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Abstract Congo Cay, U.S. Virgin Islands, has high

value for breeding seabirds and is a potential reintro-

duction site for the endangered Virgin Islands tree boa

(Epicrates monensis granti). However, introduced

ship rats (Rattus rattus) undermine its conservation

value. Three unsuccessful eradication attempts have

been conducted since 1990, with the latest in 2006;

rats were trapped 1.5 years later. We examined micro-

satellite DNA and mitochondrial DNA sequences of

ship rats from Congo Cay and three other nearby cays

to determine if rats found after the most recent

eradication effort were surviving individuals or rein-

vaders from neighboring cays; we had no pre-eradi-

cation samples. Only one mitochondrial haplotype

was present, implying that historically there was a

single invasion or if multiple invasions, rats came

from a single source with limited haplotype diversity.

Low genetic variation on Congo Cay suggested either

a population bottleneck resulting from survivors or a

founder event resulting from invaders. FST estimates,

cluster distances, migrant detections, and factorial

correspondence analysis indicated low but meaningful

levels of gene flow between Congo and Lovango Cays

and between Mingo and Grass Cays. Except for two

alleles, all other alleles found on Congo were also

present on Lovango. Without pre-eradication samples

we could not eliminate the possibility of survivors

from a failed eradication. However, our data suggest

reinvasion from Lovango Cay was likely and that

future eradication efforts should consider both pairs of

cays as eradication units. Cay juxtaposition and

orientation along with ocean currents may explain

rat movement, or lack thereof, among these cays.

Keywords Eradication � Invasion � Island �
Microsatellite � Rattus rattus � U.S. Virgin Islands

Introduction

Three species of rats (Norway rat, Rattus novegicus;

ship rat, R. rattus; and the Pacific rat, R. exulans) have

invaded over 80 % of the world’s oceanic island

groups, frequently with devastating ecological results

(Atkinson 1985). Rat eradication has become an

important tool for recovery of insular endemic
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populations. As of a review by Howald et al. (2007),

332 successful rodent eradications had been under-

taken globally, largely using toxicant baits distributed

via bait stations, hand broadcasting, and aerial broad-

casting. Although there have been many successful rat

eradications (Veitch and Clout 2002; Donlan et al.

2003), such efforts sometimes fail (Courchamp et al.

2003; Clout and Russell 2006; Howald et al. 2007).

Understanding reasons for failure is important for

informing future efforts. If rats survive an eradication

effort, then eradication methodologies should be

reassessed. However, if rats reinvade an island, a

larger area (eradication unit) should be targeted for

control, for example, multiple islands, rather than the

single island of concern (Robertson and Gemmell

2004; Abdelkrim et al. 2005a).

Population genetics can help determine coloniza-

tion patterns. Consequently, recent studies have com-

pared metrics of shared genetic diversity between rat

populations before and after an eradication attempt,

and between the post-eradication rat population and

other potential source populations (another island or a

mainland) to distinguish between failed eradication

and reinvasion (e.g. Abdelkrim et al. 2005b, 2007;

Russell et al. 2010). High levels of shared genetic

diversity between pre- and post-eradication rat popu-

lations and low levels between a potential source

population and the post-eradication population (sug-

gesting limited connectivity) are evidence of a failed

eradication (Robertson and Gemmell 2004; Abdelk-

rim et al. 2005a; Russell et al. 2010). Whereas, low

levels of shared genetic diversity between the pre- and

post-eradication populations and high levels between

the post-eradication population and a potential source

of rats suggest invasion following a successful erad-

ication. However, if pre-eradication effort samples are

not available, determining a failed eradication from an

invasion can be challenging.

More than 50 small islands (cays) occur in the U.S.

Virgin Islands (USVI; Dammann and Nellis 1992).

Congo Cay is a relatively small cay about 2.2 km

northwest of the island of St. John. This cay supports

numerous seabirds and is important nesting habitat for

brown pelicans (Pelecanus occidentalis) (Dewey and

Nellis 1980; Dammann and Nellis 1992; Pierce 2009).

In 1998, roseate terns (Sterna dougallii), the Carib-

bean population of which is federally listed as

threatened (U.S. Fish and Wildlife Service 1987),

nested on Congo Cay for the first time in recent

history. However, after ship rats destroyed at least 75

eggs, all 273 nests were abandoned (J. J. Pierce,

unpublished data). Furthermore, if rats could be

removed, Congo Cay is thought desirable for reintro-

duction of the endangered Virgin Islands tree boa

(Epicrates monensis granti), which would be an

important conservation objective (U.S. Fish and

Wildlife Service 2010). Between 1990 and 2006,

resource management personnel from several agencies

and organizations (U.S. Fish and Wildlife Service;

USDA-Wildlife Services; USVI Department of Plan-

ning and Natural Resources; and The Toledo Zoo,

USA) made three attempts to eradicate ship rats from

Congo Cay. After the last eradication effort in 2006,

rats were again detected 1.5 years later. Resource

managers questioned whether rats had survived erad-

ication efforts or were invaders from nearby cays.

Invasive rats can reach islands via ships, storm

flotsam, or by swimming (Russell et al. 2008). It is

believed that ship rats swam 50 m to Goat Island,

offshore from New Zealand’s North Island, and swam

225 m to Pearl Island, offshore of Stewart Island, New

Zealand (Russell et al. 2009, 2010). Therefore it is

possible that rats reinvaded Congo Cay from nearby

cays (Fig. 1).

Due to the importance of accomplishing successful

eradication, our goal was to use rapidly evolving

genetic markers to try and elucidate the origin of the

rat population currently occupying Congo Cay. If rats

reinvaded by swimming, Lovango Cay (230 m south

and the most proximate cay to Congo Cay) was the

likely source. We also wanted to aid and inform future

eradication efforts on Congo Cay, and therefore we

sampled two other nearby cays (Mingo and Grass) to

help identify appropriate eradication units. Rats were

not sampled on Congo Cay before the eradication

effort, and to our knowledge, no published studies

have attempted to detect the source of rat populations

based solely on post-eradication DNA samples.

We used autosomal microsatellite loci to estimate

genetic diversity and population differentiation within

and among the cays, and mitochondrial DNA

(mtDNA) control region sequences to obtain infor-

mation on historical relationships among these cays.

We hypothesized that the rat population on Congo Cay

was either: (1) descendant from a remnant population

remaining after a failed eradication (population bot-

tleneck), or (2) a result of immigration from a nearby

cay (founder event). We also acknowledged that both

2344 J. A. Savidge et al.
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situations could have occurred (e.g. a combination of

remnant individuals and reinvaders). We predicted

that if the population originated from invaders, the

allelic diversity of Congo Cay would be a subset of

Lovango Cay. We used statistical approaches for

studying population genetics to test this prediction.

Materials and methods

Study system

This study focused on the cays of Congo, Lovango,

Mingo, and Grass in the USVI (Fig. 1). Congo Cay is

the smallest of the four cays we sampled (10.6 ha).

This uninhabited cay is owned by the USVI territorial

government and is largely composed of rocks and

boulders with a maximum elevation of approximately

51.5 m above sea level. Dry forest grows amongst the

rocky substrate over most of the cay except the east

and west ends, which taper to rocky points, and the

north side, which is cliff. Like many of the small,

government-owned islands in the USVI, Congo Cay is

managed as a wildlife sanctuary and public use is

discouraged (Pierce 2003). However, the channel

between Congo and Lovango Cays is frequently used

for snorkeling and diving activities. Lovango Cay,

230 m south of Congo Cay, is privately owned and the

largest cay we sampled (47.7 ha). This cay also has the

most boat traffic with two piers for docking. Mingo

(19.6 ha) and Grass (19.7 ha) Cays are west of

Lovango Cay. Shoal Passage, 260 m wide, separates

Lovango and Mingo Cays; the passage between Mingo

and Grass Cays is about 66 m, but rock outcroppings

serve as potential stepping-stones, with the widest

stretch of water approximately 25 m. Mingo Cay is

privately owned and the USVI government owns

Grass Cay. Strong tidal currents occur in the passes

between each of the cays (D. W. Nellis, personal

communication). Vegetation on all cays is classified as

sub-tropical dry forest (Dammann and Nellis 1992).

Eradication efforts on Congo Cay

In 1990 and 1991, the USVI Department of Planning

and Natural Resources, Division of Fish and Wildlife

(DFW) and cooperators applied three rounds of

brodifacoum rodenticide bait spaced 6 months apart

over a 10 9 10-m grid covering Congo Cay. Ten

blocks of bait were placed at each grid point and

Fig. 1 Map showing trap

lines and capture locations

for R. rattus from four cays

in the U.S. Virgin Islands
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replenished as consumed (P. J. Tolson, The Toledo

Zoo, personal communication). Because of difficult

access in cliff areas, the team circled the cay by boat

and used slingshots to shoot blocks into the more

inaccessible areas. Rats were subsequently detected in

1993 on Congo Cay. In 2004, DFW and USDA-

Wildlife Services attempted a second eradication. A

grid of bait stations was used as well as hand-

broadcasting of diphacinone rodenticide bait blocks in

cliff areas following a strategy that had proven

successful on the 80-ha Buck Island off St. Croix,

USVI (Witmer et al. 2007). Initial monitoring by DFW

suggested rats had been removed, but in January 2006,

1.5 years post-eradication effort, rats were trapped on

Congo (J. J. Pierce, unpublished data). As a rapid

response measure, an emergency one-time use EPA

registration for brodifacoum rodenticide bait was

approved (Hall et al. 2006). Over three days in June

2006, USDA-Wildlife Services and DFW hand-

broadcast brodifacoum pellets over the entire cay

with a target rate of 19.25 kg/ha. In the central,

relatively flat part of the cay, a grid was established

with points every 24.4 m. Bait was applied at grid-

points at a rate of 300 g per point and 75 g were

broadcast at each point in each cardinal direction. Bait

was also applied at a rate of 600 g per point in each of

the rocky points on the east and west ends of the cay.

Additionally, bait was thrown at the base of the north

shore cliff from a boat and into shoreline vegetation

along the south shore by walking the shore (Hall et al.

2006). A total of 200.5 kg of bait was broadcast. A

two-day trapping effort 6 months post-baiting failed to

detect rats. In November 2007, approximately

1.5 years post-eradication effort, rats were again

trapped on Congo (J. J. Pierce, unpublished data).

Field sampling

Pre-eradication samples were not obtained on Congo

Cay. In June 2008, we set rat snap traps at approxi-

mately 20-m intervals along non-random transects on

each of the four cays (Fig. 1). Tail snips (1–2 cm) of

captured rats were collected and samples preserved in

a 20 % dimethyl sulfoxide, 0.25 M EDTA, saturated

with NaCl, pH 8.0 solution (Seutin et al. 1991). We

also received tissue from 18 rats collected on Congo

Cay (one from November 2007 and 17 from February

and March 2008) and three rats collected on Mingo

Cay (two from November 2007 and one from February

2008) by DFW and USDA-Wildlife Services. Thus,

our total sample included tissue from 58 rats from

Congo Cay, 41 from Lovango Cay, 40 from Mingo

Cay, and 24 from Grass Cay.

DNA extraction and amplification

Genomic DNA was extracted from tail snips using a

DNeasy Tissue Extraction Kit (Qiagen Inc., Valencia,

CA). We genotyped all samples (n = 163) from

individual rats using ten autosomal microsatellite loci

developed and characterized from R. norvegicus and

R. fuscipes greyii (Jacob et al. 1995; Hinten et al. 2007,

respectively; Table 1). Primers for amplifying these

loci were fluorescently labeled on the 50 end label with

NED, FAM, or HEX. Further, to reduce problems with

data interpretation caused by stutter and non-tem-

plated 30 A nucleotide additions, both artifacts of

polymerase chain reaction (PCR) amplification, we

ordered each forward primer with a seven nucleotide

‘‘PIG-tail’’ (Brownstein et al. 1996). Genotypes were

obtained through three panels we developed (Table 1)

in 12.0–13.5 ll reactions (A, 12.0 ll; B, 13.5 ll; C,

12.5 ll) with 3.3 ll 5 9 buffer C (Invitrogen, Carls-

bad, CA), dNTPs (A, 1.2 mM; B, 1.35 mM; C,

1.25 mM; Invitrogen), 0.005 lg bovine serum albu-

min (BSA), 0.033–0.13 lM primer, 1.0–1.5 U Taq

DNA polymerase (GoTaq, Promega, Madison, WI; A

and C, 1 U; B, 1.5 U), 1 ll of genomic DNA and PCR

water to total volume. PCR amplification consisted of

an initial denaturation at 94 �C for 3 min followed by

45 cycles for panels A and B and 40 cycles for panel C

of denaturing at 94 �C for 30 s, annealing at 52 �C for

45 s, and extension at 72 �C for 45 s with a final

extension period of 30 min at 60 �C. We mixed PCR

products with HiDi Formamide (Applied Biosystems

[ABI], Foster City, CA) and GeneScan 400HD ROX

Size Standard (ABI). All fragments were visualized on

an ABI 3130 genetic analyzer following standard

protocols. Alleles were binned and we manually

checked scoring using GENEMAPPER (ABI). We used

the software packages GMCONVERT (Faircloth 2006)

and CONVERT (Glaubitz 2004) to convert genotyping

data to input formats for downstream statistical

analyses.

Additionally, we sequenced the Hyper Variable

Region I (HVRI) of the mitochondrial genome control

region from 9 to 19 animals from each cay using

primers L283 and H16498 (Anderson et al. 1981). The

2346 J. A. Savidge et al.
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PCR was run in 20-ll reactions that contained 12 ll

PCR water, 3.6 ll 59 buffer C (Invitrogen), 0.5 mM

dNTP (Invitrogen), 0.5 lM of each primer, 1 U Taq

DNA polymerase (Promega), and 1.0 ll of genomic

DNA. Thermocycling was at 94 �C for 4 min fol-

lowed by 34 cycles of denaturing at 94 �C for 45 s,

annealing at 52 �C for 45 s, and extension at 72 �C for

1 min with a final extension period of 5 min at 72 �C.

We purified successful amplifications using ExoSAP-

IT (USB, Cleveland, OH). Sequencing reactions were

performed with 1.0 ll of purified PCR product,

1.0 lM primer and BigDye version 3.1 kit (ABI)

reagents and adapting the standard protocol to �
reactions. Sequences were visualized on an ABI

3130xl genetic analyzer using manufacturer recom-

mended settings. We edited and aligned sequences in

Sequencher (version 4.9, Gene Codes Corporation,

Ann Arbor, MI). Sequencing was conducted at USDA/

APHIS/WS National Wildlife Research Center, Wild-

life Genetics Laboratory.

Genetic analyses

We tested for the presence of null alleles (i.e. alleles

that do not amplify) using MICRO-CHECKER (Van

Oosterhout et al. 2004) with 9000 Monte Carlo

simulations and 90 % confidence intervals. Loci were

examined for significant departures from Hardy–

Weinberg equilibrium and significant evidence of

linkage disequilibria using ARLEQUIN 3.1 (Excoffier

et al. 2005). Bonferroni corrections were applied to

compute critical significance levels for multiple tests

(Rice 1989).

Standard measures of genetic diversity including

mean number of alleles (NA), mean allelic richness

(AR) adjusted for differences in sample size, number of

private alleles per locus, and observed and expected

heterozygosity (HO and HE, respectively) were esti-

mated using FSTAT 2.9.3.2 (Goudet 2001) and ARLEQUIN

3.1. We tested for significant differences in genetic

diversity measures, NA, AR and HE, among the cays

using a Mann–Whitney U-test (Sokal and Rohlf 1981).

We estimated pairwise comparisons of genetic

differentiation between rat populations on the cays

(FST; Weir and Cockerham 1984). Significance of the

comparisons was ascertained by producing an

expected distribution based on randomizations gener-

ated with 9000 Monte Carlo simulations. We used

Mantel tests to determine statistical significance of an

isolation-by-distance test by comparing linearized FST

(Slatkin 1993) and the Euclidean (straight-line) dis-

tance in kilometers. These analyses were conducted in

ARLEQUIN 3.1. Euclidean distances were calculated as

shortest distances for a swimming rat from cay to cay

and from the centroid of each cay.

The software BAPS 5.2 (Bayesian Analysis of

Population Structure; Corander et al. 2004; Corander

et al. 2008) was used to estimate the number of

populations or clusters (K), genetic distance between

clusters, and levels of admixture. BAPS uses a stochastic

Table 1 Summary statistics for each locus and each population of R. rattus collected from four cays in the U.S. Virgin Islands

Panel Locus Range Congo Grass Lovango Mingo

NA AR HO HE NA AR HO HE NA AR HO HE NA AR HO HE

A D7Rat13 183–195 1 1.0 – – 5 5.0 0.88 0.74 4 3.5 0.39 0.39 5 4.8 0.73 0.69

A D10Rat20 104 1 1.0 – – 1 1.0 – – 1 1.0 – – 1 1.0 – –

A RfgL3 261–263 1 1.0 – – 2 2.0 0.04 0.04 1 1.0 – – 1 1.0 – –

B D9Rat13 132–138 1 1.0 – – 2 2.0 0.46 0.39 2 2.0 0.34 0.28 3 3.0 0.75 0.65

B D11Mgh5 284–294 4 3.4 0.47 0.43 4 4.0 0.63 0.65 3 3.0 0.61 0.62 5 4.9 0.68 0.66

B D11Rat56 193 1 1.0 – – 1 1.0 – – 1 1.0 – – 1 1.0 – –

B D18Rat75 185–189 2 2.0 0.43 0.38 2 2.0 0.63 0.50 2 2.0 0.51 0.48 3 2.8 0.33 0.47

C D5Rat83 178–180 2 2.0 0.40 0.36 2 2.0 0.25 0.22 2 2.0 0.15 0.18 2 2.0 0.18 0.16

C D16Rat81 172–174 1 1.0 – – 2 2.0 0.25 0.22 2 1.8 0.05 0.05 2 2.0 0.30 0.32

C RfgG3 229–257 5 4.4 0.74 0.72 4 4.0 0.50 0.62 6 5.9 0.63 0.64 7 6.1 0.58 0.53

Mean 1.9 1.8 0.20 0.19 2.5 2.5 0.36 0.34 2.4 2.3 0.27 0.26 3.0 2.9 0.35 0.35

Panel represents one of three multiplex reactions. Range is the size range in base pairs of each locus. NA is the total number of alleles

for each locus. AR is the allelic richness accounting for differences in sample sizes. HO and HE represent observed and expected

heterozygosities, respectively. A dash (–) represents monomorphic loci. Loci are from Jacob et al. (1995) and Hinten et al. (2007)
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optimization algorithm to estimate the most likely

number of clusters. First we performed the clustering

analysis based on individual genotypes ignoring

sampling information (non-spatial model) and second,

based on groups of individual genotypes with each cay

considered a group, and finally we used clustering of

individuals with sampling location (cay) as a prior

(spatial model). These alternate approaches were used

to test if each cay represented a single genetic cluster.

Nei’s genetic distance (D) was estimated between

identified clusters (Nei 1972). Our analyses were

conducted with K = 1–15, with each value replicated

five times; we chose an upper limit of 15 as we felt this

was a reasonable maximum number of clusters to

expect in this system. The analyses were run 10 times,

and we present the highest resulting likelihood score.

We then used the results from the group clustering

analysis to perform admixture analysis among cays

with each cay being considered a population. We used

100 iterations to estimate the admixture coefficients

for the individuals. Following the procedure described

by Corander and Marttinen (2006), we assessed the

probability that these admixture coefficients could

have arisen by chance alone by simulating 200 non-

admixed reference individuals from each population

and running 50 iterations each to estimate their

admixture coefficients.

To test for first-generation migrants (i.e. individ-

uals from a population other than the one in which

they were sampled), we used GENECLASS2 (Piry et al.

2004) with a Bayesian (Rannala and Mountain

1997) statistical criterion of likelihood estimation set

to the ratio of the likelihood of the genotype

occurring within the sampled population to the

highest likelihood of that genotype having come

from another sampled population (Paetkau et al.

2004). Significance was determined using the Monte

Carlo resampling method with the simulation algo-

rithm of Paetkau et al. (2004) for 10,000 individuals

and an a = 0.01. The two loci fixed in all popula-

tions (see ‘‘Results’’) were excluded from this

analysis.

We used a factorial correspondence analysis (FCA)

implemented in GENETIX version 4.05.2 to further test

genetic clustering (Belkhir et al. 1996–2004). FCA is a

multivariate ordination technique that allows visual-

ization of allelic diversity/frequencies clustering in

three-dimensional space. FCA differs from the Bayes-

ian clustering methods in that it is model-free and thus

avoids any prior assumptions about the nature and

relationships of the data.

Lastly, we examined mitochondrial DNA diversity

to infer whether the four cays were colonized by

multiple maternal lineages. The GenBank acces-

sion numbers are GU269243–GU269246. Haplotypes

obtained from the cays were compared to other HVRI

R. rattus sequences publicly available through Gen-

Bank via BLAST searches to determine if there was

any geographical correlation of haplotypes from these

cays to other proximate islands or landmasses.

Results

We found no evidence of null alleles at any locus.

Three linkage disequilibrium tests were significant in

the Mingo Cay population, however five would be

expected by chance at a = 0.05. Therefore, based on

Bonferroni corrections we considered all loci inde-

pendent. There were no significant deviations from

Hardy–Weinberg equilibrium per locus or cay

(P \ 0.01).

The mean number of alleles per population across

loci ranged from 1.9 (Congo Cay) to 3.0 (Mingo Cay)

(Table 1). Mean allelic richness was similar to the

mean number of alleles, ranging from 1.8 (Congo Cay)

to 2.9 (Mingo Cay). Observed heterozygosity was

lowest on Congo Cay (0.20). Although Congo Cay had

the lowest genetic diversity among the cays, the

differences in mean number of alleles, allelic richness,

and expected heterozygosity were not statistically

significant among cays (Mann–Whitney U-test;

P [ 0.05). There was one private allele each for

Congo Cay and Lovango Cay, two on Grass Cay, and

five on Mingo Cay. The private allele on Congo Cay

was from a single individual, and to eliminate the

possibility of scoring error generated from PCR

artifacts, we replicated the PCR three more times for

this individual. Two loci were monomorphic or fixed

(D10Rat20 and D11Rat56) in all populations. Besides

these two loci, Congo, Lovango, and Mingo Cays

shared a third fixed locus (RfgL3). In addition, Congo

Cay had three other fixed loci (D7Rat13, D9Rat13,

and D16Rat81; for a total of six fixed loci out of ten;

Table 1). Figure 2 shows allelic diversity shared

between Lovango and Congo Cays and demonstrates

the level of fixation and possible loss of rare alleles on

Congo. Three of eight alleles that were rare (\10 %

2348 J. A. Savidge et al.
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frequency) on Lovango also occurred on Congo.

Congo Cay shared an allele at locus D11mgh5 with

Mingo, but the allele was not detected on either

Lovango or Grass Cays.

All pairwise FST estimates between the cays were

significant (P \ 0.01). However, pairwise genetic

differentiation was lower between Grass and Mingo

Cays (0.08) and Congo and Lovango Cays (0.14). It

ranged from 0.32 to 0.44 between all other pairwise

comparisons (Table 2). Isolation-by-distance tests

with the two different geographic distance measures

were not significant.

The individual clustering analysis ignoring sam-

pling locality information in BAPS identified K = 11

(-ln likelihood = 1666.9302) clusters; most clusters

were unique to each cay and shared clusters were

either between Lovango and Congo Cays or Grass and

Mingo Cays. The 11 clusters could reflect more

closely related individuals, which our sampling

approach may have tended to capture. The group

clustering analysis of individuals identified K = 4

(-ln likelihood = 1732.9026), corresponding to each

of the four cays. When geographic locality informa-

tion for each individual was included, the individual

analysis also found K = 4 clusters (-ln likeli-

hood = 1802.9040), which generally correlated to

the four cays. However, three individuals captured on

Congo Cay clustered with the Lovango cluster, a

single individual captured on Grass Cay belonged to

the Mingo cluster, and an individual captured on

Mingo Cay assigned to the Grass cluster. Nei distances

estimated from the clustering of groups of individuals

showed lower distances between Congo and Lovango

(0.390) and Mingo and Grass (0.347) than Lovango to

Mingo or Grass (0.838 and 0.963, respectively) and

Congo to Grass or Mingo (1.467 and 1.624, respec-

tively). The admixture analysis identified a single

individual from Congo Cay in the Lovango Cay

cluster. Three first-generation migrants were detected

in the GENECLASS analysis. Two were between Lovango

Cay and Congo Cay and the final was from Grass Cay

to Mingo Cay.

The FCA factor values of the first two axes

totaled 26.17 % (Fig. 3: axis 1 = 18.38 %; axis 2 =

7.79 %). All remaining axes had individual factor

values of \7 % with minimal spread on the graph.

Thus, we concluded that only axes 1 and 2 provided

information regarding relationships. Axis 1 repre-

sented the most important spread of the data, which

aligned samples mostly by geography (cays). How-

ever, regions of overlap existed between Congo and

Lovango Cays and between Grass and Mingo Cays. In

Fig. 2 Bubble plot of allele frequencies of R. rattus samples

collected from Congo and Lovango Cays in the U.S. Virgin

Islands. Only loci that were polymorphic in at least one

population are graphed (n = 7). Each bubble represents one

allele and the size of the bubble represents the frequency. Plot

A presents polymorphic loci over 200 bp in length and plot

B presents polymorphic loci under 200 bp

Table 2 FST values for R. rattus samples from four cays in the

U.S. Virgin Islands

Congo Grass Lovango Mingo

Congo –

Grass 0.44 –

Lovango 0.14 0.32 –

Mingo 0.41 0.08 0.33 –

All values are significantly different from zero (P \ 0.01)
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fact, Grass and Mingo Cays were nearly indistinguish-

able on axis 1 with most separation on axis 2, whereas

Lovango and Congo Cays had almost equal amounts

of overlap and separation. Congo Cay had a much

tighter clustering pattern on both axes than the other

three cays, suggesting less variability among the data

points within this sample.

DNA sequencing of the HVRI region provided

508 bp of sequence data. Although this is a region of

the mitochondria that is hypervariable, we found only

one haplotype in all 54 individuals sequenced from all

four cays. When this single haplotype was compared

to sequences available on NCBI GenBank, the greatest

similarity (98 % match) was to a haplotype from

Guadeloupe Island in the Lesser Antilles (FJ897500;

Prugnolle et al. 2005), which is approximately 402 km

from USVI. Also, other researchers found the Guade-

loupe haplotype (FJ897499; unpublished) on the

African continent in Senegal.

Discussion

We tested two hypotheses: (1) the rat population on

Congo Cay was descendant of a remnant population

remaining after a failed eradication (population bot-

tleneck), and (2) the rat population on Congo Cay was

a result of immigration from a nearby cay (founder

event). Our genetic data indicated a recent reduction of

the rat population on Congo Cay. Congo Cay had the

lowest genetic diversity of the four cays investigated,

the highest number of fixed loci, and only three alleles

that were present in low frequency on Lovango Cay

(other alleles on Congo Cay were either private

(n = 1), common ([10 % frequency) on Lovango

Cay, or in the case of one allele, found on Mingo but

not Lovango). Thus, we detected evidence of either a

bottleneck or founder event on Congo Cay and theory

predicts that it is not possible to differentiate the two

(Hedrick 2005). Because we lacked pre-eradication

samples, we took several approaches to analyzing our

genetic data to see if these would together lend a

weight of evidence to either hypothesis.

We found significant differentiation among the

cays. However, the pairwise FST estimates, cluster

distances, migrant detections, and FCA indicate low

levels of gene flow between Lovango and Congo Cays

and between Grass and Mingo Cays, but very little if

any occurs between the other pairs of cays. Addition-

ally, visual examination of allele frequencies suggests

allelic diversity on Congo Cay could be a subset of that

on Lovango. Except for two alleles (one of which was

private), all other alleles found on Congo were also

present on Lovango. The presence of private alleles

(i.e. alleles found on only one cay) can be indicative of

limited gene flow and evidence in support of a failed

eradication. However, our finding of only one private

allele on Congo Cay was not remarkable. The allele

occurred at low frequency (0.009) and could have been

a sampling artifact. Our analyses suggest the shared

allele between Congo and Mingo Cays represents a

historic migration event and shared common ancestry,

rather than recent immigration directly from Mingo

Cay. Thus based on our results, we suggest that the rat

population on Congo Cay is at least in part a result of

rat immigration from Lovango after the eradication

attempts. Additionally, the failure of three eradication

efforts involving experienced personnel using tech-

niques that had been successful on other cays in the

USVI (Witmer et al. 2011), also suggests recoloniza-

tion occurred. However, even though we found no

strong support, we are unable to reject the alternative

hypothesis that at least some rats also survived the

eradication event.

The mtDNA HVRI was used to reconstruct inva-

sion history of ship rats in the southern tip of the island

of Madagascar (Hingston et al. 2005) where thirteen

haplotypes were detected. In our examination of

samples from Congo, Lovango, Grass, and Mingo

Fig. 3 Scatter plot of the results from the factorial correspon-

dence analysis (FCA) of R. rattus genotypes sampled from four

cays in the U.S. Virgin Islands. Axes 1 and 2 were graphed and

labeled with associated factor values
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Cays, we only identified a single haplotype. This

suggests that either there was a single invasion from

one source population or there have been multiple

introductions from a single source where there is

limited haplotype diversity. Because our sampling was

restricted to our four cays and the available HVRI

sequences from the Caribbean and Africa are not well-

represented in GenBank, we can not pinpoint the

origin of rats in our study area, however a possible

route is from Africa via the slave trade, which was

active in the USVI during the 1700’s and up until the

early 1800’s (Rawley and Behrendt 2005).

We did not find a pattern of isolation-by-distance.

Presumably several factors influence a rat’s ability to

traverse sea channels and invade an island. A study by

Abdelkrim et al. (2009) in the Lavezzi Mediterranean

archipelago concluded that ship rats likely swam

between the main island of Lavezzu and surrounding

islets (in general, distances of \200 m), and two

studies in New Zealand by Russell et al. (2009, 2010)

concluded ship rats swam distances of 50 and 225 m to

reinvade islands. However, Calmet et al. (2001) found

that in the Molene archipelago, Norway rats on islands

separated by permanent channels ([2 km) were

genetically differentiated, and these authors suggested

sea channels are important barriers to gene flow. Based

on our results it appears that the channel between

Mingo and Lovango Cays is an important barrier to

gene flow, whereas the channel between Lovango and

Congo Cays only serves to limit gene flow, not stop it.

Although a rat could have invaded from a boat

utilizing the channel between Congo and Lovango

Cays, our allelic diversity results suggest it is unlikely

that the current rat population on Congo established

from an invader outside our system. It is unlikely that

humans would accidentally transport rats directly to

Congo; the public is not allowed on the cay because of

its conservation value to seabirds. Furthermore, the

entire coastline is comprised of boulders and cliffs,

and there are no beaches or docks. We believe the

main pathway for rat colonization of Congo Cay is via

swimming the channel between Congo and Lovango

Cays.

Juxtaposition and orientation of the cays might help

explain potential rat movement (or lack thereof)

among the four cays. All three channels between the

cays have strong ocean currents. However, Congo Cay

is north of Lovango Cay (Fig. 1) and if a rat was to

attempt to cross the channel from Lovango to Congo

Cay or vice versa, it has a reasonable chance of

intercepting shoreline because the long axes of both

cays are parallel (Fig. 1). Grass, Mingo, and Lovango

Cays, because of their east–west orientation to each

other, have relatively little opposing shoreline. With

strong currents, a rat should have less chance of

intercepting shoreline of one of these cays if attempt-

ing to cross from one to the other. The larger distance

between Lovango and Mingo Cays (260 m) might

make this particularly challenging compared with the

shorter distance between Mingo and Grass Cays (a

minimum swim of about 25 m if the rock out-

croppings were used) and between Lovango and

Congo Cays. This hypothesis is consistent with island

biogeography theory and the concepts of distance and

target effect influencing immigration (MacArthur and

Wilson 1963, 1967; Lomolino 1990). Indeed, Buckley

and Knedlhans (1986) found that islands with longer

beaches had a greater sample of seaborne plant

propagule species. One might predict even less

differentiation than we found between Mingo and

Grass Cays, based on distance. Either our sampling

was inadequate to capture the full genetic diversity on

Grass Cay or the strong current between the two cays

presents a substantial challenge to migrating rats.

Our results suggest low levels of gene flow between

Lovango and Congo Cays and between Grass and

Mingo Cays. Therefore each pair should be considered

an eradication unit and any further eradication

attempts on Congo Cay should include rat eradication

on Lovango Cay, or at least sustained, intensive

control efforts along the shore opposing Congo Cay.

The five private microsatellite alleles on Mingo are a

signal that Mingo may have been the original invasion

point for rats among these four cays. Thus, a prudent

approach also would be eradication of rats on Mingo

and Grass. Furthermore, if further efforts were

considered, rats should be sampled on Thatch Cay

(west of Grass Cay) and the larger islands of St.

Thomas and St. John to try and ascertain the likelihood

of immigration from any of these islands.

Biologists are increasingly using genetic approaches

to evaluate various aspects of biological invasions

(Rollins et al. 2006; Roux and Wieczorek 2009).

Information on potential metapopulation dynamics for

an invasive species, which genetic analyses can

provide, is important for successful eradication. To

robustly test for cause of eradication failure should that

occur, genetic samples collected prior to eradication
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attempts can help shed light on the cause for failure

(Abdelkrim et al. 2005a, 2007). However, several

papers have cautioned about the potential limitations of

genetic analyses (e.g. Manel et al. 2005; Chikhi et al.

2010; Fitzpatrick et al. 2012). For instance, inferences

based on genetic methods that assume equilibrium

conditions (e.g. Wright’s F-statistics), may not be valid

as these conditions may require long timescales.

Furthermore, if there is gene flow and populations are

not sufficiently genetically differentiated, it becomes

increasingly difficult to match individuals to their

source population (Manel et al. 2005; Muirhead et al.

2008; Fitzpatrick et al. 2012). Thus, in our system,

where we appeared to have low but ongoing gene flow

between Lovango and Congo and low levels of

polymorphism, even if we had pre-eradication samples,

it may have been difficult to distinguish between the two

hypotheses of a failed eradication versus recolonization.

Because eradication campaigns are expensive, we

recommend an initial genetic survey before the

eradication effort to conservatively estimate the scale

and complexity of differentiation of the target popu-

lation, indentify genetic barriers, and help support or

refute independent hypotheses about connectivity. In

our island system, an initial survey may have revealed

the scale of eradication needed by asserting that

eradication units existed. Managers should be partic-

ularly cautious in attempting eradications on islands

that are within known movement capabilities of the

target species (Harris et al. 2011). At the least, pre-

eradication samples should be collected as these have

been shown useful in evaluating reasons for eradica-

tion failure if adequate structure exists among

populations. In lieu of pre-eradication samples, a

combination of genetic analyses may be able to

elucidate important processes, which could still be

useful for informing future eradication efforts.
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