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To enhance their conservation value, several hundred islands worldwide have been cleared of
invasive alien rats Rattus spp. One of the largest projects yet undertaken was on 43 km? Henderson
Island in the Pitcairn group, South Pacific, in August 2011. Following massive immediate
mortality, a single R. exulans was observed in March 2012 and, subsequently, rat numbers have
recovered. The survivors show no sign of resistance to the toxicant used, brodifacoum. Using pre-
and post-operation rat tissue samples from Henderson, plus samples from around the Pacific, we
exclude re-introduction as the source of continued rat presence. Microsatellite analysis of 18 loci
enabled comparison of genetic diversity of Henderson rats before and after the bait drop. The fall
in diversity measured by allele frequency change indicated that the bottleneck (Ne) through which
the breeding population passed was probably around 50 individuals, representing a census
population of about 60-80 animals. This is the first failed project that has estimated how close it

was to success.
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1. Introduction

Remote oceanic islands harbour a wide range of species found nowhere else in the world, yet
many of these species are being driven to extinction by the introduction of alien species, most
notably rats Rattus spp. [1,2]. Recent conservation efforts have led to rodent eradication

operations on 719 islands across the world (http://diise.islandconservation.org/, accessed 10 April

2015). For larger islands, the eradication method of choice usually involves helicopter distribution
of poison bait. The great majority, 80% (578 of 719) of such operations are successful but, despite
meticulous planning, a minority fail and some correlates of failure are emerging [3]. A more
refined understanding of the reasons behind failures will, in part, depend on knowing how close a
project was to success. More specifically, in the aftermath of a failure, it would be valuable for
conservation planners to know whether a mere handful of rats survived the poison bait, in which
case minor tweaking of the baiting protocol might ensure the success of a second attempt, or
whether survivors numbered hundreds or more, suggesting the need for major revision of the
eradication protocol [4]. The study we report here is, to our knowledge, the first attempt to use
genetic data to estimate the number of survivors of a failed rat eradication operation (but see [5]).
The project in question was undertaken in August 2011 on the 43 km? World Heritage site
of Henderson Island (24°20°S, W 128°19°W) in the Pitcairn group, South Pacific. The island is
home, inter alia, to four species of endemic landbird and four breeding species of surface-nesting
Pterodroma petrel. The latter’s chicks are known to be victims of predation by Pacific rats Rattus
exulans which arrived with Polynesian colonists some 800 years ago [6,7]. To rid the island of
rats, 75 tonnes of bait, laced with the anti-coagulant poison brodifacoum, were dropped from
helicopters in an operation costing about £1.5 million organised by the Royal Society for the
Protection of Birds (RSPB) [8]. Massive immediate mortality was achieved and no rats were seen
on the island for the first three months when personnel were on-island continuously. However, in

March 2012, seven months after the bait drop, a single R. exulans was observed by a temporary
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visitor. Since then rat numbers (which may vary with season) have recovered fully to 50,000 —
100,000 individuals [9-11].

Independent reviews of the project in 2013 did not identify any operational flaws [12].
However, in the absence of genetic data, the reviews could neither exclude re-invasion of rats from
elsewhere nor brodifacoum resistance among Henderson rats.

By sampling rats from other island groups in the region, we confirmed that the project’s
failure was indeed a failure of eradication as opposed to an untimely re-introduction from
neighbouring islands [13]. Furthermore, a comparison of microsatellite data from rats sampled
before the operation, in 2009, and after, in 2012 and 2013, allowed us to estimate the number of
animals to which the population was reduced. Finally, on-island tests of the survivors in 2013

yielded no evidence that the failure was due to brodifacoum resistance among those survivors.

2. Methods

(a) Study sites and sample acquisition

Henderson Island is roughly 9 km north-to-south by 5 km east-to-west. All rat samples were
obtained in the northern one-third of the island (electronic supplementary material, figure S1)
because movement over the terrain is so difficult for people due to the thickness of the vegetation.
However the vegetation would pose no barrier to a rat, and there are no obvious topographical
features that would impede rat dispersal across the island. Most of the samples were obtained by
snap-trapping, either on the plateau, a former lagoon on this raised coral island now lying 30 m
above sea level, or in the vegetation immediately behind the North and East Beaches. In each case
about 2cm of tail was removed and stored in 95% ethanol. Henderson samples were obtained as
follows:

(i) Pre-eradication samples (henceforth pre-samples) — 50 animals, September 2009

(i) Post-eradication samples (henceforth post-samples)
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(@) 1 animal, May 2012

(b) 63 animals, November 2012

(c) 19 animals, August 2013

The density of the vegetation across the island, coupled with the considerable cost of
keeping a large vessel, two helicopters and personnel on station, meant that island-wide
monitoring for rats surviving after the August 2011 bait drop was simply impractical. These twin
problems, remoteness and onshore conditions, are likely to preclude sustained post-drop
monitoring at many islands of high conservation value where eradication may be under
consideration for the future.

To test the possibility that the continuing presence of rats on Henderson is not due to an
introduction after the eradication attempt, samples were obtained from other islands. The nearest
island to Henderson, and therefore the most likely source of a rat re-introduction is Pitcairn, ~200
km to the south-west. Pitcairn rat samples (n = 30, July 2011; n = 18, June 2014) were obtained
and preserved as for the Henderson samples in July 2011. Additional samples were obtained from
more distant island groups, namely the Gambier archipelago in south-east French Polynesia 600
km west of Henderson (n = 38 successful genotypings from 26 rats obtained in April 2010 and 23
in January 2013), and the Cook Islands 3000 km west of Henderson (n = 10 amplified from

Anchorage and Motu Tou islets off Suwarrow, May 2013).

(b) Laboratory analysis

DNA was extracted from most tail-tips using a glass milk extraction method, adapted for use in
microtitre plates rather than individual tubes. Briefly, tissue was digested in proteinase K and the
liberated DNA adsorbed to flint glass particles in the presence of a 3X excess of 6M Nal. After
two ethanol washes the DNA was eluted in 100ul of low TE buffer. In a brief study commissioned
from Landcare Research, New Zealand, to assess whether the single rat caught post-eradication in

May 2012 was a re-introduction, samples from this individual, from 30 pre-eradication Henderson
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rats, and from 30 Pitcairn rats were extracted and analysed for eight microsatellite markers. These

DNA samples were used by us without re-extraction.

Table 1 about here

Samples were genotyped at 19 microsatellite loci isolated from the Rattus norvegicus
genome (table 1). The 19 included seven of the eight loci used by Landcare, extended by testing a
further 31 markers from R. norvegicus on R. exulans. In order to minimise the probability of
linkage between microsatellites, the markers chosen for testing were selected from throughout the
R. norvegicus genome. Genotyping was conducted in 10ul multiplex PCR reactions (Qiagen®
Multiplex PCR Kit, UK) with fluorescent-labelled forward primers containing approximately 20ng
DNA, following the manufacturer’s protocol. Three sets of multiplex reactions were carried out,
each with between five and seven primer pairs (table 1). PCR conditions comprised an initial
denaturing step of 95°C for 15 min, followed by 35 cycles of 94°C denaturisation for 30s, 57°C
annealing for 90s and 72°C extension for 60 s, followed by a final extension of 30 min at 60°C.
Following PCR, 1l of PCR product was mixed with 10ul of loading mix (ImL Hi-Di™
Formamide plus 20ul of Genescan LIZ 500 ladder (ABI)) before visualisation on an ABI3730

DNA Analyzer.

(c) Statistical analysis

Alleles were called using GeneMapper 3.7. The Henderson pre-bottleneck data were tested for the
presence of null alleles using Cervus [14] with two having low frequency nulls (3% for D15Rat77
and 7% for D7Rat13). Another (D2Rat234) had an inferred null allele frequency of 36% and was
excluded from all the analyses we report, which are therefore based on 18 loci. To explore the
level of differentiation seen among our sampling regions and potentially exclude other

neighbouring islands as a source of a re-introduction, we used the program STRUCTURE [15],
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with burn-in length 20,000 and 50,000 steps, varying the possible number of putative sub-groups
(K) from one to 15 with 10 repetitions of each. We did not use sampling locality priors, allowed
admixture and assumed that loci were unlinked. In addition, for the two focal islands, Henderson
and Pitcairn, we constructed a joint individual-based neighbour-joining tree using a pairwise
relatedness matrix, constructed following the methods of Queller & Goodnight [16]. The tree was
calculated using Phylip [17].

Classical methods of estimating the effective population size (Ne) of a bottleneck may
struggle in our study. First, bottleneck size can be estimated through the associated loss of
heterozygosity. However, this offers a rather blunt tool because detectable losses of
heterozygosity require either very low numbers of survivors (<10) or a longer duration (i.e. no
immediate recovery). Further, loss of heterozygosity could conceivably be distorted by the
preferential survival of more heterozygous individuals [18]. Some other methods exploit features
of the way microsatellites evolve and compare observed test statistics with those based on
simulations assuming a strict stepwise mutation model (SMM) or related models. For example,
the program “Bottleneck’ [19] is based on transient changes in the ratio of allele range to
heterozygosity associated with the loss of rare alleles. However, the SMM is over-simple because
it is now known that microsatellite mutations are centrally directed, with long alleles contracting
and short alleles expanding. Moreover, cross-species markers can show strong departures from the
SMM due to interruption mutations within the microsatellite itself [20]. Finally, our cross-species
markers include several that may or actually do carry non-amplifying alleles.

To address these issues and to estimate the likely size of the bottleneck we used two
approaches. First, we used the program NeEstimator v2 [21] to implement the standard temporal
method [22]. Second, we used stochastic simulations implemented using custom code written in
Visual Basic (Supplementary Material). For the latter, semi-realistic allele frequency distributions
are established by allowing microsatellites to evolve under a strict stepwise mutation model in a

homogeneous population of size 1000 diploid individuals with mutation rate chosen such that
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heterozygosity was similar to that seen in our empirical data for pre-eradication attempt rats on
Henderson. Each population is then reduced to bottleneck size X (X=5 to 100, with equal sex
ratio) and then allowed to expand rapidly at three fold per generation over a maximum of six
generations back to a maximum size of 1000. During this realistically short time period the
contribution of new mutations can safely be ignored. Samples of 50 and 83 were drawn at random
both immediately before the bottleneck and at the end of the simulation and used to assess
heterozygosity, calculated as expected heterozygosity at Hardy-Weinberg equilibrium, and allele
number. All simulations were repeated 100 times to obtain a mean and standard deviation.

As mentioned above, changes in heterozygosity are likely too slight to be informative.
Consequently, we focused on the average change in frequency of individual alleles [23]. There are
two potential issues with this approach. First, our estimated allele frequencies are based on
modest samples of an unknown underlying distribution. Second, even if we did know the
underlying frequency distributions, the chance that these are replicated closely during simulation is
remote. Consequently, we systematically explored the fate of single alleles at all possible
frequencies. Specifically, individual populations of 1000 individuals were founded carrying just
two alleles (frequency of minor allele = 0.01 to 0.5, step 0.01). The bottleneck, recovery and
sampling were performed as above, yielding a complete spectrum of frequency trios: unobserved
true pre-bottleneck, pre-bottleneck in a sample the size we collected and post-bottleneck of the size
we collected with, on average, 100 replicates of each observed pre-bottleneck frequency. Using
these data we can then translate our empirically observed allele frequencies into the expected
average change in frequency for a bottleneck of any given size. To explore the impact of null
alleles, all simulations were repeated two further times, adding null alleles to the pre-bottleneck

population at the observed frequencies seen at two loci of (3%, 7%).

(d) Testing post-eradication pesticide resistance
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To address the question of whether the rats surviving on Henderson were resistant to brodifacoum,
58 rats were captured in July and August 2013 using Elliot live traps. On capture the weight and
sex of each rat were recorded prior to placing it in individual 70cmx50cmx50cm cages, made from
wire mesh and plywood board. Each cage contained a food bowl and water dispenser, while
plastic screens placed between cages prevented visual interaction.

Each rat had three days of acclimatisation on a diet of guinea-pig food (a non-toxic food
source obtained from a pet food supplier; Animates Rabbit and Guinea Pig Food, Animates,
Wellington, New Zealand). After the three days, each rat was re-weighed (to ensure it was healthy
and not losing body mass) and randomly assigned to one of eight trial groups. There were a control
group (no poison) and seven experimental groups exposed to progressively higher concentrations
of brodifacoum in their diet. Each group had eight rats except for the two groups receiving the
highest dose where n = 5.

Each trial group was then presented with brodifacoum-laced peanut butter (brodifacoum
0.002% wet weight), weighed to deliver the dose of brodifacoum required by the rat’s weight,
along with some guinea-pig food (table 3, below). The control group animals each received 1g of
non-toxic peanut butter. All rats had consumed all the poison within 24 hours. After toxicant
consumption, the rats’ diet returned to guinea-pig food. Each rat was monitored twice daily until
death or 14 days after the poison dose was ingested. Any rat clearly suffering and close to death
was euthanized by cervical dislocation (this occurred twice); rats surviving after 14 days were

released close to where captured.

3. Results

(a) Genetic substructure

The program STRUCTURE revealed the best-fit number of sub-groups to be 10 (electronic

supplementary material, figure S2). Group membership is summarised in a bar plot (figure 1).
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This reveals a number of interesting features. First, rats from the Cook Islands and from four
sampling localities within the Gambier archipelago are all assigned to their own groups with near
100% confidence and minimal overlap with either Henderson or Pitcairn (NB one Cook Islands
sample came from a different region from the others and was clearly genetically different, failing
to place in any of the 10 groups). Despite being genetically very similar ‘by eye’, in the sense that
the same alleles occur in both samples at ostensibly similar frequencies, Pitcairn and Henderson
samples are also largely separable. Within the islands, the two main groups on Pitcairn (yellow
and blue) correspond well with the two different sampling efforts, while there are three main
groups on Henderson (pink, white and grey). On Henderson, there is a weaker but still rather clear
separation between pre-eradication samples (mainly pink) and post-eradication samples (largely
white and grey).

The neighbour-joining tree of all Henderson and Pitcairn rats is shown in figure 2. Two
important features are apparent. First, mirroring the STRUCTURE results, the Pitcairn rats fall
mainly in a single, almost pure clade, indicating genetic separation (figure 2a). Second, the
Henderson rats exhibit some degree of clustering, in that multiple rats from the same sampling
location often cluster together (figure 2b). This may well be due to the sampling of related
individuals on a scale of tens of metres. On the other hand, each of the primary sampling areas (E.
Beach, N. Beach, Plateau; electronic supplementary material, figure S1) contributes clusters spread
right across the tree, suggesting appreciable gene flow between the different regions. Also, there
IS no strong tendency for pre-eradication and post-eradication attempt samples to cluster strongly.
We conclude that, while mild sub-structure is present, this is probably not strong enough to

indicate strongly restricted gene flow between the island regions.

Figs 1, 2 and 3 and Table 2 about here

(b) Estimating the likely minimum number of rats

10



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

Unbiased heterozygosity reveals negligible change while expected heterozygosity actually
increases slightly. However, as discussed in Methods, changes in overall heterozygosity provide
a relatively crude measure and would require a very severe bottleneck to show a detectable
change. Changes in allele frequency may provide a more robust estimate because each locus
carries multiple alleles, each of which provide a point estimate. Using this approach, we find
excellent agreement between three related estimators, implemented in NeEstimator v2, and our
own stochastic simulations. In all cases the best-fit number of survivors was an effective

population size of approximately 50 + 30 rats (table 2, figure 3).

(c) Toxicity tests
Mortality was 100% for dose levels of 0.2 mg/Kg (bw) and above; only the control group had zero

mortality (table 3). The median lethal dose LDso, calculated in R3.0.1, was 0.061 £0.02 mg/Kg

(95% CI).

Table 3 about here

4. Discussion

We genotyped samples collected from other Pacific islands for 18 polymorphic microsatellites and
found no evidence that re-introduction from these sources is the reason for the continuing presence
of rats on Henderson Island. We therefore conclude that rats remain on Henderson because of a
failure to eradicate. We then compared the microsatellite genotypes obtained from rats sampled
before and after the eradication attempt, to estimate the number to which the population was
reduced. Heterozygosity was unchanged but the average change in frequency of individual alleles
suggests an effective population size (Ne) of around 50 rats at the deepest part of the bottleneck.
Early studies of the relationship between effective population size (Ne) and census size (N)

suggested that most species have a ratio Ne / N in the approximate range 0.25 to 0.75 [24]. A more
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recent study [25] suggests that mammals have an average ratio of 0.749 £ 0.117 standard
deviation, implying that our estimate of Ne = 50 rats will translate into a census size of 58 to 80
rats.

An estimate of approximately 60-80 actual survivors seems plausible. Following the
attempted eradication, no rats were seen over the first three months when fieldworkers were
continuously present. Even with the dense vegetation, this seems unlikely unless the numbers left
alive were very small. On the other hand, once the first rat was seen by a temporary visitor seven
months after the bait-drop, numbers did rebuild rapidly [10], something that seems less likely if
the population had been reduced below 10. Under such circumstances inbreeding depression and
the difficulty of finding a mate might have slowed recovery [26].

Our analysis reveals subtle population substructure but probably not enough to impact our
conclusions. Thus, Pitcairn was sampled at two different locations and times and these are
reasonably well resolved by STRUCTURE (figure 1). Similarly, while the pre-eradication sample
from Henderson appears fairly homogeneous, STRUCTURE suggests three weak groups among
animals sampled after the eradication attempt. These groups may well reflect a small number of
pockets of survivors which interbred before dispersing more widely. On the other hand the
individual-based tree shows no obvious relationship with geography beyond the presence of small,
possibly family clusters (figure 2), and STRUCTURE places some Pitcairn rats on Henderson and
vice versa. Importantly, appreciable substructure should result in weak homozygote excess across
loci and we find a weak heterozygote excess (data not shown).

Logistic constraints meant we did not sample rats across the full extent of Henderson
(figure S1). However we did sample from sites that are reasonably distant in the context of the
entire island and find very little (arguably negligible) structure beyond that which might be
expected from the sampling of relatives. Moreover, Pitcairn shows only marginal distinctiveness.
If the Henderson recovery was based on immigration from Pitcairn, presumably by <10

individuals, we would expect extremely low diversity, significantly lower than we observe, and the
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post-eradication rats should form a reasonably distinct sub-clade within the Pitcairn clade. That
post-eradication rats have higher diversity and co-cluster with pre-eradication Henderson rats
therefore argues strongly that this is survival rather than reintroduction. Combined, this suggests
that our sampling has captured the majority of Henderson diversity: it would be truly remarkable if
an unsampled clade existed on Henderson that was more different than rats from Pitcairn.

Our toxicity tests revealed that only the control rats receiving a zero brodifacoum dose
showed no mortality. The calculated LDso of 0.061 mg/Kg among rats on Henderson in 2013 was
considerably lower than the acute LDsp of 0.32 mg/Kg found by Conor & Booth [27] in another
population of R. exulans. These results therefore provide no support for the possibility that failure
of the 2011 operation was due to brodifacoum resistance among the Henderson rats.

Since 0.2mg/kg (or higher) was lethal for all rats tested, an average rat of 80g (own data)
would certainly die after ingesting 0.016mg of toxin. Given that the active toxin, brodifacoum,
constituted 0.002% (20 mg/kg) of pelleted bait weight in the 2011 eradication attempt [8], the fatal
amount of toxicant would be ingested by a rat eating 0.8 g of bait. Since each bait pellet weighed
roughly 1.6 g [11], an average weight rat would die after consuming less than a single pellet. The
amount of bait broadcast on the island, averaging almost 20kg/ha, was equivalent to hundreds of
pellets per rat.

Our genetic results show that the eradication attempt was very nearly successful, and the
brodifacoum tests provide no evidence of resistance to the toxicant used. The genetic results also
argue against any re-introduction which is in any case highly unlikely given our knowledge of
inter-island boat movements. It appears then that failure was neither caused by a tiny number of
survivors nor by several hundred survivors, the latter indicating some systematic fault in the
baiting approach used. Rather, the failure could have been due to a small number of rats either not
encountering poison pellets or showing a preference for natural food over bait pellets. In tropical
or sub-tropical latitudes, it may always be more difficult than in temperate latitudes to ensure that

operations are undertaken when the availability of natural food is very low [28], especially when
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critical “postpone or proceed’ decisions have of necessity to be taken months before the operation.
Further plant phenological studies that enhance understanding of the ebb and flow of natural food
on Henderson would be useful [29]. Arguably even more useful and of widespread value to other
projects would be work directed towards increasing the attractiveness of bait pellets over natural

food [30].

Ethics. Having considered the ethical and welfare implications, RSPB Council gave ethical
approval for the brodifacoum experiment we report.

Data accessibility. See Supplementary Material.

Authors’ contributions. WA analysed the genetic data and ran the simulations, HIN conducted the
lab analysis, TC performed the brodifacoum tests, and MdeLB assembled the non-Henderson rat
samples and drafted the paper. All authors helped design the study and revise the drafts.
Competing interests. We have no competing interests.

Funding. The Darwin Initiative funded much of the RSPB’s work on Henderson Island and
therefore sample collection and analysis, the latter also supported by the Sir Peter Scott
Commemorative Expedition to the Pitcairn Islands.

Acknowledgements. Crucial fieldwork help on Henderson came from Richard Cuthbert, Gavin
Harrison, Tara Proud, Mike Rodden and Nick Torr, while travel to and from the island hinged on
the wonderful service provided the crews of Braveheart, Claymore and Teba. Rat samples from
other islands were kindly supplied by Steve Cranwell and Kelvin Passfield (Cook Islands), the
Reasin family, Laurent Yan and the staff of Manu (Gambier Islands), and Sue O’Keefe, Jay
Warren and Pawl Warren (Pitcairn Island). We also thank Robyn Hewitt and Frank Molinia of
Landcare Research for extracting DNA samples. Referee input saved us from grievous errors; we

offer sincere thanks.

14



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

REFERENCES

1.  Atkinson IA. 1985 The spread of commensal species of Rattus to oceanic islands and their
effects on island avifaunas. In Conservation of Island Birds (ed Moors PJ), pp. 35-81.
Cambridge UK: ICBP Technical Publication No. 3.

2. Howald G, Donlan CJ, Galvan JP, Russell JC, Parkes J, Samaniego A. et al. 2007 Invasive
rodent eradication on islands. Conserv. Biol. 21, 1258-1268. (doi: 10.1111/].1523-
1739.2007.00755.x)

3. Holmes ND, Griffiths, R, Pott, M, Alifano A, Will D, Wegmann AS et al. 2015 Factors
associated with rodent eradication failure. Biol. Conserv. 185, 8-16. (doi:
10.1016/j.biocon.2014.12.018)

4.  Pott M, Wegmann A, Griffiths R, Samaniego-Herrera A, Cuthbert RJ, Brooke MdeL. et al.
2015 Improving the odds: assessing bait availability before rodent eradications to inform bait
application rates. Biol. Conserv. 185, 27-35. (doi: 10.1016/j.biocon.2014.09.049)

5. Abdelkrim J, Pascal M, Samadi S. 2007 Establishing causes of eradication failure based on
genetics: Case study of ship rat eradication in Ste. Anne archipelago. Conserv. Biol. 21, 719-
730. (doi: 10.1111/j.1523-1739.2007.00696.x)

6. Brooke MdeL. 1995 The breeding biology of the gadfly petrels Pterodroma spp. of the Pitcairn
Islands: characteristics, population sizes and controls. Biol. J. Linn. Soc. 56, 213-231.

7. Weisler MI. 1994 The settlement of marginal Polynesia — new evidence from Henderson
Island. J. Field Archaeol. 21, 83-102. (doi: 10.2307/530246)

8.  Torr N, Brown D. 2012 Henderson Island Restoration Project: Post-Operational Report.
Sandy, UK: RSPB.

9.  Brooke MdeL, Cuthbert RJ, Henricson A, Torr N, Warren P, O’Keefe S. 2010 Towards Rat
Eradication on Henderson Island: Fieldwork Report August-September 2009. Sandy, UK:

RSPB.

15


http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=P2wf6UeB3yKh7Mxh2hT&field=AU&value=Howald,%20G
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=P2wf6UeB3yKh7Mxh2hT&field=AU&value=Donlan,%20CJ&ut=11143549&pos=%7B2%7D&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=P2wf6UeB3yKh7Mxh2hT&field=AU&value=Galvan,%20JP
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=P2wf6UeB3yKh7Mxh2hT&field=AU&value=Russell,%20JC&ut=3258200&pos=%7B2%7D&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=P2wf6UeB3yKh7Mxh2hT&field=AU&value=Parkes,%20J&ut=7051344&pos=%7B2%7D&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=P2wf6UeB3yKh7Mxh2hT&field=AU&value=Samaniego,%20A

393 10. Churchyard T, Proud T, Brooke MdeL, O’Keefe S, Warren P, Rodden M. 2015 Henderson

394 Island trip report 30th June — 31st August 2013. Sandy, UK: RSPB.

395 11. Cuthbert RJ, Brooke MdeL, Torr N. 2012 Overcoming hermit crab interference during

396 rodent baiting operations: a case study from Henderson Island, South Pacific. Wildlife Res.

397 39, 70-77. (doi: 10.1071/WR11033)

398 12. Island Eradication Advisory Group, Island Conservation, Wildlife Management

399 International. 2013 Three independent reviews of the Henderson Island eradication

400 operation. Sandy, UK: RSPB.

401 13. Russell JC, Miller SD, Harper GA, Maclnnes HE, Wylie MJ, Fewster RM. 2010 Survivors

402 or reinvaders? Using genetic assignment to identify invasive pests following eradication.

403 Biol. Invasions 12, 1747-1757. (doi: 10.1007/s10530-009-9586-1)

404  14. Marshall TC, Slate JBKE, Kruuk LEB, Pemberton JM. 1998. Statistical confidence for

405 likelihood-based paternity inference in natural populations. Mol. Ecol. 7, 639-655. (doi:

406 10.1046/].1365-294x.1998.00374.x)

407  15. Pritchard JK, Stephens M, Donnelly P. 2000. Inference of population structure using multilocus
408 genotype data. Genetics 155, 945-959.

409 16. Queller DC, Goodnight KF 1989 Estimating relatedness using genetic markers. Evolution 43, 258-
410 275. (doi: 10.2307/2409206)

411 17. Felsenstein J. 2005 PHYLIP (phylogeny inference package), version 3.6. University of Washington,
412 Seattle: Department of Genome Sciences.

413 18. Coltman DW, Pilkington JG, Smith JA, Pemberton JM. 1999 Parasite-mediated selection against
414 inbred Soay sheep in a free-living island population. Evolution 53, 1259-1267. (doi:

415 10.2307/2640828)

416 19. Luikart G, Allendorf FW, Cornuet J-M, Sherwin WB. 1998 Distortion of allele frequency

417 distributions provides a test for recent population bottlenecks. J. Hered. 89, 238-247. (doi:

418 10.1093/jhered/89.3.238).

16



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Jin L, Macaubas C, Hallmayer J, Kimura A, Mignot E. 1996. Mutation rate varies among
alleles at a microsatellite locus: phylogenetic evidence. Proc. Natl. Acad. Sci. USA 93,
15285-15288. (doi: 10.1073/pnas.93.26.15285)

Do C, Waples RS, Peel D, Macbeth GM, Tillett BJ, Ovenden JR. 2014. NeEstimator v2: re-
implementation of software for the estimation of contemporary effective population size (Ne)
from genetic data. Mol. Ecol. Resour. 14, 209-214. (doi: 10.1111/1755-0998.1215 )
Waples RS. 1989. A generalized approach for estimating effective population size from
temporal changes in allele frequency. Genetics 121, 379-391.

Pollak E. 1983. A new method for estimating the effective population size from allele
frequency changes. Genetics 104, 531-548.

Nunney L. 1996 The influence of variation in female fecundity on effective population size.
Biol. J. Linn. Soc. 59, 411-425

Waples RS, Luikart G, Faulkner JR, Tallmon DA 2013 Simple life-history traits explain key
effective population size ratios across diverse taxa. Proc. Roy. Soc. B, 280. Article 20131339.
(doi: 10.1098/rsph.2013.1339)

Nathan HW, Clout MN, MacKay JWB, Murphy EC, Russell JC. 2015. Experimental island
invasion of house mice. Popul. Ecol. 57, 363-371. (doi: 10.1007/s10144-015-0477-2)
Conor CEO, Booth LH. 2001 Palatability of rodent baits to wild house mice. Science for
Conservation 184, NZ Department of Conservation, New Zealand.

Russell JC, Holmes ND. 2015 Tropical island conservation: Rat eradication for species
recovery. Biol. Conserv. 185, 1-7. (doi: 10.1016/j.biocon.2015.01.009)

Brooke MdeL, Jones PJ, Vickery JA, Waldren S. 1996 Seasonal patterns of leaf growth and
loss, flowering and fruiting on a sub-tropical Central Pacific Island. Biotropica 28, 164-179.
Keitt B, Griffiths R, Boudjelas S, Broome K, Cranwell S, Millett J. et al. 2015 Best practice
guidelines for rat eradication on tropical islands. Biol. Conserv. 185, 17-26. (doi:

10.1016/j.biocon.2014.10.014)

17


http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=7&SID=Z1ENAaGszQZxNxGBY1i&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=7&SID=Z1ENAaGszQZxNxGBY1i&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=7&SID=Z1ENAaGszQZxNxGBY1i&page=1&doc=1

445

446

447

448

449

450

451

31.

32.

33.

Laulederkind SJ, Hayman GT, Wang SJ, Smith JR, Lowry TF, Nigam R. et al. 2013 The Rat
Genome Database 2013 — data, tools and users. Briefings in Bioinformatics 14, 520-526.

Nei M, Tajima F. 1981. Genetic drift and estimation of effective population size. Genetics
98, 625-640.

Jorde PE, Ryman N. 2007. Unbiased estimator for genetic drift and effective population size.

Genetics 177, 927-935. (doi: 10.1534/genetics.107.075481)

18



452

453
454

455

456

457

458
459

460

461

462

Figures

C Gam H-post H-pre Pit

Figure 1. STRUCTURE plot of rats sampled from the Cook Islands (C), the Gambier archipelago

(Gam), Henderson Island pre- and post-eradication attempt, and Pitcairn (Pit)

008 [T)

Figure 2. (a) Neighbour-joining tree of all Henderson and Pitcairn rats. The tree was constructed

using a distance matrix of 1-R, where R is relatedness sensu Queller and Goodnight. For clarity,
individual rats are colour coded: blue = Pitcairn; black = Henderson pre-eradication attempt; red

Henderson post-eradication attempt.
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(b) The neighbour-joining tree of Henderson rats, according to trapping location and
period. Red = North Beach pre-eradication, orange = North Beach post eradication, dark blue =

East Beach pre-eradication, light blue = East Beach post eradication, black = plateau.
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Figure 3. Change in allele frequency among Henderson rats. The heavy horizontal line shows the
estimated average change in individual microsatellite allele frequency between rats sampled before
and after the eradication program. The errors on the estimate are one standard error of the mean,
obtained by averaging across 18 loci. Solid dots represent the mean change in allele frequency of
microsatellites when a simulated population passes through a bottleneck of the size given on the x-

axis.
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481

482 Table 1. A summary of the 19 microsatellite loci, amplified in three multiplex PCR reactions,
483  used to genotype Pacific rats Rattus exulans samples. All primer sequences are available in the Rat
484  Genome Database [31].

4
> Locus Fluorescent | Multiplex | Product size | Number of
label number range (bp) | alleles

D7Arbl16 | HEX 1 87-104 9
D2Rat234 | HEX 1 114-121 4
D8Mgh4 | 6-FAM 1 114-156 9
D12Rat36 | HEX 1 182-195 8
D19Rat75 | 6-FAM 1 195-207 6
D10Rat20 | 6-FAM 2 97-128 12
DIMit3 HEX 2 98-109
D11Rat7 | HEX 2 131-149 5
D6Rat99 | 6-FAM 2 133-158 10
D5Rat83 | 6-FAM 2 166-180
D7Ratl3 | HEX 2 201-209
D15Rat77 | 6-FAM 2 240-261 11
D2Rat312 | HEX 3 94-112 9
D17Mghl | 6-FAM 3 112-136 13
D1Rat313 | 6-FAM 3 153-167 8
D4Rat106 | HEX 3 155-178
D6Rat100 | 6-FAM 3 174-186
D8Rat162 | HEX 3 202-215 6
D14Rat39 | 6-FAM 3 223-257 14

486

487
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Table 2. Estimated bottleneck size based on the temporal method. The program NeEstimator v2
was used to estimate the likely size of the bottleneck caused by the attempted eradication of rats on
Henderson Island. The program implements three related methods (Pollak [23], Nei/Tajima [32],
Jorde/Ryman [33]) and sets the minimum allele frequency accepted to four thresholds (5%, 2%,
1% and 0%), with resulting number of alleles considered in brackets. Resulting estimates of Ne
are in bold with 95% confidence intervals in brackets. Confidence intervals are obtained both as
parametric approximations and by jackknifing across loci. We present the parametric estimates
which are generally a little tighter, particularly for the Jorde/Ryman method.

Minimum 0.05 (61) 0.02 (75) 0.01 (85) 0 (97)

frequency

Pollak 42.2 (23.5,79.1) | 44.9 (26.1, 80.2) | 48.8 (29.0, 86.4) | 59.2 (35, 107.7)

Nei/Tajima | 45.6 (25.0,87.7) | 47.4 (27.4, 86.3) | 50.8 (29.9, 91.0) | 59.7 (35.3,
109.0)

Jorde/Ryman | 35.8 (24.2, 49.6) | 35.3(24.9, 47.4) | 35.1 (25.4, 46.5) | 35.3 (26.1, 45.0)
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Table 3. The eight trial groups and the dose of brodifacoum presented in mg/kg of rat body weight
(bw). Each dose was calculated individually for each rat based on its post-acclimatisation weight.

Poison Dose (mg/Kg
bw)

Number of rats

Number surviving

0

0.025

0.05

0.1

0.2

0.35

0.55

0.80

U101/ 00| 00|00 (00|00 |00

OO0 | |01|N|00
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