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Abstract: Genetic variation within species—a priority for biodiversity conservation—is influenced by natu-
ral selection, demography, and stochastic events such as genetic drift. We evaluated the role of these factors in
14 codistributed species of reptiles and amphibians on the Indonesian island of Halmahera by testing whether
their molecular variation was correlated with geographic distance, ecology, riverine barriers, or Halmahera’s
paleoisland precursors. We found support for isolation by distance effects in four species. Two of these four
were also significantly affected either by rivers or by ecology. A fifth species was significantly affected by ecol-
ogy and a sixth was significantly affected by Halmahera’s paleoislands. [Correction added after publication 9
December 2009: the previous sentence was edited for clarity.] These findings—the most comprehensive survey
of multispecies genetic variation on Halmahera to date—bode well for the efficacy of the recently established
Aketajawe-Lolobata National Park in conserving a substantial component of vertebrate genetic variation
on this island. Future success of conservation efforts will depend crucially, of course, on funding for and
enforcement of conservation management of this park.

Keywords: DNA barcodes, ecological niche modeling, Halmahera, herpetofauna, isolation by distance, phylo-
geography, vicariance

Estructura Genética de la Herpetofauna de la Isla Halmahera, Indonesia: Implicaciones para el Parque Nacional
Aketajawe-Lolobata

Resumen: La variación genética intraespećıfica—una prioridad para la bioloǵıa de la conservación—es
influida por la selección natural, la demograf́ıa y eventos estocásticos como la deriva génica. Evaluamos
el papel de estos factores en 14 especies de anfibios y reptiles codistribuidas en la Isla Halmera, Indonesia
probando śı la variación molecular se correlaciona con la distancia geográfica, la ecoloǵıa, las barreras
ribereñas o los precursores paleoinsulares de Halmahera. Encontramos soporte para los efectos del aislamiento
por distancia en cuatro especies. La estructura genética de dos especies fue afectada por la ecoloǵıa, una especie
fue afectada significativamente por los ŕıos, y una especie fue afectada por las paleoislas de Halmahera. Estos
hallazgos—el muestreo más integral de la variación genética de especies de Halmahera a la fecha—son
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554 Herpetofauna on Halmahera Island

promisorios para la eficacia del recién establecido Parque Nacional Aketajawe-Lolobata en la conservación
de un componente sustancial de la variación genética de vertebrados en esta isla. Por supuesto que el éxito
futuro de los esfuerzos de conservación dependerá crucialmente del financiamiento para y la puesta en
práctica de la gestión de conservación de este parque.

Palabras Clave: aislamiento por distancia, códigos de barra de ADN, filogeograf́ıa, Halmahera, herpetofauna,
vicarianza

Introduction

Wallacea, a biodiversity hotspot in central Indonesia, lies
between Borneo and New Guinea and is characterized by
numerous endemic species that face substantial threats
from human activity (Myers et al. 2000). Spanning ap-
proximately 18,000 km2, Halmahera is the second-largest
island in Wallacea, after Sulawesi. The unique biota of
Halmahera evolved in isolation from other landmasses
over millions of years, probably since this island emerged
above sea level (Hall 2001). Halmahera’s fauna is only
moderately diverse, but characterized by exceptional
species-level endemism (Allison 1996; Brown 1997; In-
ger 1999). This situation contrasts sharply, for exam-
ple, with the neighboring islands in the Sunda Region
(Borneo, Sumatra, and Java) and the Sahul region (New
Guinea), which were intermittently connected to larger
land masses in Asia and Australia, respectively. Within
the Moluccan archipelago, several biogeographic regions
have been identified, with Halmahera and the nearby is-
lands of Morotai and Bacan generally considered distinct
from other major islands such as Buru and Seram (Monk
et al. 1997). BirdLife International’s “endemic bird areas”
identifies similarities between the avian fauna of Halma-
hera and that of Obi Island to the south, although each
also has endemic bird species not found on the other
(ICBP 1992).

The Moluccan Archipelago lies in one of the most
rapidly deforming tectonic regions on the planet (Pun-
todewo et al. 1994; Rangin et al. 1999). Halmahera be-
gan as two “paleoislands” hundreds of kilometers east
of their current locations (Hall 1998, 2001) that were
mostly or completely underwater for millions of years
before present (Morey et al. 1999). Ancient river valleys
suggest that the eastern paleoisland was dry land approx-
imately 30 million years ago but then resubmerged (Hall
et al. 1988). Fairly recent emergence (during the last 5
million years or so), followed by rapid uplift of the east-
ern portion is evinced by ancient reefs at elevations of
1000 m (Nichols & Hall 1991). Collision of the west-
ern and eastern paleoislands occurred approximately 1.1
million years ago (Hall & Nichols 1990), creating a thrust
line between the present-day western and eastern sec-
tions of this island (Hall 2001). Movement and uplift of
Halmahera had a large impact on global climate because
they altered water flow between the Pacific and Indian
oceans, apparently affecting El Niño phenomena, aridi-
fication of Africa, and glacial cycles (Morey et al. 1999;

Figure 1. Boundaries of the two sections of
Aketajawe-Lolobata National Park, Halmahera
Island, Indonesia. The division between the
paleoislands defined by Hall (2001) is indicated with
a dark vertical line.

Cane & Molnar 2001). Today Halmahera has a sinuous
shape, with four peninsulas and a mountainous topo-
graphy (Figs. 1 & 2). Climate in the Moluccas is strongly
affected by seasonal wind patterns, which makes it one
of the driest parts of Indonesia, but Halmahera receives
more precipitation than most other islands in central In-
donesia. Rainy seasons peak in December–January and
again in April–May, but rain intensity differs on different
parts of the island (Monk et al. 1997).

How does the complex geological history of Halma-
hera and the unique combination of evolutionary histo-
ries that produced its faunal communities affect strategies
for conserving biodiversity? The distribution of genetic
variation among populations of species can provide use-
ful information for biodiversity conservation and may
shed light on the degree to which geographic, ecolog-
ical, and geological factors affect evolution of a biota. For
example, genetic variation in many species in the Philip-
pine Archipelago corresponds closely with paleoislands
consisting of multiple modern-day islands that were in-
terconnected during Pleistocene periods of low sea level
(Heaney 1986). Geographical isolation in the Philippine
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Figure 2. Mitochondrial
DNA genealogies and
sampling distributions of
herpetofauna analyzed in
this study. In each panel, a
consensus tree from
Bayesian phylogenetic
analyses illustrates
relationships inferred
among unique mtDNA
haplotypes, which are
indicated with a letter.
Open nodes have posterior
probabilities ≥95% and
bars next to phylograms
indicate the scale of branch
lengths in substitutions per
site. On the map in each
panel, samples on the
eastern and western
paleoislands are indicated
with gray and white circles,
respectively. When more
than one identical
haplotype was found at one
locality, the number of
identical sequences sampled
is in parentheses following
the haplotype letter.
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archipelago generated biogeographic regions spanning
multiple present-day islands in this archipelago (Heaney
1986; Brown & Diesmos 2002; Brown & Guttman 2002;
Evans et al. 2003a; Roberts 2006). In the absence of other
information, this structure argues for a conservation man-
agement program that targets, at minimum, each region
as opposed to each island (Brown & Diesmos 2009). In
contrast, genetic variation in some species on the island
of Sulawesi is clustered in pockets or “areas of endemism”
within the island, probably a combined consequence of
marine incursion and other barriers. Conservation strate-
gies for Sulawesi, therefore, must target multiple regions
within this island (Evans et al. 2003a, 2003c, 2008). Vi-
cariance due to paleoislands is also suggested on Cuba
(Glor et al. 2004) and Hispaniola (Townsend et al. 2007).

Our goal was to test how ecological and geographic
variables affect intraspecific diversification on Halmahera
and to assess conservation genetic implications of the
position of the recently established Aketajawe-Lolobata
National Park, which consists of two disjunct blocks of
intact forest (Fig. 1). In particular, whether this park cap-
tures adequately the full breadth of genetic diversity in
Halmahera’s endemic species is an important issue for
biodiversity management. The Aketajawe block is in the
center of Halmahera, between the northern and south-
ern peninsulas, in a region that is part of the western
paleoisland and also a portion of the zone of accretion
between the two paleoislands. The Lolobata block is sit-
uated on the northeastern peninsula of Halmahera. Each
of these regions was initially proposed as a wildlife sanc-
tuary (Smiet et al. 1981) and identified as an “impor-
tant bird area” by BirdLife International (BirdLife Inter-
national 2008). To assess the degree to which genetic
variation in this park is representative of variation
throughout the entire island, we analyzed mitochon-
drial DNA sequences of 14 species of frogs, lizards, and
snakes, and tested whether molecular variation is corre-
lated with ecological, geographic, and hydrological dis-
tances or with Halmahera’s paleoislands. Our sample de-
sign did not target the park per se; rather, we attempted
to evaluate within-species diversity in these representa-
tive species over as much of the island as possible.

Methods

Fieldwork

We collected genetic samples from six frog species, five
lizard species, and three snake species on Halmahera in
July–August of 2006 and August of 2007 (Fig. 2; Support-
ing Information). No name was available for one Platy-
mantis species, and we refer to it as sp. For each species,
at least five distinct localities were sampled, including
localities on both of Halmahera’s paleoislands (except
Lamprolepis smaragdina).

We used ecological niche modeling with the sample lo-
cations generated in the field phase of this study to inter-
polate species’ distributions. Niche models were inferred
with Maxent (Phillips et al. 2006) on the basis of occur-
rence sites from which the genetic samples were drawn
and on seven climatic variables (Hijmans et al. 2005): an-
nual mean temperature, mean diurnal range, maximum
temperature of warmest month, minimum temperature
of coldest month, annual precipitation, and precipitation
of the wettest, and driest months. For the purposes of as-
sessing likely distributions of species, we used the least-
training presence-thresholding approach (Pearson et al.
2007), in which the lowest nonzero suitability score as-
signed to any occurrence used in model building is used
as the break point between predicted presence and pre-
dicted absence. No samples (except one from Boiga ir-
regularis) were obtained from within the park bound-
aries, but niche-modeling results suggested that all the
species we examined were likely to occur in both sec-
tions of Aketajawa-Lolobata National Park (Supporting
Information). Voucher specimens were deposited in the
Museum Zoologicum Bogoriense (MZB); tissues were de-
posited in the MZB Genetics Laboratory and the Univer-
sity of Indonesia Taxonomy Laboratory.

Evolution of Halmahera’s Herpetofauna

We tested the null hypothesis that the geographic dis-
tribution of molecular variation in these species could
be explained by panmixia (i.e., that stochastic factors
alone can account for observed patterns). We evalu-
ated the alternative hypotheses that paleoislands, geo-
graphic distance, ecological suitability, or river flow
are correlated with genetic variation on the basis
of partial Mantel tests with the following distance ma-
trixes: paleoisland membership, overland geographic dis-
tance, ecological suitability, and riverine distance. Ge-
netic distances were obtained from phylogenetic analysis
of 618–660 base pairs of the CO1 gene of mitochondrial
DNA (mtDNA). This region has been proposed as a DNA
barcode for animals on the basis of variation at the species
level (Hebert et al. 2003a, 2003b), although we used it
simply as a marker of genetic variation within species.
We performed DNA extractions, polymerase chain re-
action amplification, and sequencing with Qiagen DNA
extraction kits, primers, and other standard techniques
(Ivanova et al. 2006). Statistics on molecular variation
were calculated with the program DNAsp (version 4.5;
Rozas et al. 2003). We performed phylogenetic analyses
with MrBayes (version 3.1.2; Huelsenbeck & Ronquist
2001) for 5,000,000 generations, and a model of evolu-
tion selected with MrModeltest version 2 on the basis
of a hierarchical likelihood ratio test (Nylander 2004).
A postrun analysis of tree likelihood scores indicated
that a burn-in of 1,000,000 generations was conserva-
tive for all the data sets. Patristic genetic distances were
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then calculated from consensus topologies with PATRIS-
TIC (version 1.0; Fourment & Gibbs 2006). These se-
quence data were deposited in GenBank (Supporting
Information).

The other distance matrixes were generated as fol-
lows. We created a binary “paleoisland” distance matrix
by coding pairwise comparisons between samples that
were collected in the same paleoisland as 0 and pair-
wise comparisons between samples that were collected
in different paleoislands as 1. Demarcation of paleois-
lands followed Hall (2001). The overland surface distance
matrix was calculated to reflect the minimum on-land
distances between sites, which counted topography and
therefore included vertical and horizontal distance be-
tween sites. We based estimates of riverine distances on
accumulated river flow, and they thus represent the min-
imum accumulated river flow that must be passed be-
tween two points, barring travel over marine water. In
other words, large riverine distances indicate many rivers
or large rivers must be crossed if one is to travel be-
tween two points. Finally, we constructed ecological dis-
tances with ecological suitability as a friction and, again,
barring travel over marine barriers. Ecological suitability
was characterized across Halmahera as described above
through Maxent modeling (Phillips et al. 2006) and in re-
lation to known occurrences and climate data as above.
For analyses of landscape friction, however, we did not
use a threshold for the model predictions; instead, we
used the full ramp of Maxent suitability values (logistic-
suitability output option). Large ecological suitability dis-
tances indicate that very different climatic conditions
would have to be crossed to travel between two sites.
Derivation of such landscape-level ecological profiles is
now commonplace (e.g., Peterson et al. 2007). Overland,
ecological, and riverine distances between sample points
were calculated with ArcGIS (version 9.2; ESRI, Redlands,
California) and automated in Python scripts prepared
by X.L.

Partial correlation between genetic distance and each
of the four distance matrices was estimated with the
program PASSaGE (version 2.0, release 7.29; Rosenberg
2008). To test for a correlation between two matrixes
(X and Y) while holding the effects of other matrixes
constant (e.g., A, B, and C), multiple regressions are per-
formed between the elements of X and Y on A, B, and C,
and the residuals of each multiple regression were then
used in a standard Mantel test. To assess significance,
Smouse et al. (1986) suggest permutation of rows and
columns of the residual matrixes, but Legendre (2000)
shows that this procedure produces inaccurate estimates
of type I error. For this reason, PASSaGE2 permutes one
of the original matrixes (Y) before recalculating residu-
als from a multiple regression on A, B, and C and then
recalculates the Mantel correlation from these residu-
als and those from the original multiple regression of
matrix X on A, B, and C. The permutation is then re-

peated to generate a null distribution of partial Mantel
statistics.

Because we have a one-sided alternative hypothesis
(that the partial correlation between genetic distance and
the other distances are positive in each comparison), we
used a right-tailed distribution generated from 1000 per-
mutations to evaluate the probability of type I error (i.e.,
rejecting the null hypothesis when it is true). Given the
multiple comparisons involved, we applied a sequential
Bonferroni correction to assess species-level significance,
where α = 0.05 (Rice 1989). Alternative permutation ap-
proaches may be more appropriate under specific con-
ditions, such as a ring species (Raufaste & Rousset 2001;
Rousset 2002). Nevertheless, simulations indicated that
the permutation procedure we used had a correct level
of type I error; this approach is also recommended when
data are skewed or there are outliers (P. Legendre, per-
sonal communication; Legendre 2000).

Results

Frogs

A significant effect of paleoislands was recovered in only
one of the 14 species examined, the frog Litoria infrafre-
nata (Table 1). This species shows high genetic diversity
despite low divergence between unique alleles, and pri-
vate alleles were present on each paleoisland (Table 2,
Fig. 2). L. infrafrenata was also the only species in which
Tajima’s D departs significantly from neutral expectations
(Table 2). A negative Tajima’s D derives from high levels
of segregating sites (S) relative to the average pairwise
nucleotide diversity (π) and could be a genetic signa-
ture of a recent selective sweep of mtDNA or population
expansion. Analysis of other unlinked loci would help
discriminate between these alternatives. In addition to
L. infrafrenata, molecular variation was also low in two
other frogs (Limnonectes grunniens and Rana papua;
Table 2, Fig. 2), but none of their partial correlations were
significant (Table 1). Low molecular variation could result
from small effective population size, low mutation rate,
or nonequilibrium processes such as founder effects or
recent population bottleneck.

Another frog, Oreophryne moluccensis, showed a sig-
nificant partial correlation between genetic distance and
ecological distance, which suggests isolation of pop-
ulations by factors related to environmental variation
(Table 1, Fig. 2). Isolation by distance effects were in-
dicated by significant correlations between genetic dis-
tance and geographic distance in Litoria nigropunctata
and in Platymantis sp. (Table 1).

Lizards and Snakes

The aquatic lizard Hydrosaurus weberi showed low
levels of molecular variation on Halmahera (Table 1);
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Table 1. Partial correlation and probability of type I error of partial
Mantel test of the correlation between genetic distances and four
abiotic variables: on-land surface distance (surface), river flow
accumulation (flow), ecological suitability (ecology), and within
versus between paleosislands (paleoisland).

p (right
Species Comparison Correlation tailed)a

Frogs
Limnonectes surface −0.02624 0.593

grunniens flow −0.07095 0.762
ecology 0.09480 0.242
paleoisland 0.07023 0.178

Litoria surface −0.21161 0.970
infrafrenata flow 0.19946 0.053

ecology 0.18505 0.076
paleoisland 0.21712 0.009∗

Litoria surface 0.48357 0.001∗

nigropunctata flow 0.03880 0.341
ecology −0.24742 0.994
paleoisland 0.25209 0.019

Oreophryne surface −0.05446 0.662
moluccensis flow −0.07355 0.819

ecology 0.28975 0.001∗

paleoisland −0.23573 0.982
Platymantis sp. surface 0.57099 0.002∗

flow −0.18785 0.860
ecology −0.45830 0.999
paleoisland −0.29733 0.977

Rana papua surface 0.12472 0.383
flow 0.10619 0.139
ecology −0.18641 0.856
paleoisland 0.11013 0.285

Snakes
Boiga surface −0.44772 0.955

irregularisb flow 0.37177 0.105
ecology 0.45670 0.064
paleoisland 0.16872 0.367

Candoia paulsoni surface 0.56594 0.008∗

flow −0.22315 0.948
ecology −0.15304 0.812
paleoisland −0.53029 0.997

Stegonotus surface 0.35076 0.163
batjanensis flow 0.43026 0.171

ecology −0.17956 0.632
paleoisland 0.73671 0.013

Lizards
Bronchocella surface 0.01356 0.432

cristatella flow −0.08965 0.774
ecology 0.21754 0.026
paleoisland −0.28598 0.993

Eutropis surface 0.23269 0.043
multifasciata flow 0.04049 0.233

ecology −0.24220 0.959
paleoisland 0.16534 0.129

Gekko vittatus surface 0.20148 0.137
flow 0.41576 0.121
ecology −0.20525 0.895
paleoisland 0.03889 0.406

Hydrosaurus surface 0.64462 0.002∗

amboinensis flow 0.55709 0.012∗

ecology −0.76883 1.000
paleoisland −0.65567 1.000

continued

Table 1. (continued).

p (right
Species Comparison Correlation tailed)a

Lizards
Lamprolepis surface 0.90910 0.003∗

smaragdina flow −0.78397 0.999
ecology 0.99943 0.001∗

paleoisland N/A N/A
aFor each of the 14 species, significance after Bonferonni correction
for four tests is indicated (∗).
bFor comparisons with small sample sizes, permutation tests could
exaggerate significance if the number of permutations exceeds the
number of possible combinations of data in the matrix.

this variation was correlated with both geographic
and river distances (Table 2). This finding supports
isolation by distance and is consistent with these riparian
specialists dispersing along (as opposed to across) river
valleys, although inferred evolutionary relationships
among mtDNA haplotypes in this species were not
strongly supported (Fig. 2), which can affect the
accuracy of the genetic distances used in the partial cor-
relations. The only other lizard species with significant
departure from panmixia was Lamprolepis smaragdina,
in which genetic distance was significantly correlated
with geographic and ecological distances; no tests for
effects of paleoislands were possible for this species
because samples were not obtained from the eastern pa-
leoisland. Of the three snakes in this study, only Candoia
paulsoni showed significant departure from panmixia
as a consequence of isolation by distance (Table 1).

Correlations among Environmental Variables

Impacts of geographic distance, ecological suitability,
riverine distance, and paleoislands were recovered in
seven of the 14 species examined. In the other seven
species, no marked departure from panmixia was ob-
served. Of interest for conservation, then, is the question
of whether the habitat distances (geographic, ecologi-
cal suitability, riverine, paleoisland) themselves are cor-
related with one another. For instance, does variation
in ecological suitability tend to be correlated with geo-
graphic distance? Does each paleoisland have a unique
ecology? To explore these questions, for each species
we evaluated partial correlations between each habitat
distance holding the other distances constant. Results
were highly consistent across taxa (Supporting Informa-
tion): ecological distance was often significantly corre-
lated with geographic distance, but other partial correla-
tions were generally not significant. This result supports
the intuition that ecological variation on Halmahera was
affected by variation in climate, topography, and geology
in different sectors of the island, but that this variation
was not tightly linked to the palaeoislands. Significant
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Table 2. Molecular variation in mitochondrial CO1 sequences of 14 species of herpetofauna on Halmahera.∗

No. of
No. of No. of silent π (JC

Organism samples sites sites S( s) S( r) silent) θ (silent) D

Frogs
Limnonecte grunniens 22 640 168 2 0 0.00344 0.00327 0.11197
Litoria infrafrenata 34 657 163 10 1 0.00562 0.01453 −1.96717†
Litoria nigropunctata 16 633 165 89 1 0.22854 0.16217 0.88658
Oreophryne moluccensis 14 618 160 29 2 0.08270 0.05685 1.65192
Platymantis sp. 10 642 169 85 2 0.19776 NR −0.14969
Rana papua 13 629 155 1 0 0.00100 0.00208 −1.14915

Snakes
Boiga irregularis 6 660 164 26 1 0.08417 0.06939 0.94804
Candoia paulsoni 23 657 163 25 0 0.02495 0.04148 −1.53221
Stegonotus batjanensis 7 652 170 19 2 0.04828 NR 0.00000

Lizards
Bronchocella cristatella 15 629 165 35 6 0.05633 0.06539 −0.76801
Eutropis multifasciata 12 649 169 25 1 0.07119 0.04712 1.97023
Gekko vittatus 8 652 165 68 0 0.21053 NR 0.94110
Hydrosaurus weberi 10 657 172 3 1 0.00701 0.00617 −0.03786
Lamprolepis smaragdina 10 642 167 38 1 0.10479 0.08763 0.55654

∗Indicated are number (No.) of samples; total number of sites; number of silent sites; number of polymorphic (S[s]) silent and replacement sites
(S[r]); nucleotide diversity based on silent sites and with Jukes-Cantor correction (π [JC-silent]); estimate of the population parameter θ based on
silent sites (θ [silent]); and Tajima’s (1989) D statistic (†, significant departure from zero). Some θ(silent) are not reported (NR) because some
codons differ with multiple changes.

correlations between geographic distance and paleois-
lands occurred in L. infrafrenata and C. paulsoni (Sup-
porting Information), which indicated that comparisons
for these species between paleoislands tended to be ge-
ographically farther apart than comparisons within pale-
oislands given the geometry of the sampling locations.
In L. infrafrenata, there was a significant correlation
between ecological and riverine distances (Supporting
Information), suggesting that ecological variation among
collection sites for this species tended to be greater across
rather than along rivers.

Discussion

Genetic Diversity of Halmahera Herpetofauna

In many species multilocus testing of demographic hy-
potheses is impeded by the number of known PCR
primers that can successfully amplify DNA for sequenc-
ing and by the time, effort, and cost required to develop
new primers that target additional regions. Because PCR
primers have already been designed that amplify regions
of the mitochondrial genome that are variable within
and between reptile and amphibian species (e.g., Smith
et al. 2008), this source of information offers a tractable
first step toward exploring within-species diversity across
multiple species, such as the present analyses. Of course,
interpretation of these data comes with the caveat that
conclusions are derived from only one marker per species
and therefore reflect patterns of genome-wide variation
only incompletely.

With this caveat in mind, support for a strong role
of paleoislands in influencing multitaxon intraspecific di-
vergence was not recovered in most species. In the one
species for which we found statistical support for an
effect of paleoislands, Litoria infrafrenata, molecular
divergence was low and the most common haplotype
(haplotype l in Fig. 2) occurred on all four peninsulas
of Halmahera. In this species, haplotypes found on only
one paleoisland (the “private alleles”) were genetically
similar to (i.e., recently diverged from) this widespread
haplotype. Under the assumption of a rough molecular
clock, this association suggests that impacts of paleois-
lands on genetic diversity of L. infrafrenata is an odd
result, in light of the relatively old nature of the pale-
oislands. Overall, then, scant evidence for a substantial
or long-term genetic impact of Halmahera’s paleoislands
was recovered in these 14 species, which could be a re-
sult of any of at least five possibilities: their ancestors
dispersed to Halmahera after accretion of the paleois-
lands; recent dispersal in each species homogenized an-
cient population structure; at least one of the paleois-
lands was underwater when they collided; at least one of
the paleoislands resubmerged after accretion; or dispersal
between previously separated paleoislands was not sub-
stantially impeded by marine barriers. A scenario similar
to the first possibility may explain patterns of diversifi-
cation of macaques (Macaca) on nearby Sulawesi. Pop-
ulation structure of these primates does not correspond
with the suture zones of Sulawesi’s paleoislands (Evans
et al. 2003b), even though some features of Sulawesi’s
paleoislands match population structure or geographic
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distributions of species in other groups (Evans et al.
2003a; McGuire et al. 2007).

Support for a genetic impact of geographic distance
was recovered in five of 14 species examined, indicating
that their genetic variation was not distributed evenly
across the island as a consequence of low dispersal dis-
tances relative to species’ ranges. Significant correlations
between genetic and ecological distance in O. moluc-
censis and L. smaragdina could point to population
structure being based on environmental variation across
Halmahera. This would be interesting from the stand-
point of understanding natural selection and speciation
on Halmahera, although clearly further sampling and mul-
tilocus data are needed to tease apart the possibility from
type I error.

Conservation Genetic Consequences of Aketajawe-Lolobata
National Park

Halmahera is part of a biodiversity hotspot (Myers et al.
2000), its rainforests belong to a distinct ecoregion
(Wikramanayake et al. 2001), and its biota is a conserva-
tion priority under other criteria as well (Jepson & Whit-
taker 2002). In 2004 Aketajawe-Lolobata National Park
was established on Halmahera (Keputusan Menteri Ke-
hutanan No. SK.397/MenHut-II/2004), the first and only
national park in Maluku Utara province. This park con-
sists of two separate regions of intact forest (Fig. 1).
Our failure to reject the null hypothesis of panmixia in
half of the herpetofauna species studied suggests that,
for such species, reserve design need not incorporate
the dual nature of Halmahera’s paleoisland history. We
also observed in some species a significant correlation
between geographic distance or ecological suitability.
Overall then, the geographic distribution of molecular
variation in these herpetofauna suggests that peninsulas
of Halmahera are not areas of genetic endemism beyond
the effects of isolation by distance, at least in the species
we studied. These results together suggest that multiple,
geographically dispersed conservation areas—such as the
two forest blocks of Aketajawe-Lolobata—are highly use-
ful for preservation of extant molecular variation and
future adaptive potential. This utility is achieved more
because these forest blocks are geographically separated
than because they happen to be situated on different pa-
leoislands.

A reasonable concern relating to these conclusions is
that we included almost no samples from within the
boundaries of the park. The ecological-niche model pro-
jections derived from our sampling design, however, sug-
gests that all 14 species are likely to occur in both blocks
of this park (Supporting Information). Results of previ-
ous studies indicate ample predictive ability for niche-
modeling tools when presented with the challenge of
predicting unknown populations of poorly characterized
species (Raxworthy et al. 2003; Engler et al. 2004; Bourg

et al. 2005; Almeida et al. 2009; Siqueira et al. 2009). To
our knowledge, there are no records of microendemism
on Halmahera. This suggests our sampling strategy—
which targeted as many parts of the island as possible
during our fieldwork—provides a reasonable basis with
which to evaluate the utility of the Aketajawe-Lolobata
National Park for conservation of Halmahera-wide genetic
diversity.

Of course, some species have patchy distributions on
Halmahera or occur in ecosystems not present in the
park (e.g., costal ecosystems); these species may require
additional species-specific or ecosystem-specific protec-
tion efforts. Additionally, we did not extensively sample
all parts of Halmahera for each focal species and thus
may not have completely characterized the full breadth
of their genetic diversity. Although logistical obstacles to
sampling large numbers of taxa uniformly across a land-
scape typically prevent this kind of ideal sampling, future
studies of genetic variation across Halmahera would be
well served to improve on the geographic sampling in-
cluded here. We also did not address the question of
whether there is substantial variation in between-species
diversity over different portions of Halmahera and, if so,
whether the Aketajawe-Lolobata National Park coincides
with areas of high between-species diversity. Although
this is probably the case for birds (Smiet et al. 1981;
BirdLife International 2008), further comparative studies
are needed to address this question for other taxa.

Original proposals for protected areas were larger than
the present Aketajawe-Lolobata National Park, but were
modified in response to habitat loss (Poulsen et al. 1999).
Significant ongoing threats to this region and other re-
maining forests on Halmahera include mining and log-
ging interests, establishment of transmigration sites, and
other changes associated with agriculture (Poulsen et al.
1999). A corridor between the two blocks of the na-
tional park would contribute to demographic exchange
between populations in each, thereby reducing delete-
rious impacts of small population size (Lynch & Gabriel
1990). The forests between the two blocks are, how-
ever, not part of the national park, and two mining con-
cessions are located in this area (M. Zimsky, personal
communication). Connection of habitat has implications
for metapopulation processes that permit recolonization
of areas that experience local population extinction (Mc-
Callum & Dobson 2002) and for synchronization of natu-
ral fluctuations in population size (e.g., Earn et al. 2000)
and transmission of wildlife diseases, such as chytrid fun-
gus (Kriger & Hero 2007). Another concern is that pop-
ulation extinction rates tend to be higher near edges of
protected areas (Bradshares et al. 2001), which supports
the point that although larger protected areas are better,
their shape is also important.

Additional questions relevant to conservation planning
on this island include whether the park will protect
a sufficient proportion of each of Halmahera’s diverse
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ecosystems, will pressures exerted by human populations
allow for sustainable protection of species in this park,
and do the genetic benefits of a corridor between these
blocks outweigh possible demographic risks. The long-
term success of this park, which at the moment has little
infrastructure or demarcation on the ground, will there-
fore depend critically on human activities inside and out-
side of its boundaries, including funding and enforcement
of conservation management of this park.
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Species and 

field tag Village Subdistrict District Latitude Longitude Accession

Limnonectes grunniens

BJE01048 Desa Tafale Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.9333 127.5170 FJ952266

BJE01051 Desa Tafale Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.9333 127.5170 FJ952267

BJE01090 Desa Tabacampaka Kecamatan Sahu Kabupaten Halmahera Barat 0.9388 127.5170 FJ952268

BJE01091 Desa Tabacampaka Kecamatan Sahu Kabupaten Halmahera Barat 0.9388 127.5170 FJ952269

BJE01141 Desa Mamuya Kecamatan Galela Selatan Kabupaten Halmahera Utara 1.7899 127.8910 FJ952270

BJE01188 Desa Voli, TN Lolobata NR Kabupaten Halmahera Timur 1.3333 128.1670 FJ952271

BJE01189 Desa Voli, TN Lolobata NR Kabupaten Halmahera Timur 1.3333 128.1670 FJ952272

BJE01199 Desa Voli4, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.2330 FJ952273

BJE01200 Desa Voli4, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.2330 FJ952274

BJE01215 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952275

BJE01242 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952276

BJE01243 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952277

BJE01244 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952278

BJE01245 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952279

BJE01267 Subaim-Buli Route NR Kabupaten Halmahera Timur 0.9416 128.2670 FJ952280

BJE01268 Subaim-Buli Route (Km10) NR Kabupaten Halmahera Timur 0.9416 128.2670 FJ952281

BJE01276 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952282

BJE01277 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952283

BJE01426 Desa Pintatu Kecamatan Wasile Selatan Kabupaten Halmahera Timur 0.8344 127.7170 FJ952284

BJE01427 Desa Pintatu Kecamatan Wasile Selatan Kabupaten Halmahera Barat 0.8344 127.7170 FJ952285

BJE01458 Desa Braha Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8072 127.6820 FJ952286

BJE01459 Desa Braha Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8072 127.6820 FJ952287

Litoria nigropunctata

BJE01073 Desa Tosoa Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 1.2889 127.5330 FJ952288

BJE01074 Desa Tabacampaka Kecamatan Sahu Kabupaten Halmahera Barat 0.9388 127.5170 FJ952289

BJE01185 Desa Voli, TN Lolobata NR Kabupaten Halmahera Timur 1.3333 128.1670 FJ952290

BJE01186 Desa Voli, TN Lolobata NR Kabupaten Halmahera Timur 1.3333 128.1670 FJ952291

BJE01187 Desa Voli, TN Lolobata NR Kabupaten Halmahera Timur 1.3333 128.1670 FJ952292

BJE01193 Desa Voli, TN Lolobata NR Kabupaten Halmahera Timur 1.3333 128.1670 FJ952293

BJE01241 Desa Voli4, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.2330 FJ952294

BJE01270 Subaim-Buli Route NR Kabupaten Halmahera Timur 0.9416 128.2670 FJ952302

BJE01271 Subaim-Buli Route NR Kabupaten Halmahera Timur 0.9416 128.2670 FJ952295

BJE01272 Subaim-Buli Route NR Kabupaten Halmahera Timur 0.9416 128.2670 FJ952303

BJE01304 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952296

BJE01604 Desa Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3233 127.7990 FJ952297

BJE01649 Sungai Ma, Lelilef Kecamatan Weda Kabupaten Halmahera Tengah 0.6072 127.9045 FJ952298

BJE01651 Sungai Ma, Lelilef Kecamatan Weda Kabupaten Halmahera Tengah 0.6072 127.9045 FJ952299

BJE01669 Desa Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3230 127.8258 FJ952300

BJE01749 Subaim-Buli Route (Km 12) NR Kabupaten Halmahera Timur 0.9737 128.3010 FJ952301

Oreophryne moluccensis

BJE01120 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952368

BJE01142 Desa Mamuya Kecamatan Galela Selatan Kabupaten Halmahera Utara 1.7899 127.8910 FJ952369

BJE01143 Desa Mamuya Kecamatan Galela Selatan Kabupaten Halmahera Utara 1.7899 127.8910 FJ952370

BJE01144 Desa Mamuya Kecamatan Galela Selatan Kabupaten Halmahera Utara 1.7899 127.8910 FJ952371

BJE01218 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952372

BJE01240 Desa Voli4, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.2330 FJ952373

BJE01248 Desa Voli4, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.2330 FJ952374

BJE01315 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952375

BJE01370 KM5--KM10 Buli NR Kabupaten Halmahera Timur 0.8805 128.2830 FJ952376

BJE01371 KM5--KM10 Buli NR Kabupaten Halmahera Timur 0.8805 128.2830 FJ952377

BJE01443 Desa Dodinga Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8514 127.6620 FJ952378

BJE01444 Desa Dodinga Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8514 127.6620 FJ952379

BJE01673 Desa Weda Km14 Kecamatan Weda Kabupaten Halmahera Tengah 0.3235 127.7837 FJ952380

BJE01674 Desa Weda Km14 Kecamatan Weda Kabupaten Halmahera Tengah 0.3235 127.7837 FJ952381

Platymantis sp.

BJE01113 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952338

BJE01605 Desa Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3233 127.7990 FJ952339

BJE01606 Desa Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3233 127.7990 FJ952340

BJE01633 Desa Sofifi5 (SFPU2) Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7009 127.5915 FJ952341

BJE01698 Desa Weda (Km14) Kecamatan Weda Kabupaten Halmahera Tengah 0.3235 127.7837 FJ952342

BJE01699 Desa Weda (Km14) Kecamatan Weda Kabupaten Halmahera Tengah 0.3235 127.7837 FJ952343

BJE01702 Desa Weda (Km14) Kecamatan Weda Kabupaten Halmahera Tengah 0.3235 127.7837 FJ952344

BJE01703 Desa Weda (Km14) Kecamatan Weda Kabupaten Halmahera Tengah 0.3235 127.7837 FJ952345

BJE01733 Subaim-Buli Route (Km10) NR Kabupaten Halmahera Timur 0.9586 128.3020 FJ952346

BJE01773 Subaim-Buli Route (Km12.5) NR Kabupaten Halmahera Timur 0.9754 128.3029 FJ952347

Rana papua

BJE01039 Desa Tafale Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.9333 127.5170 FJ952348

BJE01040 Desa Tafale Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.9333 127.5170 FJ952349

BJE01065 Desa Tosoa Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 1.2889 127.5330 FJ952350

Supplementary Material S1.  Localitiy information for samples in this study.  All samples are from Halmahera island, which is in Maluku Utara province.  

Some subdistricts were not recorded (NR).
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Supplementary Material S1 (continued)
Species and 

field tag Village Subdistrict District Latitude Longitude Accession

BJE01121 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952351

BJE01136 Desa Mamuya Kecamatan Galela Selatan Kabupaten Halmahera Utara 1.7899 127.8910 FJ952352

BJE01137 Desa Mamuya Kecamatan Galela Selatan Kabupaten Halmahera Utara 1.7899 127.8910 FJ952353

BJE01278 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952354

BJE01279 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952355

BJE01385 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952356

BJE01415 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952357

BJE01464 Desa Braha Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8072 127.6820 FJ952358

BJE01467 Desa Braha Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8072 127.6820 FJ952359

BJE01603 Desa Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3233 127.7990 FJ952360

Litoria infrafrenata

BJE01031 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952304

BJE01032 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952305

BJE01035 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952306

BJE01036 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952307

BJE01043 Desa Tafale Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.9333 127.5170 FJ952308

BJE01044 Desa Tafale Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.9333 127.5170 FJ952309

BJE01106 Desa Ruko Kecamatan Tobelo Utara Kabupaten Halmahera Utara 1.7833 127.9330 FJ952310

BJE01107 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952311

BJE01109 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8227 127.8300 FJ952312

BJE01192 Desa Voli, TN Lolobata NR Kabupaten Halmahera Timur 1.3333 128.1670 FJ952313

BJE01290 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952314

BJE01291 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952315

BJE01293 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952316

BJE01294 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952317

BJE01316 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952318

BJE01352 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952319

BJE01353 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952320

BJE01354 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952321

BJE01358 KM5--KM10 Buli NR Kabupaten Halmahera Timur 0.8805 128.2830 FJ952322

BJE01359 KM5--KM10 Buli NR Kabupaten Halmahera Timur 0.8806 128.2830 FJ952323

BJE01379 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952324

BJE01380 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952325

BJE01406 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952326

BJE01407 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952327

BJE01437 Desa Musambo Kecamatan Wasile Selatan Kabupaten Halmahera Timur 0.8644 127.6798 FJ952328

BJE01439 Desa Dodinga Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8514 127.6620 FJ952329

BJE01468 Desa Braha Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8072 127.6820 FJ952330

BJE01601 Desa Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3233 127.7990 FJ952331

BJE01602 Desa Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3233 127.7990 FJ952332

BJE01609 Desa Kluting Jaya SP4 Kecamatan Gane Timur Kabupaten Halmahera Selatan 0.1232 127.8750 FJ952333

BJE01610 Desa Kluting Jaya SP4 Kecamatan Gane Timur Kabupaten Halmahera Selatan 0.1232 127.8750 FJ952334

BJE01611 Desa Kluting Jaya SP3 Kecamatan Gane Timur Kabupaten Halmahera Selatan 0.1486 127.8670 FJ952335

BJE01612 Desa Kluting Jaya SP3 Kecamatan Gane Timur Kabupaten Halmahera Selatan 0.1486 127.8670 FJ952336

BJE01613 Desa Kluting Jaya SP3 Kecamatan Gane Timur Kabupaten Halmahera Selatan 0.1486 127.8670 FJ952337

Bronchocella cristatella

BJE01038 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952190

BJE01094 Desa Tabacampaka Kecamatan Sahu Kabupaten Halmahera Barat 0.9388 127.5170 FJ952191

BJE01097 Desa Galala Kecamatan Jailolo Kabupaten Halmahera Barat 1.1170 127.4670 FJ952192

BJE01098 Desa Galala Kecamatan Jailolo Kabupaten Halmahera Barat 1.1170 127.4670 FJ952193

BJE01124 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952194

BJE01125 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952195

BJE01126 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952196

BJE01127 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952197

BJE01222 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952198

BJE01223 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952199

BJE01224 Desa Voli3, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952200

BJE01469 Braha Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8072 127.6820 FJ952201

BJE01666 Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3233 127.7990 FJ952202

BJE01677 Weda Kecamatan Weda Kabupaten Halmahera Tengah 0.3233 127.7990 FJ952203

BJE01708 Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952204

Eutropis multifasciata

BJE01017 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952228

BJE01025 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952229

BJE01026 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952230

BJE01066 Desa Tosoa Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 1.2889 127.5330 FJ952231

BJE01100 Desa Galala Kecamatan Jailolo Kabupaten Halmahera Barat 1.1170 127.4670 FJ952232

BJE01179 Desa Subaim,SP3 Kecamatan Wasile Kabupaten Halmahera Timur 1.1089 128.1780 FJ952233

BJE01182 Desa Subaim,SP3 Kecamatan Wasile Kabupaten Halmahera Timur 1.1089 128.1780 FJ952234

BJE01237 Desa Voli4, TN Lolobata NR Kabupaten Halmahera Timur 1.3667 128.2330 FJ952235

BJE01328 Desa Tiwil Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6500 128.3000 FJ952236

BJE01343 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952237  
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Supplementary Material S1 (continued)

Species 

and field Village Subdistrict District Latitude Longitude Accession

BJE01449 Desa Sofifi3 Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7319 127.5530 FJ952238

BJE01676 Desa Weda (Km14) Kecamatan Weda Kabupaten Halmahera Tengah 0.3235 127.7837 FJ952239

Gekko vittatus

BJE01027 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952240

BJE01028 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952241

BJE01095 Desa Tabacampaka Kecamatan Sahu Kabupaten Halmahera Barat 0.9388 127.5170 FJ952242

BJE01122 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952243

BJE01275 Desa Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952244

BJE1440 Desa Dodinga Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8514 127.6620 FJ952245

BJE01731 Buli-Subaim KM10 NR Kabupaten Halmahera Timur 0.9586 128.3020 FJ952246

BJE01767 Buli-Subaim KM12 NR Kabupaten Halmahera Timur 0.9754 128.3029 FJ952247

Hydrosaurus weberi

BJE01135 Desa Mamuya Kecamatan Galela Selatan Kabupaten Halmahera Utara 1.7899 127.8910 FJ952248

BJE01198 Desa Voli2, TN Lolobata NR Kabupaten Halmahera Timur 1.2416 128.2830 FJ952249

BJE01318 Desa Tiwil Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6500 128.3000 FJ952250

BJE01331 Desa Tiwil NR Kabupaten Halmahera Timur 0.6500 128.3000 FJ952251

BJE01332 Desa Tiwil NR Kabupaten Halmahera Timur 0.6500 128.3000 FJ952252

BJE01388 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952253

BJE01394 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952254

BJE01441 Desa Dodinga Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8514 127.6620 FJ952255

BJE01447 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952256

BJE01448 Desa Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952257

Lamprolepis smaragdina

BJE01019 Desa Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952258

BJE01118 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952259

BJE01119 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952260

BJE01397 Desa Sofifi2 Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7386 127.5580 FJ952261

BJE01399 Desa Sofifi2 Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7386 127.5580 FJ952262

BJE01450 Desa Sofifi3 Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7319 127.5530 FJ952263

BJE01451 Desa Sofifi3 Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7319 127.5530 FJ952264

BJE01452 Desa Sofifi3 Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7319 127.5530 FJ952265

Boiga irregullaris

BJE01069 Tosoa Kecamatan Jailolo Selatan Kabupaten Halmahera Utara 1.2889 127.5330 FJ952184

BJE01070 Tosoa Kecamatan Jailolo Selatan Kabupaten Halmahera Utara 1.2889 127.5330 FJ952185

BJE01258 Desa Voli5, TN Lolobata (KM24) NR Kabupaten Halmahera Timur 1.3167 128.3356 FJ952186

BJE01638 Sofifi4 (SFPU3) Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.6992 127.5930 FJ952187

BJE01639 Sofifi4 (SFPU3) Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.6992 127.5930 FJ952188

BJE01750 Buli-Subaim Route (km12) NR Kabupaten Halmahera Timur 0.9586 128.3020 FJ952189

Candoia paulsoni

BJE01020 Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952205

BJE01052 Tafale Kecamatan Jailolo Kabupaten Halmahera Barat 0.9333 127.5170 FJ952206

BJE01056 Goal Kecamatan Susupu Kabupaten Halmahera Barat 1.2500 127.5420 FJ952207

BJE01071 Tosoa Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 1.2889 127.5330 FJ952208

BJE01140 Mamuya Kecamatan Galela Selatan Kabupaten Halmahera Utara 1.7900 127.8910 FJ952209

BJE01145 Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952210

BJE01149 SP3 Subaim Kecamatan Wasile Kabupaten Halmahera Timur 1.1089 128.1780 FJ952211

BJE01191 Voli NR Kabupaten Halmahera Timur 1.2571 128.1840 FJ952212

BJE01249 Voli3 NR Kabupaten Halmahera Timur 1.3667 128.3000 FJ952213

BJE01306 Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952214

BJE01307 Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952215

BJE01347 Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952216

BJE01348 Soagimalaha Kecamatan Maba Selatan Kabupaten Halmahera Timur 0.6169 128.3800 FJ952217

BJE01389 Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952218

BJE01390 Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952219

BJE01400 Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952220

BJE01401 Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952221

BJE01403 Sofifi Kecamatan Oba Utara Kabupaten Tidore Kepulauan 0.7198 127.5652 FJ952222

BJE01434 Pintatu Kecamatan Wasile Selatan Kabupaten Halmahera Timur 0.8344 127.7170 FJ952223

BJE01436 Musambo Kecamatan Wasile Selatan Kabupaten Halmahera Timur 0.8644 127.6798 FJ952224

BJE01438 Dodinga Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8514 127.6620 FJ952225

BJE01471 Dodinga Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.8072 127.6820 FJ952226

BJE01619 Foya Kecamatan Toam Timur Kabupaten Halmahera Selatan 0.0654 127.8773 FJ952227

Stegonotus batjanensis

BJE01042 Desa Tafale Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 0.9333 127.5170 FJ952361

BJE01068 Desa Tosoa Kecamatan Jailolo Selatan Kabupaten Halmahera Barat 1.2889 127.5330 FJ952362

BJE01110 Desa Seki Kecamatan Galela Kabupaten Halmahera Utara 1.8228 127.8300 FJ952363

BJE01274 Subaim-Buli Route NR Kabupaten Halmahera Timur 0.9416 128.2670 FJ952364

BJE01404 Desa Sofifi Kecamatan Oba Utara Kabupaten Halmahera Timur 0.7198 127.5652 FJ952365

BJE01475 Desa Sofifi Kecamatan Oba Utara Kabupaten Halmahera Timur 0.7198 127.5652 FJ952366

BJE01623 Desa Nusliko Kecamatan Weda Kabupaten Halmahera Tengah 0.2867 127.8857 FJ952367
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Supplementary Material S2.  Halmahera-wide projections of ecological niche models for 

each species.  Red indicates locations where species are predicted to occur given the 

geographical locations of samples in this study.  Borders of Aketajawe-Lolobata park 

are indicated with black lines. 
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Frogs Comparison Correlation   P value

Limnonectes grunniens Surface:Ecology 0.92204 <0.001*

Surface:Flow 0.71882 0.057

Surface:Paleoisland 0.56957 0.045

Ecology:Flow -0.54376 0.961

Ecology:Paleoisland -0.44553 0.915

Flow:Paleoisland -0.16748 0.938

Litoria infrafrenata Surface:Ecology 0.79193 <0.001*

Surface:Flow -0.34977 0.990

Surface:Paleoisland 0.32867 0.006*

Ecology:Flow 0.61708 0.005*

Ecology:Paleoisland -0.05475 0.573

Flow:Paleoisland -0.14141 0.871

Litoria nigropunctata Surface:Ecology 0.72548 <0.001*

Surface:Flow -0.06277 0.497

Surface:Paleoisland 0.17943 0.196

Ecology:Flow 0.52575 0.162

Ecology:Paleoisland 0.25289 0.196

Flow:Paleoisland -0.13927 0.730

Oreophryne moluccensis Surface:Ecology 0.97418 0.003*

Surface:Flow 0.45525 0.206

Surface:Paleoisland 0.46367 0.172

Ecology:Flow -0.35146 0.776

Ecology:Paleoisland -0.37792 0.758

Flow:Paleoisland -0.14354 0.828

Platymantis sp. Surface:Ecology 0.98811 0.004*

Surface:Flow -0.01446 0.313

Surface:Paleoisland 0.72498 0.231

Ecology:Flow 0.11686 0.344

Ecology:Paleoisland -0.75331 0.792

Flow:Paleoisland 0.49863 0.058

Rana papua Surface:Ecology 0.90751 <0.001*

Surface:Flow -0.28083 0.648

Surface:Paleoisland -0.55611 0.901

Ecology:Flow 0.52437 0.254

Ecology:Paleoisland 0.73529 0.063

Flow:Paleoisland -0.41344 0.866

Snakes

Boiga irregularis
a

Surface:Ecology 0.98914 0.208

Surface:Flow 0.89439 0.449

Surface:Paleoisland 0.58143 0.505

Ecology:Flow -0.82631 0.674

Ecology:Paleoisland -0.46240 0.598

Flow:Paleoisland -0.81267 0.833

Candoia paulsoni Surface:Ecology 0.76186 <0.001*

Surface:Flow -0.09482 0.624

Surface:Paleoisland 0.48431 0.005*

Ecology:Flow 0.29872 0.138

Ecology:Paleoisland -0.15305 0.797

Flow:Paleoisland -0.09319 0.806

Stegonotus batjanensis Surface:Ecology 0.79389 0.017

Surface:Flow 0.27345 0.336

Surface:Paleoisland -0.27929 0.632

Ecology:Flow -0.06096 0.484

Ecology:Paleoisland 0.55750 0.241

Flow:Paleoisland -0.06893 0.592

Lizards

Bronchocella cristatella Surface:Ecology 0.92670 <0.001*

Surface:Flow 0.14531 0.515

Surface:Paleoisland -0.38646 0.844

Ecology:Flow -0.14852 0.582

Ecology:Paleoisland 0.60892 0.087

Flow:Paleoisland 0.11691 0.233

Eutropis multifasciata Surface:Ecology 0.90924 0.004*

Surface:Flow -0.30398 0.728

Surface:Paleoisland 0.12857 0.357

Ecology:Flow 0.44619 0.129

Ecology:Paleoisland 0.20040 0.287

Flow:Paleoisland -0.20169 0.950

Gekko vittatus Surface:Ecology 0.96574 <0.001*

Surface:Flow 0.06960 0.368

Surface:Paleoisland 0.40307 0.380

Ecology:Flow -0.05701 0.353

Ecology:Paleoisland -0.23004 0.656

Flow:Paleoisland -0.01756 0.568

Hydrosaurus weberi Surface:Ecology 0.93465 0.114

Surface:Flow 0.53273 0.318

Surface:Paleoisland 0.80217 0.273

Ecology:Flow -0.21085 0.585

Ecology:Paleoisland -0.89465 0.845

Flow:Paleoisland -0.03340 0.538

Lamprolepis smaragdina Surface:Ecology 0.92719 0.009*

Surface:Flow 0.26055 0.293

Surface:Paleoisland NP NP

Ecology:Flow -0.21023 0.438

Ecology:Paleoisland NP NP

Flow:Paleoisland NP NP

Supplementary Material S3.  Partial correlation and probability of type I error of partial Mantel test 

between four environmental distances for each species.  Labels follow Table 1 and for each species.  

Significance after Bonferonni correction for six tests is indicated (*), except  Lamprolepis where correction 

is for three tests.

a
 Small sample size; see note in Table 1.  
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