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Abstract The saltwater crocodile (Crocodylus porosus)

is the largest and most broadly distributed crocodilian

species, and thus is of special conservation and eco-

nomic interest. Similar to other parts of its range

throughout the Indo-Pacific, C. porosus distributed in

the Republic of Palau have experienced a severe pop-

ulation decline over the past century primarily due to

commercial hunting and eradication campaigns. In

addition, several thousand crocodiles of undocumented

species and origin were imported into Palau during the

1930’s for commercial farming purposes, potentially

polluting the gene pool of the endemic saltwater

crocodiles. Analysis of 39 individuals collected

throughout the Republic of Palau revealed a single

mitochondrial DNA control region haplotype shared

by populations sampled in Sulawesi, Borneo and Aus-

tralia. The mtDNA results, in combination with mi-

crosatellite genotypic data at six loci, detected no

evidence for inter-specific hybridization between en-

demic Palauan C. porosus and potentially introduced

Crocodylus species. There was no evidence for a ge-

netic bottleneck in the Palauan population, however an

excess of rare alleles was identified, indirectly suggest-

ing a recent history of admixture potentially linked to

introductions of non-native C. porosus. Following from

these findings, Palauan C. porosus should be included

in the single ESU previously established for all salt-

water crocodiles given the recovery of a fixed,

but geographically widespread haplotype. Although

Palauan C. porosus exhibited significant genetic dif-

ferentiation relative to all other sampled populations,

it’s delineation as a distinct management unit is pre-

cluded at the present time by evidence that the genetic

integrity of the population may have been compro-

mised by the introduction of non-native saltwater

crocodiles.
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Introduction

The saltwater crocodile, Crocodylus porosus, is

considered an endangered or threatened species

throughout the majority of its range, and is of special

conservation and economic interest (Ross 1998). It is

the largest and broadest ranging of crocodilian species,

occurring in coastal and estuarine habitats across

the Indo-Pacific region, from Northern Australia,
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throughout Southeast Asia, to India and Sri Lanka.

The distribution of C. porosus in the western Pacific

Ocean ranges from the Solomon Islands to Vanuatu,

and in the Republic of Palau, a 160 km long archipel-

ago centered at approximately 7�30¢ N latitude,

134�30¢ E longitude, in the Caroline Islands group in

Micronesia.

Palau is composed of approximately 350 coralline

and volcanic islands, largely surrounded by a barrier

reef (Fig. 1). Babeldaob is the largest island of about

333 km2, and comprises roughly 80% of Palau’s total

landmass. Approximately 80% of Babeldaob’s 157 km

of coastline are covered by mangrove forest, prime

habitat for C. porosus. Ngeruktabel (20.2 km2) and

Beleliu Island (12.4 km2) follow in size and include

extensive mangrove swamps. A comprehensive review

of Palauan herpetofauna and zoogeographic history is

presented in Crombie and Pregill (1999).

The crocodiles of the Palauan islands are rela-

tively isolated, separated from other populations of

C. porosus, and additional crocodilian species by

considerable expanses of open ocean (Fig. 1). The

Philippine islands, located approximately 800 km to

the west, are home to severely reduced populations of

C. porosus and the endangered Philippine freshwater

crocodile, C. mindorensis. Equally distant from Palau,

the island of New Guinea continues to harbor signifi-

cant populations of both C. porosus and the freshwater

New Guinea crocodile, C. novaeguineae. Populations

of C. porosus also persist on Sulawesi and Borneo. The

only other Crocodylus species occurring in Southeast

Asia is the endangered Siamese crocodile, C. siamensis.

This species has been farmed extensively for many

decades in Cambodia, Indonesia and Thailand, but

remnant populations are thought to exist in eastern

Borneo and Cambodia (Ross 1998).

The wild populations of C. porosus on Palau, his-

torically estimated at approximately 1500 individuals

(Messel and King 1991), were decimated in the dec-

ades following World War II, and large individuals

were preferentially eradicated during a series of com-

mercial hunting initiatives after two crocodile/human-

related conflicts that occurred in 1964 and 1965. In the

proceeding years, crocodile populations were notice-

ably depleted, both in number and adult size. Unoffi-

cial surveys subsequently reported the sightings of only

23 animals of unreported size at the close of 1967, and

1 year later, 85 animals were observed, six of which

Fig. 1 Distribution map
indicating sampling localities
of C. porosus for the
population sampling on Palau
(prepared by Sarah Klain,
Bureau of Marine Resources,
Loror, Palau, 2005)
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were considered large enough to be a danger to people

(2–3 m long) (Brazaitis et al. 2003). Although Messel

and King (1991) estimated that several hundred croc-

odiles of ‘‘commercial size’’ (1.4–3 m) may have

existed in Palau in the early 1990’s, an official United

States Fish and Wildlife Service survey conducted in

1993 reported sighting 45 crocodiles between 1.5 and

3.5 m in length (Brazaitis et al. 2003).

In addition to the severe population contraction fol-

lowing the hunting and eradication campaigns, several

thousand crocodiles of undocumented species and origin

were imported into Palau during the 1930’s for com-

mercial farming purposes. Farming initiatives ceased,

however, following the major naval and land battles

occurring on or around Palau during World War II,

leaving behind no records of the fate of the farmed

crocodiles or their disposition. The historical legacy of

these programs persist, however, as the original pres-

ence of imported, non-native crocodilians gave rise to

the belief, still held by local inhabitants, that more than

one dissimilar crocodilian species reside on Palau.

The potential hybridization between Palauan

C. porosus and introduced Crocodylus species combined

with the reported severity of the population contraction

during the mid-20th century have significant implica-

tions for crocodilian conservation and management on

Palau. The present study utilizes Crocodylus-specific

mitochondrial and nuclear microsatellite genetic mark-

ers to assess the distinctiveness of the Palauan C. porosus

relative to conspecific populations distributed through-

out the Indo-Pacific, and to test for the genetic signatures

of population contraction and/or recent hybridization

and introgression with non-native crocodilians

introduced over the course of the past century.

Materials and methods

Sampling and data collection

Blood samples from 39 C. porosus individuals were

collected in the Republic of Palau between June 2003

and June 2005. Five C. porosus individuals were also

sampled from Queensland, Australia in October 2005.

All collection sites were geo-referenced with latitude

and longitude coordinates via GPS (Table 1). Addi-

tionally, museum specimens (e.g. teeth) of exemplar

individuals from throughout the range of C. porosus in

the Indo-Pacific region were sampled as listed in

Table 1. Sequences previously deposited in GenBank

were also utilized (Table 1). Moreover, microsatellite

genotypic datasets of population samplings on Papua

New Guinea and Indonesia (Gratten 2003) were used as

reference populations by which to compare the relative

genetic composition, population structuring and evolu-

tionary novelty of the Palauan population. Specifically,

calibrated microsatellite genotypes (see below for cali-

bration details) were utilized from the following distinct

populations pursuant to the findings of Gratten (2003):

northwestern Papua New Guinea (nwPNG; n = 27),

northeastern Papua New Guinea (nePNG; n = 32), New

Britain, Papua New Guinea (NB; n = 21), North Solo-

mons Province, Solomon Islands (NSP; n = 12), south-

ern Papua New Guinea (sPNG; n = 31), Sunda Shelf

sampled in Borneo (SUN; n = 19), and Sulawesi (SUL;

n = 11). Lastly, exemplar individuals of C. mindorensis

(n = 1), C. novaeguineae (n = 3), and C. siamensis

(n = 11) were sampled from the St. Augustine Alligator

Farm for the purpose of conducting comparative anal-

yses of inter-specific haplotypic and genotypic diver-

gences relative to C. porosus.

Palauan crocodiles were captured at night, sampled

by veni-puncture, and released unharmed at the cap-

ture site. Blood samples from zoological collection

animals were taken during the course of routine

medical treatments.

DNA was extracted from all blood samples using

the DNeasy Tissue kit and manufacturer protocols

(Qiagen, Inc.). Roots of teeth from museum specimens

were powderized using mortar and pestle, and DNA

was extracted in a dedicated facility for ancient DNA

work according to a modified protocol (available from

corresponding author) following all necessary precau-

tions to prevent contamination by extant specimens.

A ~620 basepair fragment of the mitochondrial

control region encompassing Domains I and II was

amplified in whole using external primers tPhe-L and

CR2H (Ray and Densmore 2002) for the DNA

extractions from blood samples or, in the case of the

DNA extractions from museum specimens, as a set of

four overlapping fragments not exceeding 180 base-

pairs in length each (tPhe-L/CporCR1B: AAC-

TAATGGATGGGTGTTRGGG; CporCR2A: CAG

CTATGTATTATAAGGCATTCATTT/ CporCR2B:

CAGGCAATAGCAAGATGRGTA; CporCR3A:

ACCTCTGGTTATCACTCTC/CporCR3B: AGA-

TATAAGCCCCCGGGTAG; CporCR4A: TGGGG

AG- ATCTCATCCMCTAC/CR2H). All PCR reac-

tions were carried out on an MJ Research DNA engine

thermal cycler in 25 ll reactions containing: ~20–50 ng

of DNA, 10 mM Tris–HCl (pH 8.3), 50 mM KCl,

1.5 mM MgCl2, 200 lM dNTPs, 0.5 lM of each primer

and 0.5 U of AmpliTaq DNA polymerase (PE

Biosystems). Cycling conditions for all primer pairs

consisted of 95�C for 2 min, 35 cycles of 95�C for 30 s,

50�C for 30 s, 72�C for 30 s, and a final extension of

123

Conserv Genet (2007) 8:777–787 779



Table 1 Locality data for Crocodylus samples used in the current study

Species Catalog/Accesion
No.

Country Locality detail Location
No.

Latitude Longitude

C. porosus QMJ 82910–82912 Australia Queensland: Cape York Peninsula n/a –14.53 144.05
QMJ 82913–82914 Australia Queensland: Cape York Peninsula n/a –15.11 144.2
AF542534 Australia Queensland: Rockhampton n/a n/a n/a
AF542533 Australia Queensland: Wenlock River n/a n/a n/a
USNM 122063 Bismarck

Archipelago
Manus Island n/a n/a n/a

AF542536 Bismarck
Archipelago

Manus Island n/a n/a n/a

AF542538 Cambodia Koh Kong Island n/a n/a n/a
YPM 14719 Republic of Palau Youngel - Ngril: Ngersun 1 7.35 134.53
YPM 14720 Republic of Palau Youngel - Ngril: Ngersun 2 7.35 134.53
YPM 14721 Republic of Palau Ngerikiil: Ngerikiil 3 7.35 134.50
YPM 14722 Republic of Palau Ngerikiil: Ngerikiil 4 7.33 134.50
YPM 14723 Republic of Palau Ngerdorch River: Ngerdorch River 5 7.43 134.59
YPM 14724 Republic of Palau Ibobang: Ibobang coast 6 7.50 134.52
YPM 14725 Republic of Palau Ibobang: Ibobang coast 7 7.51 134.53
YPM 14726 Republic of Palau Ibukel - Uluchel: Skesaur Coast 8 7.41 134.59
YPM 14727 Republic of Palau Youngel - Ngril: Ngersung 9 7.35 134.53
YPM 14728 Republic of Palau Oikull creek: Oikull creek 10 7.37 134.59
YPM 14729 Republic of Palau Ngiwal: Ngiwal 11 7.54 134.62
YPM 14730 Republic of Palau Ibobang: Ibobang coast 12 7.50 134.52
YPM 14731 Republic of Palau Ngatpang river: Ngatpang river 13 7.49 134.52
YPM 14732 Republic of Palau Ngatpang river: Ngatpang river 14 7.49 134.51
YPM 14733 Republic of Palau Ngiwal: Ngiwal 15 7.54 134.62
YPM 14734 Republic of Palau Ngiwal: Ngiwal 16 7.54 134.62
YPM 14735 Republic of Palau Melekeok: Melekeok 17 7.51 134.62
YPM 14736 Republic of Palau Aimeliik: Aimeliik 18 7.45 134.46
YPM 14737 Republic of Palau Ngatpang: Ngatpang 19 7.48 134.51
YPM 14738 Republic of Palau Ngatpang: Ngatpang Coast 20 7.48 134.51
YPM 14739 Republic of Palau Mizuho-Aira: Airai West Coast 21 7.37 134.50
YPM 14740 Republic of Palau Ngarchelong: Pkularikd Coast 22 7.71 134.61
YPM 14741 Republic of Palau Ngarchelong: Oketol West Coast 23 7.71 134.61
YPM 14742 Republic of Palau Ngarchelong: Oketol West Coast 24 7.70 134.62
YPM 14743 Republic of Palau Aimeliik: Ngerdebotar Coast 25 7.43 134.45
YPM 14744 Republic of Palau Peleliu: Techakl Bay 26 7.02 134.26
YPM 14745 Republic of Palau Peleliu: Ngesias Channel 27 7.02 134.24
YPM 14746 Republic of Palau Ongiil-Dormchof: Ngkeklau coast 28 7.57 134.63
YPM 14747 Republic of Palau Ngaraard: Bormchol Creek 29 7.60 134.64
YPM 14748 Republic of Palau Ngaraard: Bormchol Coast 30 7.60 134.64
YPM 14749 Republic of Palau Ngaraard: Bormchol Coast 31 7.60 134.64
YPM 14750 Republic of Palau Ngaraard: Bormchol Coast 32 7.60 134.64
YPM 14751 Republic of Palau Ngaraard: Bormchol Coast 33 7.60 134.64
YPM 14752 Republic of Palau Ngatpang: Nekkeng Coast 34 7.48 134.51
YPM 14753 Republic of Palau Ngelungel -Ngirikuol: Ngermid coast 35 7.34 134.49
YPM 14754 Republic of Palau Oketol: Oketol 36 7.71 134.64
YPM 14755 Republic of Palau Ngiit creek: Ngiit creek 37 7.71 134.61
YPM 14756 Republic of Palau Ngchesar: Ngerdorch River 38 7.43 134.59
YPM 14757 Republic of Palau Iwang - Ngersung: Airai coast 39 7.37 134.37
AF542537 Indonesia Borneo: W. Kalimantan n/a n/a n/a
USNM 61206 Indonesia Celebes n/a n/a n/a
USNM 211309 Papua New Guinea Central Province n/a n/a n/a
USNM 509454 Papua New Guinea East Sepik Province n/a n/a n/a
AF542535 Papua New Guinea Kikori River n/a n/a n/a
USNM 228413 Philippines Mindanao: Surigao del Sur: Hinatuan n/a n/a n/a
USNM 228412 Philippines Mindanao: Zamboanga del Sur: Sibuguey

River
n/a n/a n/a

USNM 228411 Philippines Mindanao: Zamboanga del Sur: Sumalig
Island

n/a n/a n/a

FMNH 13827 Solomon Islands Ysabel: Tunnibuli n/a n/a n/a
USNM 67735 Thailand Surat Thani: Bandon (Tapi) River n/a n/a n/a
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72�C for 7 min. Double-stranded PCR products were

sequenced using Big Dye 3.1 terminators on an ABI

3730 DNA sequencer (Applied Biosystems).

Genotypic data were obtained for the field-collected

samples from Palau and Australia at six microsatellite

loci (Cj16, Cj18, Cj104, Cj107, Cj127, Cj131; FitzSim-

mons et al. 2000). In addition, a representative sample

of 30 individuals from the Gratten (2003) study was

genotyped at the same six loci to calibrate allele calls

collected in different laboratories. Allele calls at all but

one locus were of different absolute sizes than in

Gratten (2003), however, the discrepancies were con-

sistent in all cases allowing for calibration to accurately

combine the two datasets. All PCR reactions were

carried out on an MJ Research DNA engine thermal

cycler in 12.5 ll reactions containing: ~20–50 ng of

DNA, 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM

MgCl2, 200 lM dNTPs, 7.5 lg bovine serum albumin

(BSA), 0.5 lM of each primer and 0.5 U of AmpliTaq

DNA polymerase (PE Biosystems). Reaction condi-

tions for all primers were optimized using a ‘touch-

down’ cycling program which consisted of: 95�C for

10 min; 35 cycles of 95�C for 30 s, annealing for 30 s,

and 72�C for 45 s; and a final step of 72�C for 7 min

(Russello et al. 2001). The annealing step in the

‘touchdown’ program decreased 2�C every other cycle

from 59�C until it reached 51�C (the 9th cycle) at which

point the remaining cycles continued with a 51�C

annealing temperature.

Haplotypic variation and genealogical relationships

Haplotypic (h; Nei 1987) and nucleotide (p; Nei 1987)

diversity estimates for the Palau population were

calculated based on mitochondrial DNA (mtDNA)

control region (CR) sequences as executed in ARLE-

QUIN (Schneider et al. 2000). Pairwise genetic dis-

tances were calculated in PAUP*4.0b10 (Swofford

2002) assuming the HKY + G model of nucleotide

substitution as selected following a series of hierar-

chical likelihood ratio tests as implemented in Model-

test (Posada and Crandall 1998).

Genealogical relationships among all sampled

haplotypes throughout the Indo-Pacific were recon-

structed as a haplotype network using the statistical

parsimony method of Templeton et al. (1992) as

implemented in TCS, version 1.06 (Clement et al.

2000). This method estimates the maximum number of

substitutions to connect parsimoniously two haplotypes

with 95% confidence and is useful for inferring rela-

tionships among genes with low levels of divergence.

Genotypic variation and population differentiation

Allelic diversity, observed (HO) and expected hetero-

zygosity (HE) were calculated at each of six loci for the

population samplings on Palau, Australia, Papua New

Guinea, and Indonesia. HE was computed using the

estimate of Nei and Roychoudhury (1974) as imple-

Table 1 continued

Species Catalog/Accesion
No.

Country Locality detail Location
No.

Latitude Longitude

C. mindor-
ensis

YPM 14774 USA Captive-St. Augustine Alligator Farm n/a n/a n/a

C. nova-
guineae

YPM 14775 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14778 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14779 USA Captive-St. Augustine Alligator Farm n/a n/a n/a

C. siam-
ensis

YPM 14760 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14761 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14762 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14763 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14764 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14765 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14766 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14767 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14768 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14769 USA Captive-St. Augustine Alligator Farm n/a n/a n/a
YPM 14773 USA Captive-St. Augustine Alligator Farm n/a n/a n/a

Location number references the Palau map in Fig. 1. All field-collected samples from Palau were subsequently accessioned into the
Yale Peabody Museum of Natural History (YPM) collection. All YPM captive samples are from the St. Augustine Alligator Farm.
Museum specimens utilized to increase the geographic sampling of C. porosus were courtesy of the United States National Museum of
Natural History (USNM), Queensland Museum Tissue Collection (QMJ), and the Field Museum of Natural History (FMNH)
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mented in Microsatellite Analyzer (Dieringer and

Schlotterer 2002). Deviation from Hardy–Weinberg

(H-W) equilibrium was assessed using exact tests based

on the Markov chain method of Guo and Thompson

(1992) as implemented in GENEPOP 3.3 (1000

dememorization, 1000 batches and 10,000 iterations;

Raymond and Rousset 1995). The alternative null

hypothesis of heterozygote deficiency was also tested

using the same methodology. Linkage disequilibrium

was investigated for all pairs of loci using GENEPOP

3.3 (Raymond and Rousset 1995). Type I error rates for

tests of linkage disequilibrium and departure from H-W

expectations were corrected for multiple comparisons

using the sequential Bonferroni procedure (Rice 1989).

Levels of nuclear DNA differentiation among pop-

ulations were estimated by pairwise population com-

parisons of h, an analogue of Fst (Weir and Cockerham

1984) calculated in GENETIX (Belkhir et al. 2001) and

Rho, an unbiased Rst estimator implemented in RST-

CALC (Goodman 1997). Correspondence of geo-

graphically separated populations as discrete genetic

units was further tested using the Bayesian method of

Pritchard et al. (2000) as implemented in Structure.

Specifically, the number of populations (K) recon-

structed from the total sample was estimated using the

average of three iterations of a Markov chain Monte

Carlo simulation (MCMC) including 1.0 · 106 repeti-

tions following an initial burning of 5.0 · 104 repeti-

tions. The Structure analysis assumes that all

potentially contributing populations have been repre-

sentatively sampled. As this is clearly not the case in the

current study, the purpose of the analysis was not to

infer the number of sub-populations within the dataset

but rather to use this method as a qualitative estimate of

the genetic distinctiveness of the sampled populations.

The genetic distinctiveness of the sampled popula-

tions was further assessed as the proportion of indi-

viduals correctly assigned to the population from which

they were originally sampled using the exclusion-sim-

ulation test of the partial Bayesian assignment method

of Rannala and Mountain (1997) as implemented in

GENECLASS (Cornuet et al. 1999). The self-assign-

ment tests were conducted following simulation of

10,000 randomly generated genotypes. Individuals with

a likelihood <5% of belonging to their sampled pop-

ulation were not assigned to that locality.

Demographic history

Evidence for a population bottleneck in the Palauan

population was assessed using the microsatellite data-

set and the Cornuet and Luikart (1996) test for excess

heterozygosity as enacted in Bottleneck (Piry et al.

1999). As rare alleles, which contribute minimally to

heterozygosity, are the first to be lost during a popu-

lation contraction, this approach relies on the suppo-

sition that a recently reduced population will exhibit an

HE excess relative to an equilibrium population with

an equivalent number of alleles (Piry et al. 1999).

Analyses were run assuming loci conformed to the

two-phase mutation model (TPM) with 95% single-

step mutations and a variance of 12 for multi-step

mutations, consistent with recommendations by Piry

et al. (1999). The Wilcoxon sign test was used to

determine if the number of loci exhibiting heterozy-

gosity excess was significant. Despite the low power

afforded by the sampling of six loci, the test of Cornuet

and Luikart (1996) was performed in order to detect

general patterns associated with the genotypic varia-

tion recovered in this population.

Results

Haplotypic variation

A single mtDNA control region (CR) haplotype was

recovered among the 39 C. porosus individuals sampled

from Palau. Nine additional mtDNA CR haplotypes

were identified from exemplar individuals from Papua

New Guinea (PNG), Borneo, Sulawesi, Philippines,

Cambodia, Thailand, Australia, and the Bismarck and

Solomon Islands, respectively. Sequence divergence

among C. porosus haplotypes from different sampling

sites ranged from 0.00% to 1.28% based on HKY + G

distances. The Palau haplotype exhibited intra-specific

sequence divergences ranging from 0.17% (Borneo) to

0.90% (Cambodia, Thailand). This relatively low level

of intra-specific sequence divergences across a wide

geographical area is in stark contrast to those exhibited

between the Palau haplotype and haplotypes recovered

from exemplar individuals from C. siamensis (8.31%),

C. novaeguineae (8.85%), and C. mindorensis (11.1%).

Genealogical relationships

A single haplotype network was reconstructed within

which all haplotypes had a 95% probability of being

parsimoniously connected (Fig. 2). Overall, there was

little geographic structure to the recovered relation-

ships, punctuated by the lack of clustering of haplo-

types sampled from multiple localities on Australia

(E, J), PNG (H, I) and the Philippines (A, C) (Fig. 2).

Haplotype A, sampled from two localities on Minda-

nao Island in the Philippines, was central to the

network, connected by a single step to haplotypes

123

782 Conserv Genet (2007) 8:777–787



recovered from such diverse areas as Borneo (B),

Sulawesi (D), and the Bismarck (C) and Solomon Is-

lands (D). The Palau haplotype (G) was most closely

related to haplotype B sampled on Borneo, differing by

a single nucleotide substitution (Fig. 2). This limited

sampling provides only an initial reconstruction of the

phylogeographic context of Palauan C. porosus. In fact,

a forthcoming study of the phylogeographic structure

of C. porosus throughout the Indo-Malay archipelago

and western Pacific found the Palau haplotype (G) to

be identical to a widespread haplotype recovered from

distinct localities in Australasia. Specifically, of 170

samples sequenced from throughout the region, the

Palauan haplotype was present in Sulawesi (4/12), east

Kalimantan in Borneo (1/20) and the Northern Terri-

tory of Australia (5/26) (data not shown; Gratten, in

preparation).

Genotypic variation

Genotypes were generated at six loci for all individuals

sampled on Palau (n = 39) and in Queensland, Aus-

tralia (n = 5). These data were augmented by geno-

types for the same loci from 153 individuals across

seven populations distributed throughout PNG and

across Sulawesi and the Sunda Shelf regions of Indo-

nesia (Gratten 2003). No significant deviation from

H-W equilibrium was detected for any locus in any

sampled population following sequential Bonferroni

correction. Furthermore, there was no evidence of non-

random association of genotypes (P > 0.05) in any of

the pairwise tests for linkage disequilibrium performed

for all possible pairwise comparisons of the sampled

loci.

Allelic diversity and expected hetorozygosities did

not deviate significantly across populations, ranging

from 3.17 (NSP) to 5.17 (sPNG) alleles per locus and

from 0.456 (nwPNG) to 0.622 (AUS), respectively

(Table 2). The percentage of private alleles per popu-

lation, used as a measure of relative uniqueness,

averaged 6.79% and ranged from 0.00% (nePNG, NB,

SUL), to comparatively high proportions for the SUN

(19.23%) and AUS (21.74%) populations (Table 2).

Consequently, levels of allelic diversity (4.33), hetero-

zygosity (0.575), and uniqueness (3.85% private al-

leles) in the Palauan C. porosus were not markedly

different from any other sampled population (Table 2).

There was no evidence for a genetic bottleneck in

the Palauan C. porosus population according to the test

of Cornuet and Luikart (1996) for heterozygosity ex-

cess. This test assumes that in a stable population at

mutation-drift equilibrium, an equal number of loci are

expected to show heterozygosity excess and deficit,

whereas in a recently bottlenecked population this

ratio should be skewed significantly towards hetero-

zygosity excess. Regarding the Palau population, none

of the sampled loci exhibited heterozygosity excess and

in fact, all were found to exhibit a deficit of heterozy-

gosity ranging from slight (Cj18; –0.004) to highly sig-

nificant (Cj104; –5.108). The probability of observing a

heterozygosity deficit at all six loci by chance alone is

very small (P < 0.015). This is the opposite of what is

expected after a genetic bottleneck, but is consistent

with either recent population expansion or admixture.
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H
PNG (n=1)

F
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THA (n=1)

C
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 PHI (n=1)

E
AUS (n=1)

A
PHI (n=2)

I
PNG (n=2)

B
BOR (n=1)

J
AUS (n=6)

G
PAL (n=39)

D
SOL (n=1)
SUL (n=1)

Fig. 2 Haplotype network constructed under statistical
parsimony for all C. porosus haplotypes recovered across the
Indo-Malay Archipelago and western Pacific Ocean. Geographic
origin of each haplotype is indicated on the map to the left,
overlaying the C. porosus distribution in the Indo-Pacific (shaded
in dark gray). The above reconstruction is based on the maximum
number of substitutions to connect parsimoniously two haplo-

types with 95% confidence, with open circles representing
hypothesized intermediate haplotypes not sampled. Sampling
areas include: Australia (AUS), Bismarck Islands (BIS), Borneo
(BOR), Cambodia (CAM), Palau (PAL), Papua New Guinea
(PNG), Philippines (PHI), Solomon Islands (SOL), Sulawesi
(SUL), and Thailand (THA). Number of individuals exhibiting
sampled haplotype included in parentheses
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Population differentiation

The Palauan population of C. porosus was significantly

genetically differentiated from all other sampled pop-

ulations, on the basis of both h and Rho (Table 3).

Levels of differentiation for the Palauan population

were comparable to those observed among other

pairwise population comparisons, all of which were

significant (Table 3).

Population self-assignment

Overall, 82.2% of individuals were correctly assigned

to the population from which they were sampled

according to the exclusion-simulation test (Cornuet

et al. 1999) of the partial Bayesian assignment method

of Rannala and Mountain (1997). Under this test, all

but eight individuals sampled on Palau were correctly

assigned to their population of origin (79.5%). Of

particular note, two of eight individuals collected on

but not assigned to Palau were assigned to the popu-

lation on Sulawesi while the other six were not

assigned to any sampled population. This level of self-

assignment on Palau is consistent with values found in

populations sampled on Papua New Guinea and

Indonesia, which ranged from 63.2% (SUN) to 84.4%

(nwPNG).

Six partitions (K = 6) were reconstructed from the

total sample by the Bayesian method of Pritchard et al.

(2000). The purpose of this analysis, however, was not

to delineate the absolute number of groupings within

the data insomuch as to assess the genetic distinctive-

ness of the sampled populations. In that regard, the

Palauan C. porosus population constituted one of the

distinct partitions revealed in this analysis, qualita-

tively exhibiting levels of heterogeneity and genetic

admixture similar to that shown by the other recovered

groupings (Fig. 3).

Discussion

In the absence of direct knowledge of the species

identity and source population(s) of Crocodylus

introduced to Palau in the 1930’s, population genetic

approaches enable the indirect assessment of potential

hybridization and introgression between Palauan

C. porosus and non-native crocodilians. Several results

from the current study argue against the historical

introduction of non-native Crocodylus species to

Palau. First, all 39 C. porosus individuals sampled on

Palau shared a single mtDNA control region haplotype

that was identical to previously sampled haplotypes

observed in other saltwater crocodiles (Gratten,

Table 2 Genotypic variation of C. porosus populations in the
Indo-Pacific

Population n Mean No.
Alleles/Locus

% Private
Alleles

Ho HE

PAL 39 4.33 3.85 0.570 0.575
AUS 5 3.83 21.74 0.633 0.622
nwPNG 7 3.67 4.55 0.371 0.456
nePNG 32 4.33 0.00 0.551 0.569
NB 21 4.33 0.00 0.444 0.536
NSP 12 3.17 5.26 0.458 0.530
sPNG 31 5.17 6.45 0.483 0.529
SUN 19 4.33 19.23 0.490 0.600
SUL 11 3.17 0.00 0.561 0.561

Microsatellite diversity estimated as mean number of alleles per
locus, percentage of private alleles, observed heterozygosity
(HO) and expected heterozygosity (HE). Sample sizes (n) and
diversity estimates indicated for the following populations: PAL
(Palau), AUS (Australia), nwPNG (northwest Papua New
Guinea), nePNG (northeast Papua New Guinea), NB (New
Britain, Papua New Guinea), NSP (North Solomons Province,
Solomon Islands), sPNG (southern Papua New Guinea), SUN
(Sunda Shelf), and SUL (Sulawesi)

Table 3 Pairwise genetic differentiation among sampled C. porosus populations in the Indo-Malay Archipelago and western Pacific
Ocean based on h (above diagonal) and Rho (below diagonal) estimates

Population PAL AUS nwPNG nePNG NB NSP sPNG SUN SUL

PAL – 0.2054** 0.2630** 0.2352** 0.2250** 0.2458** 0.2396** 0.2075** 0.2081**
AUS 0.0502* – 0.1849** 0.1417** 0.0850* 0.1727** 0.0907* 0.1733** 0.2612**
nwPNG 0.1950** 0.1664** – 0.2195** 0.1698** 0.2700** 0.1928** 0.2815** 0.3962**
nePNG 0.2271** 0.1884** 0.1470** – 0.0616** 0.0658** 0.1800** 0.1800** 0.2348**
NB 0.1813** 0.1731** 0.1519** 0.0335* – 0.0854** 0.1011** 0.1654** 0.2802**
NSP 0.2283** 0.2588** 0.2656** 0.1544** 0.1136** – 0.1800** 0.1835** 0.2700**
sPNG 0.1077** 0.0837* 0.2208** 0.1571** 0.1086** 0.1698** – 0.1881** 0.2757**
SUN 0.0935** 0.0738* 0.3248** 0.2420** 0.1948** 0.2529** 0.0423* – 0.1566**
SUL 0.2511** 0.2108** 0.4110** 0.1822** 0.2773** 0.2289** 0.1740** 0.1435** –

Significant differences between populations denoted by *P < 0.05 and **P < 0.01. Population acronyms are as in Table 2
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unpublished), and distantly related to those identified

in several other Indo-Pacific species of Crocodylus

(C. mindorensis, C. novaeguineae, C. siamensis). This

represents good evidence that no maternal introgres-

sion has occurred between native and non-native spe-

cies. Due to its maternal inheritance, however,

mitochondrial DNA does not provide any information

regarding potential one-way hybridization events be-

tween introduced male Crocodylus sp. and female

C. porosus. The nuclear microsatellite markers utilized

in the current study revealed a very low percentage of

alleles shared between Palauan C. porosus and ex-

emplars of potentially introduced C. mindorensis

(4.6%), C. novaeguineae (0.0%), and C. siamensis

(3.4%). This low frequency of allelic overlap between

non-native species and Palauan C. porosus is consistent

with no history of introgression. That said, the limited

sampling of non-native species in the current study

confers little power to detect male-mediated intro-

gression if it had occurred. Future efforts should be

made to generate larger comparative microsatellite

data sets for non-native Crocodylus species that were

potentially introduced to Palau to more definitely

address this question.

Palauan C. porosus were fixed for a single mtDNA

haplotype that was shared with other localities in

Australasia. Despite this low level of mtDNA diversity,

the Palauan C. porosus population was significantly

genetically differentiated from other populations sam-

pled across the Indo-Malay Archipelago and western

Pacific Ocean on the basis of nuclear DNA markers.

There was no evidence for a genetic bottleneck in

the Palauan C. porosus population, despite reports of a

significant population contraction over the course of

the past century (Ross 1998). Although the power of

Cornuet and Luikart’s (1996) test to detect heterozy-

gosity excess in the Palauan population is quite limited

due to the small number of loci sampled, the results are

consistent with those of Gratten (2003), who found no

evidence for genetic bottlenecks in other Indo-Pacific

populations of C. porosus that are also known to have

experienced marked declines in recent times (Ross

1998). Interestingly, even though only six loci were

sampled, all exhibited a deficit of heterozygosity,

indicating an excess of rare alleles. This pattern is

actually the opposite of what is expected following a

bottleneck, and is indicative of either recent population

expansion, or the recent influx of genetically distinct

alleles due to immigration or admixture (Luikart and

Cornuet 1998). Historical expansions dating to the

Pleistocene have been detected for C. porosus mater-

nal lineages in the majority of sampled populations

throughout the Indo-Pacific (nwPNG, nePNG, NB,

NSP, SUN), in spite of their shared history of recent

decline (Gratten 2003). It is presently unknown whe-

ther a similar historical expansion occurred in the

Palauan population, but it is unlikely that a similar

event could explain the observed heterozygosity deficit

because this effect is transient, lasting only 0.2–4 Ne

generations (Cornuet and Luikart 1996; Luikart and

Cornuet 1998).

Given that the Palauan population is understood to

have experienced a strong demographic decline in the

past century, and that rare alleles are likely to have

been lost during this period, an excess of rare alleles

may be a legacy of introductions of non-native

C. porosus in the recent past, perhaps during the

commercial farming initiatives in the 1930s. For

the heterozygosity deficit to be a consequence of the

introduced non-native C. porosus and subsequent

admixture with the endemic population, the patterns

observed from the mitochondrial and nuclear DNA

data would require one or more of the following: (1)

deliberate or natural introduction of C. porosus from

localities that share the single haplotype recovered on

Palau; (2) exclusive importation of males from non-

Palauan populations; and/or (3) selective breeding of

introduced males with native females. Although no

Fig. 3 STRUCTURE plot indicating the genetic composition of
sampled C. porosus populations according to the Bayesian
method of Pritchard et al. (2000). Colors represent the relative

contribution of each of six genetic partitions recovered from the
data for each individual (column) in each sampled population.
Population acronyms are as in Table 2
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direct evidence exists to support any of these scenarios,

the revealed pattern of rare allele excess as well as the

genotypic assignment of two Palauan individuals to the

Sulawesi population indirectly suggest a recent history

of admixture, likely linked to the introduction of non-

native C. porosus to Palau.

Gratten (2003) recognized all populations through-

out the sampled range of C. porosus in the Indo-Malay

Archipelago and western Pacific Ocean as a single

evolutionarily significant unit (ESU; Moritz 1994)

based on the lack of deep phylogeographic structure

across the region. At a finer level, Gratten (2003)

proposed that the nwPNG, nePNG, nPNG islands,

sPNG, Sulawesi and Sunda Shelf populations consti-

tute distinct management units (Moritz 1994) on the

basis of concordant mtDNA and microsatellite allelic

frequency differences. Like all other populations

throughout the Indo-Pacific, C. porosus on Palau

should be included in the single ESU for saltwater

crocodiles, given the recovery of a fixed, but geo-

graphically widespread haplotype.

Although Palauan C. porosus exhibited significant

population differentiation relative to all other sampled

populations, the identification of a potential genetic

signature of admixture with non-native saltwater

crocodiles precludes its delineation as a distinct man-

agement unit at this time. Given the difficulty of sam-

pling saltwater crocodiles and the extent of their range,

more comprehensive population surveys of C. porosus

throughout the Indo-Pacific would provide greater

context for investigating the extent of variation iden-

tified on Palau, as well as the formative processes, both

natural and human-mediated, underlying the recov-

ered patterns. Moreover, enhanced population sam-

plings on Palau are critical for better assessing the

genetic consequences of early 20th century introduc-

tions, including the potential for improved detection of

individuals not impacted by the history of farming

operations. Future studies of Palauan C. porosus will

be further aided by the availability of a large number of

additional microsatellite loci that are currently being

optimized for this group (Glenn, pers. com). As a

representative population at the distal end of the salt-

water crocodile distribution in the Indo-Pacific, the

Palauan C. porosus population remains vulnerable to

disturbance as a consequence of its small size, thereby

warranting continued protection of mangrove and

other critical habitats, minimization of commercial

hunting, and increased vigilance preventing the intro-

duction of non-native crocodilians.

Acknowledgments A special thanks to the people of Palau for
their hospitality and graciousness over the course of this study.

We would like to particularly thank Mr. Joshua Eberdong, and
the Bureau of Marine Resources, Republic of Palau, for their
extensive field and logistical support and our Palauan field
colleagues, Mr. Harvey Kloulechad and Mr. Theodore Ngir-
amelekei, who took great personal risks in securing the field-
sampled materials. Nancy FitzSimmons kindly provided replicate
samples for calibrating the genotypic datasets and offered
insightful comments that greatly improved this work. Peter John
Brazaitis and Julian Dendy assisted us in the field, and Chaz
Hyseni and Greg Mulvey aided in the collection of molecular
data for this study. We wish to acknowledge the Peabody
Museum of Natural History, National Museum of Natural His-
tory, and Field Museum of Natural History for providing access
to their collections. Additionally, the St. Augustine Alligator
Farm, and the Gladys Porter Zoo supplied blood samples from
their extensive animal collections. George Amato and Kent Vliet
provided assistance in multiple capacities, and Sarah Klain,
Bureau of Marine Resources, Koror, Palau graciously prepared
the locality map in Figure 1. This work was supported by the U.S.
Fish and Wildlife Service’s Pacific Islands Coastal Program
Grant # 122005M020.

References

Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F (2001)
Genetix, logiciel sous Windows TM pour la génétique des
populations. Laboratoire Génome, Populations, Interac-
tions, CNRS UPR 9060. Université de Montpellier II,
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