroring those applied
by Leaché and Fujita (2010). We ran BPP twice with each combination

of priors to ensure convergence and assess the effects of priors.

2.7. Gene flow estimation

We used the Bayesian coalescent model implemented in MIGRATE-
N v3.6 (Beerli and Felsenstein, 2001; Beerli, 2006) to estimate rates of
gene flow between various clusters and groups of clusters identified in
our Structure analyses. Because we wanted to assess patterns of gene
flow among different sets of populations, we conducted three rounds of
analyses.

In each of the three analyses, we used (1) phased nuclear loci; (2)
MIGRATE-N’s built-in FST-like calculation (Beerli and Felsenstein,
1999) to generate initial parameter values; (3) a constant mutation rate
across loci; (4) a finite sites mutation model; (5) an MCMC heating
scheme with four heated chains (allowing swapping between chains);
(6) uniform prior distributions; (7) a burn-in of 30,000 trees per chain;
(8) MCMC with 8000 total steps and a sampling increment of 200 (total
trees sampled per replicate thus equaled 1.6 × 105) for each of four
replicates; and (9) posterior modes as our parameter estimates. In
analysis A we allowed the mutation-scaled effective immigration rates,
M, to be asymmetrical, while in analyses B and C, these rates were
symmetrical. Additional, analysis-specific settings are given in
Supplementary Table 3.

3. Results

3.1. Alignment contents and sequence variation

All new DNA sequences were published as GenBank Accessions
KY771329–KY772426 (Supplementary Appendix). Our cyt b alignment
included 46 unique haplotypes from 75 individuals and was 1131 bases
long with 25.6% missing data (841.5 bases sampled per individual).
The concatenated alignment of all unphased nuclear loci was 9480
bases long with 18.8% missing data. Sequence lengths for phased nu-
clear loci were 450–793 bases, with the number of unique alleles ran-
ging from 19 to 64 (Supplementary Table 4). The percentage of missing
characters per locus ranged from 0.3% to 26.3%. Uncorrected mi-
tochondrial p-distances ranged from 0.017 to 0.121 between sampling
sites, while intra-site distances were ≤0.012 (Table 2).

3.2. Mitochondrial tree and divergence time estimation

In our Bayesian reconstruction of the mitochondrial gene tree, the
earliest divergence separated the NW AoE (Mts. Dako and Buliohuto)
from all other localities (Fig. 2). Within the latter clade, the first di-
vergence divided Mts. Latimojong and Rorekatimbo, plus the mid- and
high-elevation sites on Mt. Gandangdewata, from the other localities.
Bayesian posterior probabilities for many nodes exceeded 0.95, al-
though several nodes had considerably less support. For example, the

Table 2
Uncorrected mitochondrial p-distances calculated in MEGA. Numbers in headings correspond to locality numbers (see Fig. 1). 1a, 1b, and 1c denote the low-, mid-, and high-elevation
groups of individuals sampled from Mt. Gandangdewata; 8203 refers to WFB8203 from low elevation on Mt. Mekongga.

Locality 1a 1b 1c 2 3 4 5 6 7 8 9 8203

1a 0.003
1b 0.095 0.001
1c 0.102 0.041 0.002
2 0.017 0.111 0.105 0
3 0.012 0.100 0.100 0.011 0.004
4 0.099 0.017 0.040 0.118 0.109 0.002
5 0.093 0.031 0.031 0.110 0.103 0.030 0.012
6 0.031 0.089 0.089 0.029 0.025 0.097 0.094 0.004
7 0.100 0.106 0.116 0.117 0.105 0.110 0.109 0.100 0.007
8 0.098 0.098 0.099 0.114 0.102 0.102 0.097 0.100 0.047 0.008
9 0.045 0.110 0.098 0.050 0.048 0.122 0.109 0.048 0.118 0.103 0.00
8203 0.037 0.114 0.106 0.044 0.041 0.119 0.116 0.031 0.115 0.107 0.045 n/a
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1a, 1b, and 1c denote the low-, mid-, and high-elevation groups of individuals, respectively, from Mt. Gandangdewata), as well as entities supported as species in our BPP analysis (see
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nodes at or above the population level) are represented by grey bars. Broken bars are truncated with the upper limit of the HPD written below the break.

R.A. Eldridge et al. Molecular Phylogenetics and Evolution 118 (2018) 306–317

310



node grouping all sites except Mts. Dako and Buliohuto received a
posterior probability of 0.29. Most of the sampled general localities
formed clades. However, the Mt. Gandangdewata and Mt. Mekongga
samples were both paraphyletic. On Mt. Gandangdewata, samples
grouped according to elevation (the low-, mid-, and high-elevation
samples each formed a clade [mean intergroup p-distance was 0.067]);
on Mt. Mekongga, one individual (WFB8203) from low elevation
(150 m) was more closely related to samples from other mountains than
to the other two individuals sampled from higher elevations (1515 and
1899 m; p-distance of 0.045). Individuals from Mt. Rorekatimbo were
monophyletic on the gene tree, but two clades were separated by re-
latively long branches [p-distance of 0.021] and the node joining them
was poorly supported (posterior probability of 0.48). However, in-
dividuals from the two Mt. Rorekatimbo mitochondrial clades were
sampled sympatrically. Our estimate of the age of the oldest divergence
within C. elongata had a mean of 2.10 Ma with a 95% HPD interval of
0.97–3.88 Ma (Fig. 2).

Our ML tree (Supplementary Fig. 1) largely supported the re-
lationships inferred in the Bayesian analysis. However, individuals
collected from Mt. Rorekatimbo were paraphyletic with respect to in-
dividuals from Mts. Gandangdewata and Latimojong, but with rela-
tively weak support (bootstrap = 0.61). The two clades recovered from
Mt. Rorekatimbo were identical to those recovered in the Bayesian
analysis. Additionally, the clade of individuals collected from Malili
was nested among the Mt. Balease specimens.

3.3. Phylogenetic analysis of concatenated nuclear genes

The relationships and groupings supported in our concatenated
analysis (Fig. 3) were largely consistent with those supported by the
mitochondrial gene tree analyses. For instance, the base of the tree is
characterized by a polytomy between the NW AoE samples (Mts. Dako
and Buliohuto), some of the Central Core AoE samples (Mts. Latimojong
and Rorekatimbo, and the upper two sites on Mt. Gandangdewata), and
the remaining sites in the Central Core (Mt. Balease, Malili, and the
lowest site on Mt. Gandangdewata) combined with the E (Mt. Tompo-
tika) and SE AoEs (Mt. Mekongga). In this analysis, we found that po-
pulations from Mt. Tompotika, low- and high-elevation Mt. Gandang-
dewata, Mt. Mekongga, Mt. Buliohuto, Mt. Dako, Mt. Rorekatimbo, and
Mt. Latimojong were each monophyletic, but samples from the other
localities (Balease, Malili, and mid-elevation Mt. Gandangdewata) were
paraphyletic.

3.4. Assessment of geographic patterns of diversity

Our Mantel test indicated that both geographic distance (Mantel r
statistic = 0.58; p ≪ 0.001) and elevational difference (Mantel r sta-
tistic = 0.33; p ≪ 0.001) exhibit significant correlation with mi-
tochondrial genetic distance among individuals of C. elongata.

The hierarchical implementation of our Structure analyses revealed
genetic partitions associated with both broad- and fine-scale geography.
The initial set of all individuals (Fig. 4, Level I) was estimated by the
Evanno et al. (2005) method to comprise two clusters with no evidence
of admixture. These two clusters corresponded with the initial diver-
gence in our ML estimate of the mitochondrial gene tree
(Supplementary Fig. 1). One cluster consisted of all individuals from
low-elevation Mt. Gandangdewata (Locality 1a), Mt. Balease (3), Malili
(2), Mt. Tompotika (6), Mt. Dako (7), Mt. Buliohuto (8), and Mt. Me-
kongga (9); the other of all individuals from mid-high elevation Mt.
Gandangdewata (1b and 1c), Mt. Latimojong (4), and Mt. Rorekatimbo
(5). We observed a distinct elevational difference between the two
clusters (Fig. 5a), with the mean elevation of the latter cluster (2169 m,
range 1535–2600 m) nearly 1300 m above that of the former (864 m,
range 150–1899 m).

Level II of the Structure analysis produced a similar pattern, with
each of the two clusters identified in Level I splitting into two clusters

with no signal of admixture (Fig. 4, Level II): individuals from low-
elevation Mt. Gandangdewata (Locality 1a), Mt. Balease (3), Malili (2),
Mt. Mekongga (9), and Mt. Tompotika (6) were split from those from
the NW AoE (Mt. Dako (7) and Mt. Buliohuto (8)), and the individuals
from Mts. Latimojong (4) and Rorekatimbo (5), plus mid-elevation Mt.
Gandangdewata (1b), were split from high-elevation Mt. Gandangde-
wata (1c). In the latter split, we once again observed a distinct eleva-
tional difference between the two resultant clusters (Fig. 5b), with a
mean elevation of 1917.5 (range 1535–2050) for the cluster comprising
individuals from Mts. Latimojong, Rorekatimbo, and mid-elevation
Gandangdewata, versus a mean elevation of 2366.7 (range 2200–2600)
for the high-elevation Mt. Gandangdewata cluster.

Each cluster identified in Level II of the analysis was subjected to its
own Structure analysis. The analysis conducted on the cluster com-
prising the higher-elevation group of Mt. Gandangdewata (Locality 1c)
specimens (identified in Level IIa), assigned each individual by nearly
equal amounts to each of seven clusters; we regarded these results as
biologically unrealistic and discarded them, leaving three Level III
analyses.

All individuals in Levels IIIa and IIIb sorted into clusters by locality
with the exception that the mid-elevation cluster of Mt. Gandangdewata
(Locality 1b) specimens grouped with the Mt. Rorekatimbo (5) speci-
mens. In Level IIIc of the analysis, the most appropriate K was estimated
as five by the Evanno et al. (2005) method. Individuals from low-ele-
vation Mt. Gandangdewata (1a) and Mt. Tompotika (6) formed their
own clusters, as did two individuals from Mt. Mekongga (9). The re-
maining individual from Mt. Mekongga (WFB8203) and all individuals
from Malili (2) and Mt. Balease (3) were partially assigned, to varying
degrees, to two clusters (WFB8203 and the Malili specimens always
received the four highest membership coefficients for one of the two
clusters). However, because of the extensive degree of admixture ob-
served between the two clusters, the biological basis for this number of
clusters may be weak. Lowering K to 4 produced somewhat inconsistent
results, but in most replicates Mt. Balease individuals were consolidated
into one cluster, with WFB8203 and the Malili individuals’ assignments
split between the Mt. Balease and Mt. Tompotika clusters. Because the
individuals from low-elevation Mt. Gandangdewata and the two in-
dividuals from Mt. Mekongga form their own clusters among different
estimates of K, we consider it sensible to view these as discrete groups.
However, the extent to which WFB8203, as well as individuals from Mt.
Tompotika, Mt. Balease, and Malili, represent defined entities is less
clear.

3.5. Delimiting diversity

Our BPP analyses distinguished most of the potential species we
specified based on our mtDNA topology (but see Sukumaran and
Knowles, 2017). Across every replicate, with each combination of
priors, all potential species other than the two from Mt. Rorekatimbo
were delimited with posterior probabilities of 1 (Table 3). All replicates
assigned a much higher posterior probability to a single species con-
sisting of all individuals from Mt. Rorekatimbo than to a division of
these individuals into two species. In other words, each locality was
supported as containing at least one distinct species.

3.6. Gene flow estimation

For the most part, we estimated minimal gene flow among the
Structure-defined populations included in our MIGRATE-N analyses
(Fig. 6; Supplementary Table 3), but migration rates were higher among
populations (Fig. 6) that were defined in Level III Structure analyses
(Fig. 4). In general, however, convergence in the posterior distribution
for M was poor when migration rates were higher. The migration rates
estimated between the NW AoE (represented by Mts. Dako (Locality 7)
and Buliohuto (8)) and populations elsewhere on the island never ex-
ceeded 0.02 immigrants per generation (Fig. 6A). Similarly, rates were
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low between localities included in Level IIa of the Structure analysis
and those included in Level IIIc (≤0.01 immigrants per generation;
Fig. 6B and C). Migration rates within each of those two groups were
generally much higher. Among the populations defined in Level IIIc of
the Structure analysis (Mt. Balease (3)/Malili (2)/WFB8203 (partial 9),
low-elevation Mt. Gandangdewata (1a), and Mt. Tompotika (6)),

migration rates ranged from 0.171 to 0.948 migrants per generation,
though we note that the posterior distribution for M between low-ele-
vation Gandangdewata and Mt. Tompotika failed to converge. Likewise,
migration rates between the populations defined in Level IIIa in the
Structure analysis (Mt. Latimojong (4), Mt. Rorekatimbo (5), and mid-
elevation Mt. Gandangdewata (1b)) ranged from 0.208 to 0.691
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Fig. 3. Concatenated nuclear gene tree generated in MrBayes illustrating the relationships between individuals of Crocidura elongata. The outgroup in the analysis, Crocidura nigripes, is
not shown in this figure. Numbered boxes correspond to localities (see inset; 1a, 1b, and 1c denote the low-, mid-, and high-elevation groups of individuals, respectively, from Mt.
Gandangdewata).

R.A. Eldridge et al. Molecular Phylogenetics and Evolution 118 (2018) 306–317

312



M
ea

n 
L(

K
)

M
ea

n 
L(

K
)

M
ea

n 
L(

K
)

M
ea

n 
L(

K
)

3 4 5
K

-5000

-3000

4 6 8 10
-1500

-1000

4 6 8 102
K

-700

-550

4 6 8 102
K

-950

-750

1b, 1c, 4, 5 1a, 2, 3, 6, 7, 8, 9

7, 8 1a, 2, 3, 6, 91c 1b, 4, 5

4 1b, 5 8 7

Level I

Level II

Level III

(a) (b)

(a) (b) (c) 6 91a 2, 3, 93

1.0-

0.0-

M
ea

n 
L(

K
)

M
ea

n 
L(

K
)

1.0-

0.0-

1.0-

0.0-

1.0-

0.0-

1.0-

0.0-

1.0-

0.0-

1 2

2
K

4 6 8 102
K

-4000

-1000

4 6 8 102
K

-1200

-400

4 9

2

3
5

6

7 8

Fig. 4. Summary and likelihood plots from our hierarchical implementation of Structure. The x-axes on the summary plots are representative of individual specimens. A specific shade on
a summary plot represents a cluster assignment; an individual’s cluster assignment coefficient, the probability an individual belongs to a specific cluster, is expressed by the height of that
shade. Numbers within summary plots indicate localities from which individuals constituting the numbered cluster were sampled (see inset). The analysis labeled “Level I” consists of all
individuals from all localities. Arrows point from a cluster assignment in a previous analysis to an analysis including only the individuals assigned to that cluster. Below each summary
plot is a plot showing the likelihoods (mean L(K)) for each number of cluster assignments (K) tested in that analysis. Error bars indicate standard deviation.

1a1a 1a1a

6 66
2 2 2

3 3 333 3
3

3 33 3

9

9

9

8
88 88

8

88

77 7

7777 77

5 555 55 55 44 44 4 44

1b1b 1b1b1b

1c1c1c

1c
1c1c1c1c1c c1c1c 11c1c 1c

500

1000

1500

2000

2500

21 Split

E
le

va
tio

n 
(m

)

5555 55 55 5
4 44 4 44 4

1b1b
1 1bb1b

1c1c1c

1c

11c 1c11c1c 1cc1c 1c c1c1c

1500

2000

2500

21 Split

E
le

va
tio

n 
(m

)

(a) (b)

4 9

2

3
5

6

7 8

4

5

Fig. 5. Elevational comparison of clusters identified in Structure analyses. Numbered points represent individuals identified with their locality number (see insets). Individuals are
grouped according to their split assignment in a specific Structure analysis; (a) illustrates the elevational difference between the two clusters identified in the Level I Structure analysis,
and (b) illustrates the elevational difference between the two clusters identified in the Level IIa Structure analysis.

R.A. Eldridge et al. Molecular Phylogenetics and Evolution 118 (2018) 306–317

313



immigrants per generation (Fig. 6C). The high-elevation Mt. Gan-
dangdewata group (1c), however, appears largely isolated from all
other populations, as the migration rate from this group to the mid-
elevation group from the same mountain was 0.03 immigrants per
generation (Fig. 6C) with no other migration rates to or from other
groups exceeding 0.013 migrants per generation.

4. Discussion and conclusions

Our analyses identified deep divergences (relative to those expected
within a single species) among mitochondrial and multi-locus clades of
Crocidura elongata, demonstrating that the current single-species clas-
sification obscures significant genetic structure in this taxon. Although
our results were not entirely concordant, the analyses agreed in many
respects. For instance, clusters identified in the Structure analyses
(Fig. 4) generally corresponded to mitochondrial clades and, with a few
exceptions, to clades in our concatenated nuclear tree. Likewise, our
estimates of migration rates between groups identified by Structure
were generally lower than those estimated within groups identified by

Structure (Fig. 6; Supplementary Table 3).
In our Bayesian mitochondrial gene tree analysis, we estimated the

oldest divergence within C. elongata at< 4 Ma (95% HPD 0.97–3.88
Ma). Thus, although our estimates are rough, the oldest divergence
within the species appears to post-date the fusion of all components of
the proto-Sulawesi archipelago (ca. 5 Ma), with the exception of a
fragment of the SE AoE that likely coalesced during the last 2 My (Hall,
2002). Therefore, we consider it unlikely that C. elongata colonized and
diversified on multiple islands in proto Sulawesi. This finding contrasts
with inferences for some other mammals, which may have arrived and
diversified on Sulawesi much earlier (e.g., squirrels: Hawkins et al.,
2016; tarsiers: Driller et al., 2016).

Although our geographic sampling is insufficient to thoroughly test
the limits of all AoEs, the pattern of genetic partitioning among C.
elongata groups is only partially consistent with the patterns observed in
monkeys and toads (Evans et al., 2003a). For instance, consistent with
the AoE paradigm, two localities representing the NW AoE (Mts. Dako
and Buliohuto) grouped together as an early-diverging clade across our
phylogenetic analyses (Figs. 2 and 3; Supplementary Fig. 1). However,
some of our other observations are inconsistent with AoE geography
dominating patterns of genetic diversity. For example, we observed
both extensive divergence within AoEs (e.g., between samples from
mid-high elevation Mt. Gandangdewata and Mt. Balease) and little di-
vergence between populations in different AoEs (e.g., Mts. Mekongga
and Balease; Table 2). Because C. elongata is common in lowland forests
near sea level, we did not expect to find p-distances of ∼10% in mi-
tochondrial DNA between adjacent mountains located within a single
AoE. However, other studies have identified similarly deep genetic
differences between intraspecific populations in the Central Core AoE
(e.g., Campbell et al., 2007; McGuire et al., 2007; Setiadi et al., 2011),
which suggests that treating this AoE as a single, relatively uniform
biological region may obscure genetic diversity in many taxa. Indeed,
expanding the definition of AoEs on Sulawesi to incorporate, for in-
stance, the Palu-Koro fault as an additional boundary (Evans, 2012)
would better accord with our observed divergences between high-ele-
vation Mt. Gandangdewata and Mt. Rorekatimbo, as well as between
the Mt. Balease/Malili clade and low-elevation Mt. Gandangdewata. In
contrast to these divergences, we estimated high rates of gene flow into
and out of the E AoE (Fig. 6), indicating that, at least in the case of this
area and this taxon, the boundary is permeable. In summary, the AoE
pattern as defined by monkeys and toads does not appear to be domi-
nant in C. elongata. Rather, our observations are better captured by an
AoE definition that includes the ancient plate boundaries illustrated by
Evans (2012) combined with elevation as a major factor that con-
tributes to diversification.

Table 3
Posterior probabilities of species delimitation under three combinations of ancestral po-
pulation size and root age prior distributions. Each probability is averaged across two
replicates. Locality names correspond to those listed in Fig. 1; 1a, 1b, and 1c denote the
low-, mid-, and high-elevation groups of individuals from Mt. Gandangdewata. 5a and 5b
are the two mitochondrial clades from Mt. Rorekatimbo.

Locality (locality
number)

Mean posterior probability (± SD)

Θ, τ0=(1,10) Θ, τ0 = (2,2000) θ = (1,10); τ0 =
(2,2000)

Mt. Gandangdewata
(1a)

1.00 ± 0 1.00 ± 0 1.00 ± 0

Mt. Gandangdewata
(1b)

1.00 ± 0 1.00 ± 0 1.00 ± 0

Mt. Gandangdewata
(1c)

1.00 ± 0 1.00 ± 0 1.00 ± 0

Malili (2) 1.00 ± 0 1.00 ± 0 1.00 ± 0
Mt. Balease (3) 1.00 ± 0 1.00 ± 0 1.00 ± 0
Mt. Latimojong (4) 1.00 ± 0 1.00 ± 0 1.00 ± 0
Mt. Rorekatimbo (5a) 0.128 ± 0.118 0.092 ± 0.029 0.0005 ± 0.000
Mt. Rorekatimbo (5b) 0.128 ± 0.118 0.092 ± 0.029 0.0005 ± 0.000
Mt. Rorekatimbo (5b)

+ Mt.
Rorekatimbo (5a)

0.872 ± 0.118 0.908 ± 0.029 0.999 ± 0.000

Mt. Tompotika (6) 1.00 ± 0 1.00 ± 0 1.00 ± 0
Mt. Dako (7) 1.00 ± 0 1.00 ± 0 1.00 ± 0
Mt. Buliohuto (8) 1.00 ± 0 1.00 ± 0 1.00 ± 0
Mt. Mekongga (9) 1.00 ± 0 1.00 ± 0 1.00 ± 0
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Fig. 6. Illustration of all gene flow rates ≥0.02 immigrants per generation estimated in Analyses 1 (panel A), 2 (panel B), and 3 (panel C) in MIGRATE-N. All sampling localities
(identified by their locality number; see Fig. 1) within a shaded area were treated as one “population” in that analysis. Arrows signify gene flow direction. 1a, 1b, and 1c denote the low-,
mid-, and high-elevation groups of individuals, respectively, from Mt. Gandangdewata; 9* refers to WFB8203 from low elevation on Mt. Mekongga.
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Our results show that genetically distinct populations occur along a
single elevational gradient, and that elevational differences across the
island are correlated with genetic distance. On Mt. Gandangdewata, we
obtained specimens from 170 m, 1535–1600 m, and 2200–2600 m, and
we found that samples from each elevational band are as, or more,
closely related to populations from other mountains than to those from
the neighboring elevational bands on the same mountain. This pattern
is evident in both our mitochondrial gene tree (Fig. 2) and our con-
catenated nuclear gene tree (Fig. 3). In addition, the initial split inferred
by our Structure analyses (and weakly supported by our maximum-
likelihood mtDNA gene tree) distinguishes individuals collected at high
elevations from those taken at low elevations, with the boundary oc-
curring around 1500–1600 m (Figs. 4, 5). Consistent with our Level I
Structure result, our estimation of gene-flow rates between these two
Structure populations was near 0 (Fig. 6; Supp. Table 3). On Sulawesi,
the middle elevations around 1500 m are typically where natural ha-
bitats transition from tall-canopy evergreen rainforests at low elevation
to short-canopy, much wetter montane forests at higher elevations
where oaks and chestnuts are common (Whitmore, 1984; Musser et al.,
2010). Elevation has long been posited as a factor in the diversification
of terrestrial vertebrates of Southeast Asia (Heaney and Rickart, 1990;
Ruedi, 1995; Musser et al., 2010; Justiniano et al., 2015) due to its
potential to generate disparate ecological selection along a single gra-
dient, or by isolating montane populations on distant mountain peaks.
While examples of the latter are relatively common (e.g., murine ro-
dents: Heaney et al., 2011; Justiniano et al., 2015; Aethopyga sunbirds:
Hosner et al., 2013), our results from Mt. Gandangdewata provide a
rare example of divergence along a single gradient, and the first ex-
ample from Sulawesi as far as we are aware. That said, divergence along
a single elevational gradient is probably not pervasive in C. elongata.
We sampled a few other mountains at multiple elevational bands,
which included both lowland and montane forest on Mts. Dako (sam-
pled at 512 m and 1600 m), Buliohuto (480–580 m and 1200–1390 m),
and Mekongga (150, 1515, 1899 m), but we found no clear evidence of
genetic isolation within them. On Mt. Mekongga, we did find some
mitochondrial difference between the lowest elevation sample and the
others, but our sample size is severely limited (only three individuals
from Mt. Mekongga) and we did not find many differences in nuclear
DNA (Figs. 3 and 4). Unfortunately, since the advent of genetic sample
collection, small mammal communities have not been thoroughly
sampled across a complete elevational gradient on any Sulawesi
mountain. Even on Mt. Gandangdewata where our sampling is most
comprehensive, elevations between 200 and 1500 m and between 2600
and 3400 m remain entirely unexplored. As such, collection of addi-
tional voucher specimens is sorely needed to further explore the role of
elevational gradients in generating diversity among Sulawesi’s rich
small mammal fauna. In particular, increased sampling would allow a
test of whether the genetic divergences we observed along Mt. Gan-
dangdewata’s elevational gradient are the result of adaptation to local
environments.

Crocidura elongata, as defined by current classification (Miller and
Hollister, 1921a, 1921b; Ruedi, 1995), is a complex of well-defined
phylogenetic lineages. Our current sampling indicates that these
lineages are not partitioned exclusively by previously hypothesized AoE
boundaries, but that diversity is instead associated with a combination
of AoE boundaries, geographic distance, isolation among mountain
ranges, and in one case, an elevational gradient within a single
mountain. As such, biodiversity conservation strategies designed ex-
clusively around AoEs will not preserve the full genetic diversity found
in this, and perhaps other, species. While we posit that a combination of
ecological gradients (elevation) and geographic isolation generated
genetic divergence in C. elongata, denser geographic sampling is needed
to test the relative importance of these and other mechanisms in C.
elongata and to fully understand how pervasive these patterns are
among Sulawesi’s endemic species. Nevertheless, this study joins a
growing body of work (e.g., Rickart et al., 2005; Esselstyn et al., 2013;

Hosner et al., 2013; Toussaint et al., 2014; Justiniano et al., 2015;
Demos et al., 2016) that recognizes the importance of geography and
topography in generating within-island diversification and hence,
maintaining biodiversity on the larger islands of the Indo-Australian
Archipelago.
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