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Abstract.—The interface of the Asian and Australian faunal zones is defined by a network of deep ocean trenches that
separate intervening islands of the Philippines and Wallacea (Sulawesi, the Lesser Sundas, and the Moluccas). Studies of
this region by Wallace marked the genesis of the field of biogeography, yet few workers have used molecular methods to
investigate the biogeography of taxa whose distribution spans this interface. Some taxa, such as the fanged frogs of the
ranid genus Limnonectes, have distributions on either side of the zoogeographical lines of Wallace and Huxley, offering an
opportunity to ask how frequently these purported barriers were crossed and by what paths. To examine diversification
of Limnonectes in Southeast Asia, the Philippines, and Wallacea, we estimated a phylogeny from mitochondrial DNA se-
quences obtained from a robust geographic sample. Our analyses suggest that these frogs dispersed from Borneo to the
Philippines at least twice, from Borneo to Sulawesi once or twice, from Sulawesi to the Philippines once, and from the
Philippines to Sulawesi once. Dispersal to the Moluccas occurred from Sulawesi and to the Lesser Sundas from Java/Bali.
Species distributions are generally concordant with Pleistocene aggregate island complexes of the Philippines and with areas
of endemism on Sulawesi. We conclude that the recognition of zoogeographic lines, though insightful, may oversimplify

the biogeography of widespread taxa in this region. [Dispersal; Philippines; Sulawesi; vicariance; Wallace’s Line.]

The sharp transition between the Asian and Australian
biotas that occurs in central Indonesia is of long-standing
interest to biologists (Huxley, 1868; Lydekker, 1896;
Wallace, 1860, 1863; Weber, 1904). Perhaps the most ob-
vious faunal transition is seen in large mammals in
this region. For example, tigers, bears, orangutans, ele-
phants, and rhinos occur in western Indonesia but not
in central and eastern Indonesia. Similarly, many mar-
supial species are found in Australia and New Guinea,
a few occur in central Indonesia, and none are endemic
to western Indonesia (Musser, 1987). Anuran diversity
is less conspicuous but similarly partitioned; the fam-
ilies Megophryidae and Bombinatoridae, for example,
occur in western Indonesia and/or the Philippines but
not in central or eastern Indonesia, whereas frogs of the
family Microhylidae and the subfamily Platymantinae
have high diversity on New Guinea and the Philippines
and comparatively depauperate or no representation in
western Indonesia. These faunal differences are echoed
in many other groups such as butterflies (Holloway,
1987) and plants (van Balgooy, 1987). Wallace (1863)
proposed a biogeographical division between Bali and
Lombok, Borneo and Sulawesi, and the Philippines and
Sulawesi (Fig. 1) but later moved it to divide Sulawesi
from the Moluccas (Wallace, 1910). Huxley’s Line is
similar to Wallace’s but runs between Palawan and
the oceanic islands of the Philippines (Huxley, 1868).
Lydekker’s Line lies on the eastern extent of Wallacea
(Sulawesi, the Lesser Sunda Islands, and the Moluccas)
between the Moluccas and New Guinea and follows the

edge of the Sahul Shelf (Lydekker, 1896). These attempts
to characterize a multitaxon break between the Asian
and Australian regions underscore a remarkable faunal
transition.

Despite this abrupt transition, some taxa are
widespread in this region (Heaney, 1986; Boer and
Duffels, 1996; How and Kitchener, 1997), offering an
opportunity to assess the potentially powerful impact
of abiotic factors on biodiversity. Only recently, how-
ever, have researchers used a phylogenetic approach to
examine biogeography in this region (Holloway, 1998;
Evans et al., 1999; McGuire and Kiew, 2001; Brown and
Guttman, 2002).

Frogs are considered poor dispersers across ocean
barriers (Meyers, 1953; Savage, 1973), and their species
richness on islands is generally lower than that in
comparably sized areas on continents (Duellman, 1999).
Species of the ranid genus Limnonectes, however, have
a diverse representation in South Asia and in Southeast
Asia, the Philippines, and Wallacea (Fig. 2; Inger,
1999). The unexpected distribution of Limnonectes raises
questions about the frequency and paths of dispersal
across ancient ocean barriers and about the evolutionary
consequences of fragmentation.

Systematics of Limnonectes

Previously, most fanged frogs were placed in the
subgenus Limnonectes and further partitioned among
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FIGURE 1. Distribution of land and sea during late Pleistocene during sea level reduction of 120 m (modified from Voris, 2000). Wallace’s 1963
(W), Huxley’s (H), and Lydekker’s (L) lines are labeled. Also labeled are long-standing bodies of water within the distribution of Limnonectes

and islands mentioned in the text.

three species groups, the grunniens group, the kuhlii
group, and the microdiscus group (Dubois, 1987, 1992),
although this classification was not based on system-
atic analysis of characters (Inger, 1996). Morphologi-
cal and molecular data support monophyly of Lim-
nonectes and its recognition as a genus (Emerson and
Berrigan, 1993; Emerson et al., 2000), but do not sup-
port other groupings in Dubois’s (1992) classifications.
A molecular analysis (Emerson et al., 2000) identified
five monophyletic species groups within Limnonectes
(Table 1).

The Sunda region includes at least 27 species of Lim-
nonectes, of which 21 are endemic (Inger and Voris,
2001). On Sulawesi, 4 endemic species (L. arathooni, L.
heinrichi, L. microtympanum, L. modestus) have been de-
scribed and at least 12 others are known (Cranbrook,
1981; Iskandar and Tjan, 1996; Inger, 1999; Inger and
Voris, 2001). On the oceanic islands of the Philippines
(notincluding Palawan), 8 endemic species have been de-
scribed (Inger, 1954, 1966; Alcala and Brown, 1998; Brown
and Diesmos, 2002). The present study includes approx-

imately 45 species; we increased sampling of individuals
from Sulawesi and the Philippines relative to members
of species group 3 (Table 1; Emerson et al., 2000) and as
well as the Lesser Sunda Islands, the Sunda region, and
outgroups.

Biogeography and Geology

For significant periods during the past 50 million
years, parts of Southeast Asia (Peninsular Malaysia,
Borneo, Sumatra, and Java) were united into a land-
positive peninsula, known as the Sunda Shelf (Fig. 1;
Hall, 1996, 1998). However, most islands in the
Philippines and Wallacea have been separated from the
Sunda Peninsula and from each other by deep oceanic
trenches ever since they became land positive. South-
western Sulawesi was accreted underwater to Borneo
during the Early Eocene (55 million years ago), and this
region and other parts of Sulawesi were still completely
submerged by the end of the Oligocene (25 million years
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FIGURE 2. Morphological variation in Limnonectes. (A) Male L. arathooni brooding eggs; TNHC 59087; Indonesia, Sulawesi Island, Sulawesi
Selatan Province, Desa Parang Bintolo (photo: R. M. Brown). (B) Male L. parvus; PNM 7447; Philippines, Mindanao Island, Davao City Province,
Municipality of Calinan, Barangay Malagos, Philippine Eagle Foundation Center (photo: R. M. Brown). (C) L. sp. 2; AMNH 167171; Indonesia,
Sulawesi Island, Sulawesi Tengarra Province, Desa Tolala (photo: B. ]. Evans). (D) Male L. sp. I; TNHC 59017; Indonesia, Sulawesi Island,
Sulawesi Tengah Province, Kabupaten Bangai, Kecamatan Bagimana, Desa Siuna (photo: R. M. Brown). (E) L. sp. T, RMB 2499 (deposited in
MZB); Indonesia, Sulawesi Island, Sulawesi Selatan Province, Kabupatan Tana Toraja, Kecamatam Rindingallo, Desa Awan (photo: R. M. Brown).
(F) Female L. cf. microtympanum 2; AMNH 167145; Indonesia, Sulawesi Island, Sulawesi Selatan Province, Desa Barru (photo: B.]. Evans). (G) Male
L. kardasani; TNHC 62607; Indonesia, Nusa Tengarra Province, Flores Island, Desa Tondong Belang (photo: B. J. Evans). (H) Male L. macrocephalus
fangs; FMNH 259573 (deposited in PNM); Philippines, Luzon Island, Kalinga Province, Municipality of Balbalan, Barangay Balbalasang (photo:
R. M. Brown).
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TABLE 1. Comparison of phylogenetic estimations (MP = maximum parsimony, ML = maximum likelihood) in Emerson et al. (2000; E2000)
and the present study.

Species Clade present in
included Clade present in ML and Bayesian Additional members
Clade name, MP Clade in ML in present MP analysis of analyses of of clade in present
analysis of E2000 analysis, E2000 Species in clade, E2000 study present study present study study
Group la no L. laticeps yes yes yes
L. gyldenstolpei (formerly yes
L. pileata)
L. limborgii no
Group 1b yes L. kuhlii (Sahah) yes yes yes
L. kuhlii (Brunet) yes
L. asperatus yes
Group 2 yes L. leporinus (Sabah) yes yes yes
L. leporinus (Brunei) yes
L. leporinus (Kalimantan) yes
Group 3 yes L. leytensis (Philippines) yes yes yes L. cf. magnus
L. acanthi (Philippines) yes L. visayanus
L.sp.nov.=L.sp.D yes L. woodworthi
(Sulawesi)
L. modestus (Sulawesi) yes L. heinrichi complex
L. magnus (Philippines) yes L.sp. T
L. microtympanum yes L.sp.1
(Sulawesi)
L. macrocephalus yes L.sp. G2
(Philippines)
L.sp.2
L. arathooni
L.sp.V complex 1
L.sp.V complex 2
Group 4 yes L. blythii (Endau) yes yes yes L. blythi (Sumatra)
L. blythii (Thailand) yes
L. blythii (Kuala Lumpur) yes
L. ingeri yes
L. malesianus (Sarawak) yes
L. malesianus no
(Kalimantan)
L. shompenorum no
L. macrodon yes

ago; Hall, 2001). Palawan was periodically connected to
Borneo during and before the Pleistocene but was never
connected to the oceanic islands of the Philippines (Hall,
1998, 2001). Thus, the distribution of Limnonectes spans
several of these long-standing water barriers, includ-
ing the Sulu Sea between the Philippines and Borneo,
the Celebes Sea between Sulawesi and the Philippines,
the Makassar Strait between Borneo and Sulawesi, the
Lombok Strait between Bali and Lombok, the Molucca
Sea between Sulawesi and the Moluccas, and the Banda
Sea between Sulawesi and the Lesser Sundas (Fig. 1).
These bodies of water can be considered permanent with
respect to Limnonectes evolution because they have ex-
isted ever since these islands became land positive (Hall,
1996, 1998, 2001).

In the Pleistocene, the Philippine islands were less
fragmented than they are now; groups of islands
formed composite Pleistocene aggregate island com-
plexes (PAICs; Brown and Diesmos, 2002) that were iso-
lated from one another by deep-water channels (Fig. 3;
Heaney, 1985, 1986). In contrast, Sulawesi was proba-
bly more fragmented in the Pleistocene than it is today.
Sulawesi is a mosaic assembled from the accretion of

many islands (Hall, 2001), but the boundaries of congru-
ent areas of endemism (AOEs) shared by unrelated taxa
do not correspond in location with the suture sites of

most of Sulawesi’s island precursors (Fig. 4; Evans et al.,
2003b).

Goals

Here, we test the general hypothesis that phylogenetic
relationships of Limnonectes are strongly influenced by
long-standing aquatic barriers. We predict (1) disper-
sal to be rare across “permanent” water barriers (the
Makassar Strait, Celebes Sea, etc.) between the Sunda
Shelf, Sulawesi, the Philippines, and other parts of the
range of Limnonectes. Specifically, we test the hypothesis
of monophyly of Philippine sequences, monophyly of
Sulawesi sequences, and corollaries of these hypotheses
(Fig. 5). We also predict that (2) species distributions on
the Philippines should correspond with PAICs (Heaney,
1985, 1986; Brown and Diesmos, 2002) and (3) distribu-
tions on Sulawesi should correspond with AOEs defined
by other taxa (Evans et al., 2003b). We predict mono-
phyly of sequences within Philippine PAICs and within
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FIGURE 3. Distributions of Philippine Limnonectes samples examined and names of islands mentioned in the text. Borders of seven PAICs

(corresponding to 120 m underwater bathymetric contour) are shaded.

Sulawesi AOEs. To these ends, we estimated a phylogeny
from mitochondrial DNA (mtDNA) sequences from a
broad geographic sampling of Limnonectes.

MATERIALS AND METHODS
Molecular Data

New mitochondrial sequences were obtained from
146 individuals, including some outgroups, some
species from the Sunda region, one species from the
Lesser Sunda Islands, and many sequences from
Sulawesi and the Philippines (Appendix). The gene
order of the region sequenced (5-3') is tRNAPhe, 125
ribosomal DNA (rDNA), tRNA"?, 165 rDNA. Most

of our sequences have 21 base pairs (bp) of the 3’
section of the tRNAP®, the entire 12S and tRNAVa
gene, and most of the 16S rDNA gene (positions
2,690-5,119 in the Rana nigromaculata complete mtDNA
sequence, accession no. AB043889) for a total of about
2,430 bp. These sequences are approximately 179 bases
short of the 3’ end of the 165 gene. We used an ABI Prism
3100 capillary automated sequencer and primers MVZ
59, tRNAval-H, H3296, and 16Sa-H (Goebel et al., 1999)
and 125m-L (5-GGCAAGTCGTAACATGGTAAG-3),
16Sc-L  (5-GTRGGCCTAAAAGCAGCCAC-3), and
165d-H (5-CTCCGGTCTGAACTCAGATGACGTAG-
3’) to amplify and sequence this region.

Additional partial sequences for the 125 and 16S
mtDNA for 31 individuals, mostly species from Asia and
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FIGURE4. Distribution of Sulawesi Limnonectes samples examined in this study. Dark lines indicate the margins of AOEs on Sulawesi (Evans
et al., 2003b) labeled northwest (NW), north central (NC), northeast (NE), west central (WC), east central (EC), southwest (SW), and southeast
(SE). Gray lines indicate suture sites of Sulawesi’s island precursors (from Hall, 2001).

the Sunda Shelf, were obtained from GenBank (see the
Appendix; Emerson et al., 2000). Most of those sequences
include a ~330-base fragment of 125 rDNA and a ~813-
base fragment of 165 rDNA. Our sequences overlap both
of these regions. Portions of the GenBank sequences with
unavailable information were coded as missing for phy-
logenetic analysis.

To facilitate analysis, 61 sequences were not used be-
cause they differed from others by <0.005 (<12 bp),
leaving a total of 115 terminals (GenBank accession
nos. in the Appendix). We used five taxa as out-
groups: Occidozyga laevis (two individuals), Fejervarya
limnocharis (two individuals), F. vittigera, Hoplobatra-
chus occipitalis, and H. rugulosus. The choice of these
taxa as appropriate outgroups is based on work in
progress by RM.B., F. Bossuyt, and D.C.C. Sequences

were aligned with Sequence Navigator 1.01 (Applied
Biosystems, 1994) using the Clustal V alignment al-
gorithm (Higgins et al., 1991) and then fine-tuned
by eye with MacClade 4.0 (Maddison and Maddi-
son, 2000). When possible, regions of ambiguous ho-
mology were resolved so that informative sites were
minimized.

We deleted the last 132 bases of Limnonectes asperatus
(GenBank AF183128) because this region does not
align well even though this region is conserved in
other homologous sequences. Additionally, 34 bases
from positions 2,283-2,316 were excluded from out-
groups and Asian and Sunda Shelf Limnonectes because
homology in this region was difficult to assess for these
individuals but was possible for individuals from the
Philippines and Sulawesi.
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FIGURES. Eight phylogeographic null hypotheses tested with parametric bootstrap tests. P values are indicated. After Bonferroni correction,

hypotheses 5, 6, and 7 were not rejected.

We suspect an error in sequence assembly in a 100-base
portion of Limnonectes malesianus from Borneo (GenBank
U66129), based on comparison of this sequence to an-
otherindividual of the same species. In sequence U66129,

bases from positions 42-142 have two segments that are
rearranged. Bases 42-99 are homologous to sequences
that should begin in position 84 of this sequence and
bases 100-142 are homologous to sequences that should
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begin in position 42. We excluded this individual and
sequenced another (GenBank AY313692).

To compare error rates of published sequences, we re-
sequenced an individual used by Emerson et al. (2000)
(USNM 222570, accession nos. U66118 and U66119). Di-
vergence between them was only 0.002 (2 differences
out of ~1,100 bases). Only our sequence (GenBank
AY313704) was used in this analysis.

Phylogenetic Analysis

Phylogenetic analysis used maximum parsimony,
maximum likelihood, and Bayesian methods. For max-
imum parsimony analysis, we performed a heuristic
search for the most-parsimonious tree with 100 repli-
cates of random taxon addition with tree bisection—
reconnection branch swapping on a starting tree ob-
tained by stepwise addition, using PAUP* 4.0 (Swofford,
2002). All characters were weighted equally, and gaps
were treated as missing data. Nonparametric bootstrap
values were obtained with 2,000 replicates, each with
a single replicate of random taxon addition, and other
settings identical to the heuristic maximum parsimony
search. Decay index values were calculated for each node
with Autodecay 4.0.2 (Eriksson, 1999).

For model-based analyses, we used Modeltest 3.06
(Posada and Crandall, 1998) to evaluate different models
of evolution. We used a likelihood ratio test (Goldman,
1993) to determine whether the likelihood of a tree
with a molecular clock enforced was significantly less
likely than one without a molecular clock under the
general time reversible model of evolution with some
invariable sites and variable sites assumed to follow a
gamma distribution (GTR+I+T"), in which degrees of
freedom are equal to the number of terminals minus two
(Huelsenbeck and Rannala, 1997). Maximum likelihood
analysis was performed with PAUP* with two rounds
of successive approximation, each with one replication
of random addition of taxa. Initial parameters were
set to those estimated from a neighbor-joining tree and
then reestimated from the resulting topology and set
to these new values for the second iteration. Swapping
was terminated after 50,000 rearrangements in the first
round and after 30,000 rearrangements in the second
round. Further rounds of successive approximation
were not performed because the resulting topologies
were so similar and because the difference in likelihood
score (—In) of each was only 0.24.

Bayesian analysis was performed with MrBayes 2.01
(Huelsenbeck and Ronquist, 2001) under the model se-
lected by Modeltest (GTR+I+T", see below). We ran
four Markov chain Monte Carlo analyses starting with
random trees for each of four simultaneous chains for
1,000,000 total generations, with a burn-in of 200,000 gen-
erations, flat prior distributions for model parameters,
and the differential heating parameter set to 0.2. The pa-
rameter values from each run were similar, suggesting
that the chains were run for a sufficient number of gen-

erations to adequately sample the posterior probability
landscape. Additionally, pairwise distances among se-
quences were estimated with the uncorrected “p” dis-
tance with PAUP*.

Taxonomy

We examined mtDNA sequences from a small num-
ber of individuals per species over a wide geographic
range. Many of the species are undescribed, and further
taxonomic work is needed for allocation of individuals
to available names. As a crude way of sorting species
and delimiting species boundaries, we applied some
informal names to monophyletic groups of individual
sequences. Thus, we allocated individual sequences to
groups based on phylogeny rather than characters per se.
Because our goal was to examine phylogeography and
not to name new species, we did not name every clade,
we referred to some sets of clades as species complexes,
and we viewed these species assignments as working
hypotheses.

Hypothesis Testing

In general, we expect a group of species on an is-
land to form a clade because of diversification in situ.
If this null hypothesis is rejected because portions of
the clade are present on another island, this can be ex-
plained by (1) dispersal over a preexisting water barrier
or (2) vicariance, i.e., fragmentation of a once continu-
ous distribution. In the present case, most of the islands
were never in contact (see details above); thus, if the
null hypothesis is rejected, explanation 2 (vicariance) is
not feasible and explanation 1 (dispersal) is the better
alternative.

To test whether the data are inconsistent with var-
ious biogeographical hypotheses that differ from the
estimated phylogeny, we used parametric bootstrap-
ping (SOWH test; Hillis et al., 1996, Huelsenbeck et al.,
1996; Goldman et al., 2000). A heuristic search for the
most-parsimonious tree consistent with each biogeo-
graphical (null) hypothesis was performed using 100
replications of random taxon addition. The set of most-
parsimonious trees was ranked under the Kimura two-
parameter plus gamma distribution (K2P+T") model of
evolution (Kimura, 1980), and the most likely tree was
selected for data simulation. For each parametric boot-
strap test, we used this tree and the data to select a
model of evolution with a hierarchical likelihood ratio
test (GTR+I+T" was selected in each case). We simulated
100 datasets with this model under the null hypothe-
sis with Seq-Gen 1.2.5 (Rambaut and Grassly, 1997). For
each simulated data set, we calculated the difference in
tree length (parsimony score) among searches uncon-
strained and constrained for the null hypothesis. The
Logreader program (unpublished program written by
D. Zwickl) was used to parse the output files. Given
the null hypothesis, the probability (P) of obtaining the
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observed tree length difference is the fraction of sim-
ulations in which the tree length difference is as ex-
treme as or more extreme than the observed tree length
difference. We applied the sequential Bonferroni proce-
dure to adjust the alpha value for hypothesis rejection
in multiple tests (Rice, 1989). We tested two major bio-
geographical hypotheses: that the species of Limnonectes
on the Philippines are monophyletic (hypothesis 1) and
that the species on Sulawesi are monophyletic (hypoth-
esis 2). Hypotheses 3-8 were derived from the results
of our phylogenetic analyses. Hypotheses are summa-
rized in Figure 5 and described in detail in the re-
sults section since their formulation is based on inferred
phylogenies.

Area Cladograms

We made area cladograms from the maximum like-
lihood topology and from topologies not rejected by
parametric bootstrap tests by changing the name of
each species to the name of one of the five regions
(Asia-Sunda region, the Philippines, Sulawesi, the
Moluccas, or the Lesser Sunda Islands) from which they
originated. We inferred the minimum number of dis-
persal events from these topologies by (1) construct-
ing a single character data matrix in which the charac-
ter state of each taxon was a number referring to one
of the five major locations and then (2) using delayed
transformation for character optimization on the topol-
ogy using PAUP*. The location of outgroups was de-
fined as Asia-Sunda region. To evaluate uncertainty in
our phylogenetic estimate (Huelsenbeck et al., 2000),
we used constraint trees (described below) to compute
the proportion of trees saved from the post-burn-in
Bayesian analysis that is consistent with all seven of the
inferred dispersal events and also with specific dispersal
events.

RESULTS
Phylogeny

Parsimony searches recovered four equally parsimo-
nious trees of 7,950 steps (consistency index = 0.294,
retention index = 0.665; Figs. 6, 7). The four trees dif-
fer only in intraspecific relationships within a clade of
three L. acanthi sequences from Palawan and within
a clade of three L. sp. V complex 2 sequences from
Sulawesi.

For model-based phylogeny estimation, the GTR+I+T"
model was selected by the hierarchical likelihood ra-
tio test. The hypothesis that these sequences conformed
to a molecular clock was rejected (P < 0.001). Parame-
ters estimated from Modeltest were base frequencies (A,
C, G)=(0.3662, 0.2294, 0.1563), rate matrix (A-C, A-G,
A-T, C-G, C-T, G-T) = (4.9663, 16.6902, 6.9353, 1.3348,
43.5866, 1), shape parameter = 0.5895, and proportion
of invariant sites = 0.2913. Bayesian analysis using this
model recovered a consensus topology (Figs. 8, 9) that is

identical to the likelihood tree after the second round of
searching (— In = 38014.16). These model-based topolo-
gies are similar to the parsimony tree, with a few excep-
tions discussed below. Branches unique to the Bayesian
and likelihood trees have high posterior probabilities
(mostly >80), whereas branches unique to the parsimony
tree have low bootstrap values or are not in the bootstrap
consensus at all.

All five of the species groups identified by Emerson
etal. (2000) are also supported by our analyses, although
expanded taxon sampling and more data altered some
relationships within and among these species groups
(Table 1). Also supported by Emerson et al. (2000) and
our analyses is the monophyly of groups 2, 3, and 4 plus
L. paramacrodon, L. grunniens, L. ibanorum, L. cf. blythi 3,
L. finchi, L. palavanensis, and L. parvus (this last taxon is
in our study only), with respect to a paraphyletic assem-
blage containing groups la and 1b.

In our analyses, most Asian and Sunda Shelf species
form multiple paraphyletic assemblages with respect to
Philippine and Sulawesi sequences (Figs. 6, 8), but the
topology of our analyses differ from those of Emerson
et al. (2000). In both of our analyses, for example,
group 2 is sister to a clade containing group 3, group 4,
and L. finchi, L. palavanensis, L. parvus, L. paramacrodon,
L. ibanorum, L. grunniens, L. sp. I complex, and L.cf.
blythi 3, whereas in the parsimony analyses of Emerson
et al. (2000) group 2 is sister to group 3 only. In their
likelihood analysis, group 2 is sister to a clade contain-
ing group 3, group 4, and L. paramacrodon, L. grunniens,
L. ibanorum, and L. blythi 3 (L. sp. I was not in their anal-
ysis), and all of these taxa form a clade that is sister to
L. finchi and L. palavanensis (L. parvus was not in their
analysis).

Most of our sequences from the Philippines and
Sulawesi are members of clade A (Figs. 7, 9). The
Philippines species consist of four primary clades: (1)
L. parvus, which is a close relative of Bornean L. palava-
nensis and L. finchi, (2) the L. leytensis complex, (3) the L.
acanthi complex, and (4) other Philippine species, which
are derived from a paraphyletic assemblage of Sulawesi
species. Sulawesi species are also not monophyletic and
consist of a clade with a single undescribed giant species
(L. sp. I) and a group of at least 15 mostly undescribed
species that is paraphyletic to a mostly Philippine clade
(lineage D, Fig. 7) or an entirely Philippine clade (lineage
E, Fig. 9). Limnonectes sp. 1 is one of three undescribed
giant species on Sulawesi and is related to L. grunniens
on the Moluccas. A large paraphyletic assemblage of se-
quences on Sulawesi share a more recent common ances-
tor with L. acanthi and L. cf. acanthi than with L. leytensis.
These topologies also differ from those of Emerson et al.
(2000) in that L. leytensis and L. acanthi are basal to most
other species from Sulawesi and the Philippines in our
study, whereas in the parsimony and likelihood analy-
sis of Emerson et al. (2000) L. microtympanum is the most
basal member of group 3.

Results from our parsimony and model-based anal-
yses differ in some respects. Parsimony analysis, for
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example, places northern Sulawesi sequences (species
groups L. cf. modestus 1 and L. cf. modestus 2) sister to
L. woodworthi (withinlineage D, Fig. 7). Bayesian and like-
lihood analyses infer a clade containing most Philippine
species (L. magnus 1, L. cf. magnus, L. woodworthi, L. macro-
cephalus, L. visayanus) as sister taxon (lineage E, Fig. 9) to
L. cf. modestus 1 and L. cf. modestus 2. Other conflicting
relationships in the model-based and parsimony trees
mostly concern Bornean taxa. In the parsimony analysis,
for example, a clade containing L. finchi, L. palavanensis,
and L. parvus is sister to a clade containing L. ibanorum,
L. grunniens, and L. sp. I (Fig. 6). In the Bayesian and
likelihood analyses, however, this former clade is sister
to a clade including L. ibanorum, L. grunniens, L. sp. 1,
L.cf.blythi1,2,and 3, L. macrodon, L. ingeri, L. malesianus,
L. paramacrodon, and also clade A.

Biogeographic Hypotheses

Hypothesis 1 postulates monophyly of all Philippine
species (Fig. 5) and is consistent with a single origin of
Limnonectes on the Philippines. The most-parsimonious
tree under this hypothesis has alength of 8,023 compared
with a length of 7,950 under no constraint. Hypothesis 1
is rejected at P < 0.01. Given that the Philippine species
are not monophyletic, we tested hypothesis 3, which pos-
tulates monophyly of Philippine sequences excluding
L. parvus, which was found to be outside of lineage A
(Figs. 6, 8). This hypothesis is consistent with a single
origin of Limnonectes (excluding L. parvus) on the Philip-
pines; in other words, monophyly of Philippines Lim-
nonectes within lineage A (Figs. 5, 7, 9). The shortest tree
under this hypothesis is 7,980 steps long; hypothesis 3
also is rejected at P < 0.01.

Hypothesis 2 postulates monophyly of all Sulawesi
species (Fig. 5). The best parsimony tree under this
hypothesis is 8,029 steps, and this hypothesis is re-
jected at P < 0.01. Hypothesis 4 postulates monophyly
of Sulawesi sequences not including L. sp. I, which was
found to be outside of lineage A (Figs. 6, 8). In other
words, it tests the monophyly of the Sulawesi species
within lineage A (Figs. 5,7, 9). Under this hypothesis the
best tree is 7,968 steps, compared with the unconstrained
length of 7,950. Hypothesis 4 is rejected at P < 0.01.
Thus, our data indicate that the Sulawesi species are pa-
raphyletic with respect to Philippine species in lineage A
(Figs. 7,9).

Hypothesis 5 posits monophyly of the following
Philippine species: L. magnus, L. cf. magnus, L. macro-
cephalus, L. visayanus, and L. woodworthi (Fig. 5). This hy-
pothesis conflicts with the parsimony analysis that pos-
tulates dispersal of part of lineage D (Fig. 7) from the
Philippines to Sulawesi but is consistent with the topol-
ogy of the Bayesian and likelihood analyses, where these
Philippine species are monophyletic (lineage E, Fig. 9).
The shortest tree under this hypothesis is 7,951, only 1
step longer than the unconstrained length of 7,950. This
hypothesis is not rejected by parametric bootstrapping
after Bonferroni correction (P = 0.03). Thus, we cannot
reject monophyly of the Philippine species in this cluster.

Hypothesis 6 postulates a clade containing two
Philippine species groups, L. leytensis and L. acanthi and
that this clade is the sister of lineage C (Figs. 5, 7, 9).
Monophyly of a lineage that includes L. leytensis and L.
acanthi to the exclusion of lineage C (Figs. 7, 9) is po-
tentially consistent with a direct dispersal of an ancestor
of lineage C from Borneo to Sulawesi rather than dis-
persal of this ancestor from the Philippines to Sulawesi.
In contrast to this scenario, unconstrained parsimony
and model-based analyses suggest that lineage C was
derived from Philippine species (Figs. 7, 9). The shortest
tree under hypothesis 6 is 7,954 steps or 7,950 steps under
no constraint, and hypothesis 6 is not rejected (P = 0.27).
The shortest trees under hypothesis 6 are also consistent
with hypothesis 5.

Hypotheses 7 and 8 test the significance of two phylo-
geographic patterns that are inconsistent with Philippine
PAICs and Sulawesi AOEs. Hypothesis 7 postulates
monophyly of L. leytensis sequences from the Greater
Mindanao PAIC (Mindanao, Bohol, Samar) and is consis-
tent with the geological history of this region that sug-
gests these islands were connected to one another but
not to Sibuyan Island. The shortest tree under hypothe-
sis 7 is 7,953 steps or 7,950 steps under no constraint, and
this hypothesis is not rejected (P = 0.33). Hypothesis 8
postulates a clade containing Sulawesi L. sp. I sequences
from the east central AOE (Fig. 5) and is consistent with
patterns of differentiation seen in other taxa such as mon-
keys and toads (Evans et al., 2003b). The shortest tree
under hypothesis 8 is 7,964 steps or 7,950 steps under no
constraint, and this hypothesis is rejected (P < 0.01).

Area Cladograms

Seven dispersal events are suggested by the likelihood
topology (Fig. 10a). Topologies consistent with hypothe-
ses not rejected by parametric bootstrapping have alter-
native interpretations for the origin and destination of
dispersal events (Figs. 10b—d). The joint posterior proba-
bility of all of these dispersal events as quantified by the
proportion of the trees saved by the Bayesian analysis
that are consistent with the constraint tree in Figure 11
is 0.929. Posterior probabilities of each independent dis-
persal event are generally even higher because a more
relaxed constraint tree can be used to filter the set of all
trees. For example, a tree retaining only constraints 3, 4,
5, 6, and 7 (Fig. 11) is consistent with dispersal from the
Philippines to Sulawesi and from Sulawesi back to the
Philippines. Topologies consistent with these constraints
have a joint posterior probability of 0.985. A tree with
constraints 1, 2, 3, 8,9, 10, 11, 12, and 13 (Fig. 11) is con-
sistent with dispersal from Asia to the Lesser Sundas,
from Asia to the Philippines (L. parvus), and from Asia to
(Sulawesi + Moluccas). Topologies consistent with these
constraints have a joint posterior probability of 0.943.
The posterior probability of dispersal from Asia to the
Philippines (L. leytensis and L. acanthi) requires the ad-
dition of constraints 4, 5, 14, and 15 to the latter set of
constraints. This dispersal has the same joint posterior
probability as the full constraint topology depicted in
Figure 11 (0.929).
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DISCUSSION

Vicariance and Dispersal

Hypotheses of vicariance versus dispersal differ in the
assumed age of the barrier relative to the age of ge-

netic differentiation (Wiley, 1988). Under a vicariance hy-
pothesis, a continuously distributed taxon is fragmented,
whereas under a dispersal hypothesis a barrier to dis-

persal exists prior to diversification. There is consid-
erable debate over the use of dispersal and vicariance
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hypotheses to explain phylogeographic patterns (Stace, son a dispersal hypothesis is justified to explain phy-
1989). In the present case, geological reconstructions sug-  logenetic relationships that span some of these ocean
gest that most islands divided by Wallace’s and Huxley’s  barriers. When it is necessary to posit dispersal, we as-
lines were never in contact (Hall, 2001), and for this rea- sume that agents such as floating mats of vegetation
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facilitated travel of Limnonectes adults and larvae over
water.

Within the Philippines a combination of dispersal
and vicariance hypotheses can be employed because
some islands were united during the Pleistocene (PAICs)

whereas some groups of islands remained isolated by
deep oceanic trenches. Within PAICs, sea level vicariance
divided islands into their current geography (Heaney,
1986; Voris, 2000). Distributions such as that of the
L. leytensis complex that span multiple PAICs, however,
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arose from dispersal over permanent water barriers be-
tween PAICs. On Sulawesi, we defer to a hypothesis
of vicariance to account for patterns of diversification
and assume this island was once a continuously con-

nected landmass that was fragmented by ocean and
then reunited into its current state. It is also possible,
however, that Sulawesi was an archipelago with ocean
between AOEs, the constituents of which were only
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recently united into a single island (Evans et al., 2003a,
2003b).

Diversification in Asia and the Sunda Shelf

Although rDNA genes generally evolve slowly rela-
tive to other mtDNA genes, levels of divergence are high
(0.185 among some comparisons) on the Sunda Shelf. Us-
ing a molecular clock, Emerson et al. (2000) estimated
that Limnonectes may have occupied the Sunda region
since before the Miocene. For much of this period, the
Sunda Shelf was a peninsula fringed by volcanic arcs that
eventually became Sumatra and Java (Hall, 1998). The
land bridge that connected Sumatra, Java, and Borneo
was narrow at this time and may have hindered disper-
sal among these landmasses and promoted diversifica-
tion on them. Basal lineages in our trees (Figs. 6, 8) are
Asian and Sundaic, suggesting that the ancestor of Lim-
nonectes originated here rather than on the Philippines or
Sulawesi.

Morphological differentiation of some Limnonectes
species is low compared with levels of molecular differ-
entiation. Indeed, molecular relationships among some
species with widespread distributions in Asia and the
Sunda Shelf, such as L. kuhlii and L. blythii, suggest that
these “species” are comprised of morphologically ho-
mogeneous yet genetically differentiated independent
lineages (Figs. 6, 8; Emerson et al., 2000). Other species
that also have widespread distributions on Asia and the
Sunda Shelf, such as L. malesiana and L. paramacrodon
(which have limited geographic sampling in this study),
may (1) likewise exhibit considerable intraspecific dif-
ferentiation or be species complexes or (2) exhibit low
levels of diversification consistent with rapid range ex-
pansion during Pleistocene exposure of the entire Sunda
Shelf (Fig. 1).

Dispersal Across Wallace’s and Huxley's Lines

Our phylogenetic analysis and hypothesis testing sup-
port a simple scenario for Limnonectes colonization of the
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FIGURE 11.  Area cladogram with 15 constraints that support the origin and destination of seven dispersal events depicted in Figure 10a. The
following constraints are imposed: (1) ingroup monophyly; (2) monophyly of L. asperatus, L. leonina, L. finchi, L. palavanensis, L. cf. blythi 1-3, L.
macrodon, L. ingeri, L. malesianus, L. paramacrodon, L. ibanorum, L. grunniens, L. sp. I, and clade A; (3,4, 5,7) clades A, B, C, and E from Figure 9 are

each constrained; (6) L.sp. 1, L. sp. T, L. heinrichi complex, L.sp. V2, L. sp

. V1, and clade E are a clade; (8) L. kardasani is sister to L. microtympanum;

(9) L. parvus is sister to L. palavanensis; (10) these taxa are sister to L. finchi; (11) L. sp. I, L. grunniens, L. ibanorum, L. cf. blythi 3, L. paramacrodon,
L. malesianus, L. ingeri, L macrodon are a clade; (12) L. grunniens is sister to L. sp. I; (13) L. sp. I is a clade; (14) L. leytensis and (15) L. acanthi are a
clade. The joint posterior probability of trees consistent with this topology is 0.929.

Philippines and Wallacea, with relatively few dispersal
events over permanent water barriers (Figs. 10, 12). A
strict interpretation of relationships (Figs. 6-9) suggests
an ancestor of lineage C dispersed to Sulawesi from the
Philippines, where its sister taxon, the L. acanthi com-
plex, occurs (Fig. 10a). This relationship is surprising in
light of contemporary geography; L. acanthi and L. cf.
acanthi occupy the northwestern Philippines and basal
representatives of lineage C occupy southwest and cen-
tral Sulawesi, a considerable geographic distance from
the Philippines. However, the geography of this region
differed considerably at the time of Limnonectes disper-
sal. The northern peninsula of Sulawesi, for example,
was underwater until 10 million years ago (Hall, 1996,
1998, 2001).

The hypothesis of monophyly of the L. leytensis and L.
acanthi complexes is not rejected (hypothesis 6, Fig. 5).
Under the most-parsimonious tree consistent with this
hypothesis, ancestors of lineage A (Figs. 7, 9) could have
dispersed from the Sunda Shelf to the Philippines (except
Luzon) and from the Sunda Shelf to Sulawesi (Fig. 10b).
Some descendants of lineage A evolved into L. leytensis
and L. acanthi and other descendants evolved into a pa-
raphyletic assemblage on Sulawesi and a clade on the
Philippines (lineages C and E, Fig. 9). One alternative
dispersal scenario under this topology (Fig. 10c) posits
dispersal first to Sulawesi from Borneo and then two sep-
arate dispersal events to the Philippines from Sulawesi.

Another alternative (Fig. 10d) is similar in terms of dis-
persal events to the reconstruction based on the observed
topology (Fig. 10a). The hypothesis of separate dispersal
events from the Sunda Shelf to the Philippines and to
Sulawesi (Fig. 10b) is not consistent with our phyloge-
netic analyses (Figs. 6-9) but is consistent with less par-
simonious and less probable hypotheses that were not
rejected by the data (hypotheses 3 and 6; Fig. 5).

The relationships in lineage E based on the Bayesian
analysis (Fig. 9) are not significantly different from
relationships in lineage D based on parsimony (Fig. 7)
according to a parametric bootstrap test (hypothesis 5,
Fig. 5), suggesting that dispersal from Sulawesi to the
Philippines may have occurred only once (Figs. 10—
12). Island hopping routes for dispersal between
Sulawesi and the Philippines probably occurred via the
Sangihe-Talaud Islands (Moss and Wilson, 1998), and
descendants of lineage E (Fig. 9) never reached Palawan
or Mindoro.

A separate dispersal from Borneo introduced the L. sp.
I complex to Sulawesi; this lineage then dispersed to the
Moluccas to become L. grunniens (Fig. 12). Dispersal of an
ancestor of L. microdiscus from Java across Wallace’s and
Huxley’s lines to the Lesser Sundas gave rise to a sis-
ter species, L. kardasani, on Lombok. One other species
not included in this study, L. dammermani, also has been
described from the Lesser Sunda Islands, but its phylo-
genetic position remains unknown.
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Distributions Within the Philippines

During a middle Pleistocene sea level regression of
160 m, Palawan Island may have been connected to
Borneo, but it has been autonomous for at least 160,000
years (Heaney, 1986; McGuire and Alcala, 2000; McGuire
and Kiew, 2001). Mindoro was isolated throughout the
Pleistocene, although this island has faunal affinities to
nearby Palawan and Luzon (Heaney, 1986; Brown and
Diesmos, 2002). The Sulu Archipelago was probably a
series of islands that were fewer and more expansive, as
were Sibuyan, Romblon, and Tablas (Fig. 3). During sea
level regressions, Luzon and some smaller islands were
single landmasses, Panay, Negros, Cebu, and Masbate
were joined, and Mindanao, Leyte, Samar, and Bohol
were also a single island (Figs. 1, 3). Each of these PAICs
is characterized by endemic fauna (Steere, 1890; Semper,

1892; Vane-Wright and Smiles, 1975; Heaney, 1986;
McGuire and Alcala, 2000; Brown and Diesmos, 2002).

Philippine Lineages from Borneo

Two scenarios of dispersal could explain relation-
ships and distributions of L. leytensis and L. acanthi com-
plexes. One is that an ancestor of both complexes dis-
persed once from Borneo and radiated throughout both
of their ranges (all the Philippines except Luzon). Prob-
able avenues of dispersal from Borneo include the Sulu
Archipelago or Palawan. This hypothesis is most par-
simonious in terms of dispersal events from Borneo to
the Philippines. A second scenario is that this ancestor
differentiated into the L. leytensis and L. acanthi lineages
on Borneo and that each lineage separately dispersed to
the Philippines via Palawan (L. acanthi) and via the Sulu
Archipelago (L. leytensis). This hypothesis matches bio-
geographical scenarios recently invoked to explain dis-
tributions of frogs of the Rana signata complex in Borneo
and the Philippines (Brown and Guttman, 2002) but is
less parsimonious in terms of the number of dispersal
events (Figs. 6-9). It is possible that further taxon sam-
pling in Borneo might clarify this issue.

The L. leytensis complex has a wide distribution
and high divergence (0.038) and spans at least three
PAICs, Mindanao + Leyte + Samar + Bohol, Panay +
Negros +Cebu + Masbate, and Sibuyan, and possi-
bly a fourth PAIC, the Sulu Archipelago, including the
Tawitawi and Jolo Island groups (Taylor, 1921; Inger,
1954). Within its range, sequences from Mindanao are
monophyletic and sister to lineages from Bohol, Samar,
and Sibuyan. Sequences on Bohol and those on Samar are
each monophyletic and together are sister to a lineage on
Sibuyan (Figs. 7, 9). This finding was unexpected because
Bohol, Samar, and Leyte were part of the same PAIC as
Mindanao, whereas Sibuyan was part of a separate PAIC
(Fig. 2). The L. leytensis complex is the only clade with pa-
raphyletic mtDNA within a PAIC, but a parametric boot-
strap test does not reject the null hypothesis of mono-
phyly of L. leytensis sequences in the Greater Mindanao
PAIC (Mindanao + Leyte + Samar + Bohol; Hypothesis
7,Fig.5). A paraphyletic assemblage may have arisen be-
cause an oceanic barrier to dispersal between Mindanao
and other islands arose before a monophyletic lineage
became fixed on the entire PAIC. Mitochondrial DNA of
flying lizards (Draco) is also partitioned into two clades
on this PAIC, with one clade on Mindanao and another
on Leyte, Samar, and Bohol (McGuire and Kiew, 2001).

All other Philippine sequences are monophyletic
within a PAIC (Figs. 7,9). The L. acanthi complex includes
L. acanthi (Taylor, 1923) and an undescribed sister species
on Mindoro, L. cf. acanthi. Sequences from Mindoro are
monophyletic, sister to monophyletic sequences from
Palawan, and more divergent between these two PAICs
(0.065) than is the L. leytensis complex across its range.
Under an assumption of similar rates of evolution (al-
though not necessarily clocklike), the former two lin-
eages were split among more than one PAIC before the
L. leytensis complex.
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Limnonectes parvus was derived from a different dis-
persal event from Borneo than were L. leytensis and
L. acanthi. The sequence of L. palavanensis is from Borneo
but the range of this species is thought to include
Palawan as well. If these two populations are in fact
conspecific, another dispersal event would be needed
to explain its distribution. Limnonectes palavanensis from
Borneo probably diverged from L. parvus as a con-
sequence of dispersal of an ancestor of L. parvus to
Mindanao via the Sulu Archipelago. At some point after
the dispersal of the ancestor of L. parvus, L. palavanensis
may have expanded its range from Borneo to also in-
clude Palawan (Fig. 12). Divergence among these species
(0.105) is greater than that among other members of the
Philippine lineages derived from Sulawesi (pairwise di-
vergences in lineage E in Fig. 9 are 0.055-0.083) but is
similar to that among L. leytensis and L. acanthi (0.075—
0.111). If sequences of these animals evolved at similar
rates, ancestors of L. parvus, L. leytensis, and L. acanthi
may have dispersed to the Philippines at similar times
and potentially by similar routes.

Interestingly, Philippine lineages from Borneo occupy
central and southern Philippines but not Luzon and as-
sociated islands. Why Luzon was not colonized by the
oldest Limnonectes ancestors in the Philippines is not
clear. One possibility is that Luzon was underwater at
this time or far away from the other Philippine islands,
although geological reconstructions suggest otherwise
(Hall, 1998).

Philippine Lineages from Sulawesi

The L. macrocephalus and L. woodworthi complexes have
similar phylogeography on Luzon and fringe islands
(Taylor, 1923; Inger, 1954), but the former has twice the
intraspecific divergence (0.020 and 0.009, respectively)
and thus may be older or have a larger effective popula-
tion size. A clade that contains L. macrocephalus complex
sequences from south Luzon (Mt. Isarog, Mt. Malinao)
is sister to a clade containing sequences from the rest of
Luzon. Similarly, most L. woodworthi complex sequences
from south Luzon (Mt. Malinao, Mt. Bulusan, Tabaco)
are sister to conspecific sequences from the rest of Luzon
except one sequence from Mt. Isarog at the base of the Bi-
col peninsula of Luzon; this sequence is sister to all other
L. woodworthi complex sequences (Figs.7,9). The L. macro-
cephalus complex shares recent ancestry with L. visayanus
(Inger, 1954), which occupies the neighboring PAIC that
includes Panay, Negros, Cebu, and Masbate (Fig. 3).

Limnonectes cf. magnus, another undescribed species,
occupies the Mindanao + Samar + Leyte + Bohol PAIC.
In this species, sequences from Mindanao are sister to se-
quences from Samar; these sequences together are sister
to L. cf. magnus sequences from Bohol. Our samples from
L. magnus were collected near the type locality at high el-
evation habitats on Mt. Apo (Stejneger, 1910), whereas
specimens of the widespread species L. cf. magnus were
collected in lower elevation parts of Mindanao (includ-
ing low elevations on Mt. Apo). Limnonectes cf. magnus
may also occur on Basilan Island (Inger, 1954).

Two additional species have been described from the
Philippines that were not included in this study, and
both have ranges restricted to single islands. Limnonectes
micrixalus occurs only on Basilan Island (Fig. 3; Taylor,
1923), and this species may be synonymous with L.
parvus (Inger, 1966). Limnonectes diuatus occurs on north-
east Mindanao (Brown and Alcala, 1977). Other unde-
scribed species with restricted ranges are also present on
Mindanao (R.M.B., unpubl. data).

Distributions Within Sulawesi

Sulawesi was formed by accretion of multiple islands
that were near one another and partially land positive
20 million years ago, although the northern peninsula
may have been submerged again 15 million years ago
(Hall, 2001). Sulawesi’s island precursors do not corre-
spond with AOEs (Fig. 4; Evans et al., 2003b), possibly
in part because of underwater accretion of some of these
island precursors. Sulawesi is fringed by precipitous con-
tinental shelves; low sea level during the Pleistocene
did not significantly alter the connectivity of Sulawesi
to other landmasses, although it did narrow the width
of the Makassar Strait to <40 km at one point (Voris,
2000). Portions of Sulawesi were at a lower position rela-
tive to sea level at various times, and ocean barriers may
havebeen permanent or intermittent until recently across
the base of the southwestern peninsula, across the mid-
dle of the northern peninsula, and possibly across other
parts of this island (Whitten et al., 2002). Other barriers
such as ultrabasic soil types or large rivers may further
subdivide biota of Sulawesi (Whitten et al., 2002; Evans
etal., 2003b). Geneticintrogression among AOEs appears
low even among hybridizing species of highly mobile
Sulawesi macaque monkeys, which suggests that barri-
ers to dispersal have been present until recently (Evans
et al., 2001, 2003a).

Phylogeography of Limnonectes on Sulawesi is highly
structured and is generally concordant with patterns
of diversity observed in other endemic taxa, such as
toads and monkeys, that define seven areas of endemism
(Evans et al., 2003b). On Sulawesi, southern and cen-
tral Limnonectes are basal to northern peninsula species
(Figs. 7, 9). Basal species may have reached Sulawesi be-
fore the northern peninsula became land positive. Dis-
tributions of Limnonectes on Sulawesi can be broadly di-
vided into species whose distributions are (1) congruent
with AOEs, (2) partially congruent with AOEs in that a
species is widely distributed in one AOE with limited ex-
tensions into others, or (3) incongruent with AOEs in that
a species is widely distributed in more than one AOE.

Congruence with Sulawesi AOEs

At least five species groups occur on the northern
peninsula, and diversity of three of these groups is par-
titioned according to AOEs (Figs. 4, 7, 9). Three of these
complexes are endemic to the north central and northeast
AOEs, and each of these has reciprocally monophyletic
mtDNA clades that occur on either side of the boundary
between the north central and northeast AOEs (NC/NE
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boundary). This boundary roughly corresponds with the
city of Kotamobagu and the Dumoga River (Evans et al,,
2003b). Average divergence of clades on either side of the
NC/NE boundary of the L. cf. heinrichi complexis 0.021,
that of the L. sp. V complex 1 is 0.015, and that of the L.
cf. modestus 1 complex is only 0.006.

Other species with distributions that are congruent
with Sulawesi AOEs include L. arathooni, L. cf. microtym-
panum 1, and L. cf. microtympanum 2 in the southwest
AOE, and L. sp. D and L. sp. T in the west central AOE.

Partial Congruence with Sulawesi AOEs

We designate a distribution as partially congruent with
Sulawesi AOEs if the range is primarily in one AOE and
only partially in adjacent portions of other AOEs. The
L. cf. modestus complex 2 and the L. sp. V complex 2 for
example occur throughout the northwest AOE (Fig. 4)
but extend slightly into adjacent parts of the west cen-
tral or north central AOE. These species probably were
once restricted to the northwest AOE but have recently
dispersed beyond the now absent barriers to dispersal
between these AOEs.

Incongruence with Sulawesi AOEs

Limnonectes sp. 1 complex crosses two AOE bound-
aries, is widely distributed in two areas of endemism,
and has at least a marginal distribution in a third (Fig. 4).
This species occurs on the eastern side of Sulawesi and
has a maximum intralineage divergence of 0.022. This
species is derived from a dispersal event separate than
that of other Sulawesi Limnonectes in this study. Interest-
ingly, one clade in this complex includes sequences sam-
pled on the Togian Islands and the eastern extremes of
southeast and east central AOEs, whereas a second clade
includes sequences on either side of the border between
the west central and east central AOEs. A parametric
bootstrap test rejects the hypothesis of monophyly of L.
sp. I sequences from east central Sulawesi (hypothesis
8, Fig. 5). One explanation for this distribution is that
an ancestor of this species reached Sulawesi after the re-
treat of ocean that compartmentalized diversity in other
fauna (Evans et al., 2003b). The wide distribution and
incongruent phylogeography of L. sp. I may simply be
a reflection of the high dispersability of this lineage that
facilitated colonization of Sulawesi and the Moluccas.

Limnonectes sp. G2 is widespread in the southeast AOE,
and divergent lineages in this clade were also sampled
in the west central and east central AOEs (Fig. 4). Lim-
nonectes sp. 1 and sp. 2 each also include two divergent
lineages from two separate AOEs. Because these three
taxa may each comprise a pair of diverged sister species,
taxon sampling in this study is inadequate to determine
whether they are congruent with Sulawesi AOEs (Fig. 4).

CONCLUSIONS

Limnonectes species are often found in sympatry with
one or more congeners, but dispersal across ocean bar-
riers is rare and diversity is highly compartmental-

ized in the Philippines and Sulawesi. On Asia and the
Sunda Shelf, morphologically cryptic but molecularly
distinct species are present in different areas (Emerson
et al., 2000; this study). Despite the narrow width of
the Makassar Strait during the Pleistocene, dispersal
from Borneo to Sulawesi probably occurred only once
and we found no evidence of westward dispersal from
the Philippines or Sulawesi to Borneo. Other parts of
Wallace’s (1863) and Huxley’s lines were crossed multi-
ple times by Limnonectes, and dispersal across the north-
ern part of Wallace’s line led to a diverse assemblage on
the Philippines. Reports of faunal exchange among the
Philippines and Sulawesi are rare, and Limnonectes may
be unusual from this perspective. Even species of the ro-
dent genus Crunomys, which is shared by Sulawesi and
the Philippines, may be of independent origin in each re-
gion (Musser, 1987). Dispersal among the Lesser Sundas
and Sulawesi has been postulated to explain the distri-
bution of extinct stegodonts in this region (Cranbrook,
1981), but we found no indication that dispersal of Lim-
nonectes has occurred between these areas or between the
Philippines and the Moluccas.

Dispersal across narrow channels between Philippine
paleoislands was also infrequent and, with the excep-
tion of L. leytensis, left no evidence of paraphyly among
lineages that span multiple PAICs. Early lineages of Lim-
nonectes did not reach Luzon, and a lineage from Su-
lawesi (clade E, Fig. 9) did not reach Palawan or Min-
doro. Separate areas of endemism exist on Luzon in the
Bicol Peninsula and in North/Central Luzon. Although
they were once part of the same PAIC, separate areas of
endemism also exist on Mindanao and on Bohol 4 Samar.

On Sulawesi, barriers to dispersal isolated lineages
and bounded diversification into separate AOEs (Evans
et al., 2003b). Now these barriers are gone, but ranges
of most Limnonectes species are congruent with AOEs of
other fauna (Evans et al., 2003b), although some ranges
have expanded across these boundaries. Lack of exact
congruence in some species could stem from (1) migra-
tion across areas where biogeographic barriers once ex-
isted but have now retreated, (2) mtDNA introgression
associated with hybridization, (3) lumping of multiple
divergent monophyletic lineages into a single species
group when only one individual is sampled from a lin-
eage, and (4) an unusual ability to disperse across bio-
geographical barriers, as may be the case of L. sp. L.

On the Sunda Shelf, the Philippines, and Sulawesi (and
probably the Moluccas and the Lesser Sunda Islands), vi-
cariance due to oceanic barriers influenced dispersal and
compartmentalized diversity on a fine scale. A single line
to demarcate the interface of the Asian and Australian
faunal regions, although insightful, is an oversimplifica-
tion of biogeography in Southeast Asia.
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