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Isolation of populations eventually leads to
divergence by genetic drift, but if connectivity
varies over time, its impact on diversification
may be difficult to discern. Even when the
habitat patches of multiple species overlap,
differences in their demographic parameters,
molecular evolution and stochastic events
contribute to differences in the magnitude and
distribution of their genetic variation. The Indo-
nesian island of Sulawesi, for example, harbours
a suite of endemic species whose intraspecific
differentiation or interspecific divergence may
have been catalysed by habitat fragmentation.
To further test this hypothesis, we have per-
formed phylogenetic and coalescent-based
analyses on molecular variation in mito-
chondrial and nuclear DNA of the Celebes toad
(Bufo celebensis). Results support a role for
habitat fragmentation that led to a population
structure in these toads that closely matches
distributions of Sulawesi macaque monkeys.
Habitat fragmentation, therefore, may also have
affected other groups on this island.

Keywords: coalescence; rejection sampling;
demography

1. INTRODUCTION

Fragmentation of populations can cause divergence
by genetic drift depending on their effective popu-
lation sizes, mutation rate, the duration of isolation,
and the level of gene flow between them. However,
the role of fragmentation in causing population
structure may be subtle after what we call ‘cryptic
fragmentation’, in which a barrier to gene flow is
either not apparent or no longer present. Cryptic
fragmentation may have affected, for example, fauna
of the island of Cuba (Glor ez al. 2004) and the Baja
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California Peninsula (Leaché er al. 2007). In contrast
to diversification caused by enduring barriers to
dispersal, the genetic signature of cryptic fragmenta-
tion might fade over time if the margins of the
subdivided populations move, or if recent gene flow
causes populations to amalgamate.

Cryptic fragmentation has been proposed on the
Indonesian island of Sulawesi based on similar patterns
of diversity in multiple groups, including the Celebes
toad (Evans er al. 2003¢), monkeys (Evans er al.
2003b), fanged frogs (Evans er al. 2003a) and flying
lizards (McQGuire ez al. 2007). However, the validity of
a demographic model of isolation by distance (IBD)
plus fragmentation as opposed to a model of
exclusively IBD has been questioned (Bridle er al.
2004). To further explore this, we used a coalescent-
based approach to compare the fit of models that
approximate each of these demographic scenarios for
the Celebes toad, Bufo celebensis.

2. MATERIAL AND METHODS

(a) Molecular data, genealogies, networks

and population subdivision

New data were collected from mitochondrial DNA (mtDNA) and
two nuclear loci (nDNA) from throughout the range of the Celebes
toad, including sequences from up to 166 individual toads from up
to 56 localities (figures 1la and 2a; see the electronic supplementary
material). MtDNA sequences are from the 12S rDNA gene and
nuclear sequences are from the recombination activation gene 1
(RAG) and intron 3 of the rhodopsin gene (RHO). A phylogeny
was estimated from the mtDNA data under a doublet model for
ribosomal genes using MRBAYES v. 3.1.2 (Huelsenbeck & Ronquist
2001) with secondary structure inferred from a model for Xenopus
laevis (Cannone et al. 2002). Networks were estimated from
inferred alleles for the nuclear loci (see the electronic supple-
mentary material).

(b) Coalescent comparison of alternative

demographic models

For computational efficiency (Wilkins 2004), we used a lattice
model to approximate an IBD model (IBD;), and compared it
with an alternative model that also has simultaneous fragmentation
(IBDy+F) at the sites of each macaque contact zone, except a
displaced location of the margin in toads between the NW and WC
areas of endemism (AOEs; figure 2a). The locations of macaque
contact zones are well characterized (Evans et al. 200356 and
references therein). Both models assume mutation—drift equili-
brium, constant population size over time and symmetrical
migration between connected neighbouring demes.

The IBD; model has three parameters: the effective population
size of the locus in each deme (N.,pnA-deme)> the mutation rate
per sequence (u) and the fraction of subpopulation 7 in each
generation that are migrants from subpopulation j (m;). The
IBD; +F model has an additional parameter (7), which is the time
in 4N, DNA-deme generations from the present that fragmentation
started simultaneously at all boundaries between AOEs (figure 2a).

Model likelihood was estimated using rejection sampling of
coalescent simulations (Weiss & von Haeseler 1998) based on three
summary statistics: the average pairwise nucleotide divergence per
sequence (7), the number of segregating sites (S) and Fgsrt
(table 1). m and S were calculated for simulated data using
sample_stat (Hudson 2002) and for the observed data using
DNAsP v. 4.10.9 (Rozas et al. 2003). Fst was calculated using Perl
SCI‘iptS according to: FST: (ﬂ'between_ﬂwithin)/ﬂ'between where Toetween
and mwimin are the average number of pairwise differences between
and within AOEs, respectively (Hudson ez al. 1992). To avoid bias
due to differences in sample size, the average myimin Of each AOE
was used in this calculation. Fgt was transformed according to
Fs1/(1—Fst) (Rousset 1997) before rejection sampling. Model
likelihood for each locus was estimated as the proportion of
100 000 simulations whose summary statistics were +10% of the
observed values for all three statistics; multilocus likelihoods are the
product of the likelihood of each locus. Simulations were performed
with the program ms (Hudson 2002) under an approximation of
the finite sites model by using the total mutation rate for
each sequence instead of the mutation rate per site, which is
appropriate when 4N.u/site is small. Scaling factors were applied
t0 NenDNA-deme and u as a coarse measure to accommodate
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Table 1. Polymorphism statistics for sequence data from
the Celebes toad for mtDNA, RAG and RHO. (The
number of unique haplotypes (no.) on Sulawesi (all) and
each area of endemism (AOE) are indicated, with labelling
of AOEs following figure 1. Other statistics (m, S and Fst)
are discussed in the text.)

mtDNA RAG RHO
base pairs 727 961 338
S 80 21 10
T per site 0.03144 0.00254 0.00379
T per sequence 22.85688 2.44094 1.28102
Fgr 0.91460 0.46068 0.46469
no. all 32 22 15
no. NE AOE 5 0 0
no. NC AOE 0 2 1
no. NW AOE 1 2 1
no. CW AOE 11 3 2
no. CE AOE 1 1 0
no. SW AOE 9 4 2
no. SE AOE 7 6 3

Table 2. Scaling factors used in coalescent simulations for
mtDNA, RAG and RHO. (Tperween 18 the average number of
substitutions per site between the Sulawesi toads and Bujfo
divergens. The effective population size of mtDNA in each
deme is scaled to 0.25 of the size of autosomal DNA (N,
scaling). The mutation rate scaling (u scaling) is calculated by
dividing the Tperween Of €ach locus by the mperween Of RAGI.
The finite sites scaling factor (FS) is obtained by dividing the
number of base pairs of data at the locus by the number of
base pairs of data collected for RAGI. The product of these
scaling factors is the composite f scaling factor. The time
scaling factor is the reciprocal of the N, scaling factor.)

mtDNA RAG RHO
base pairs 727 961 338
Tbetween 0.087 0.015 0.041
N, scaling 0.25 1.00 1.00
u scaling 5.929 1.000 2.797
FS 0.757 1.000 0.352
# scaling 1.1 1.0 1.0
time scaling 4 1 1

differences in uniparental or biparental inheritance, ploidy,
mutation rate per nucleotide, and the number of nucleotides
sequenced per locus (table 2).

Nested evolutionary models can be compared by assuming that
twice the difference of the natural logarithm of their likelihoods of
each model (26) follows a x? distribution with degrees of freedom
equal to the number of free parameters (Goldman 1993). However,
because the IBD; model is equivalent to the IBD; +F model with
7 equal to a boundary of zero, in our case this distribution can be
expressed as a 50 : 50 mixture of x2 and x} distributions (Self &
Liang 1987). This is equal to half of the probability of a x>
distribution with degrees of freedom equal to 1 (Goldman &
Whelan 2000).

3. RESULTS

The likelihood of the IBD; +F model is significantly
higher than the likelihood of the IBD; model when
considering all loci (»p=0.0416), only nuclear loci
(p=0.0269) or only mtDNA (p=0.0195; figure 2; see
the electronic supplementary material). When all loci
are considered, the 95% confidence interval (CI) of
the IBDy +F model dips below significance. However,
this likelihood is compromised by divergent mtDNA
lineages in three demes that could be derived from
recent gene flow across contact zones (figure 2; see the
electronic supplementary material). Support for frag-
mentation is also apparent in the phylogeography of
mtDNA (figure 1) and nuclear DNA (see the elec-
tronic supplementary material). Population structure
between AOEs is significant at each locus (see the
electronic supplementary material). Each AOE has an
endemic clade of toad mtDNA, and most have private
nuclear alleles in both nuclear loci (table 1).

These new findings support and extend previous
work. Notably, the statistical framework reported here
incorporates stochasticity of genealogical coalescence.
New samples in this study (166 versus 29 samples in
Evans er al. 2003¢) demonstrate that contact zones
between toad mtDNA clades closely match the
locations of macaque hybrid zones (figure 1). In units
of 4N.,.pNA-deme generations, the maximum-
likelihood time of simultaneous fragmentation is 1.0
when all loci are considered or 2.0 when only nDNA

Biol. Letz. (2008)

is considered. Using an independent estimate of u,
this time is estimated to be Late Pleistocene (see the
electronic supplementary material).

4. DISCUSSION

Using data from up to three loci, rejection sampling
of coalescent simulations based on three summary
statistics rejects the IBD; model in favour of the
IBD; +F model. While extensions of the rejection
sampling approach, such as approximate Bayesian
computation, may improve the accuracy of parameter
estimates (Beaumont ez al. 2002), overall this
illustrates, under the assumptions of each model, that
population structure in Celebes toads cannot be
attributed exclusively to IBD.

Because models simplify real demographic
histories, caveats exist in their interpretation. These
results do not demonstrate, for example, that the
IBD; +F model is better than other models that
we did not consider. Significant improvement over
the IBD;, model could also be recovered if not all of
these AOEs arose by habitat fragmentation, or if toad
AOEs do not precisely match macaque AOEs on a
fine geographical scale. However, it is also plausible
that more complex scenarios involving multi-taxon
fragmentation at the sites of monkey contact zones
are significantly better than the ones tested here.
These models could include non-simultaneous diver-
gence at different contact zones, fragmentation at
some contact zones followed by recent gene flow, and
non-simultaneous fragmentation of different sympa-
tric taxa.

Habitat fragmentation of Celebes toads in the
same or similar locations as multiple macaque hybrid
zones could be a consequence of physical barriers,
such as marine inundation in low-lying areas between
the SW and WC AOE and between the NW and NC
AOE (figure 1), and/or multi-taxon adaptation to
substantial ecological transitions between substrate,
vegetation and climatic zones (Evans ez al. 2003¢ and
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(b)

B. divergens
£ B. melanostictus

0.01 substitutions/site

Figure 1. Samples and mtDNA phylogeny of the Celebes toad. (@) Sampling localities; the number of individuals sampled at
each locality is labelled if more than one. Shaded areas indicate the locations of macaque contact zones. AOEs are labelled:
northeast (NE), north-central (NC), northwest (NW), west-central (WC), east-central (EC), southwest (SW) and
southeast (SE). (b)) MtDNA phylogeny of the Celebes toad. Posterior probabilities are above branches; asterisks indicate
those above 95%.
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Figure 2. (Caption opposite.)
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references therein). These processes probably affected
many other species and therefore provide scientific
rationale for geographically dispersed conservation
areas on Sulawesi.
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