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Abstract Removing invasive rodents from islands

has many ecological and social benefits. However,

eradications fail more frequently on tropical than on

temperate islands, and causes for these failures are not

yet well understood. We addressed two major plausi-

ble reasons for eradication failure, testing whether

actively reproducing females and pre-weaned pups

may not consume bait during an experimental erad-

ication of Rattus exulans on a tropical island (22 ha).

We tested four hypotheses, namely that: (1) lactat-

ing female rats take longer than non-lactating con-

specifics to consume rodent bait, (2) pre-weaned

rats orphaned following bait application survive when

their mother dies, (3) surviving pre-weaned rats are not

exposed to rodent bait and (4) lactating females have

different natural diets than non-lactating females. Our

experimental eradication was successful, despite con-

ditions that are typically associated with eradication

failures: rat density was high (95% CI 65–153 rats/

ha), rats were breeding and juveniles of all age-classes

were present, land crabs were abundant, bait was only

widely available for two nights after bait application

(i.e.[ 90% of bait disappeared within 36 h; bait was

undetectable after 60 h), and alternative foods (e.g.

coconut) were abundantly available. We found no

evidence to support hypotheses that rat breeding and

diet specialisation limit bait uptake because all rats

consumed bait. Rat eradication was achieved with a

relatively low bait application rate (32 kg/ha; 16 kg/

ha per application) and a short (7 day) interval

between the two bait applications. We recommend

further experimental eradications targeting R. exulans

and other invasive Rattus and Mus species on larger

islands, but conclude that with comprehensive bait
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coverage eradications on tropical islands can be

successful despite abundant natural food and a high

density of reproductively active rats.

Keywords Best practice � Brodifacoum � Crabs �
Eradication failure � Rat ecology � Rattus exulans

Introduction

The removal of invasive rodents from islands has

proven to be a highly effective mechanism to protect

endangered species and restore island ecosystems

(Towns et al. 2013; Jones et al. 2016). Over 90% of rat

eradication attempts have been successful, with

increasingly larger islands being targeted (Holmes

et al. 2015). However, the rate of eradication failure on

tropical islands is higher than on temperate islands

(Russell and Holmes 2015). Probably the most signif-

icant factors for such discrepancy are the year-round

warmer temperatures (Russell and Holmes 2015),

which support greater natural food availability (Amos

et al. 2016), enable more consistent rodent breeding

and higher rodent population densities (Harper and

Bunbury 2015), and the presence of land crabs that can

quickly remove rodent bait (Griffiths et al. 2011;

Samaniego et al. 2019). Rodent eradication on islands

relies on ensuring sufficient bait is distributed to every

rodent territory to provide a lethal dose of high-quality

toxic bait to every individual rodent (Broome et al.

2014). The primarymethod for achieving this has been

the application of rodenticides (mainly brodifacoum)

in bait pellets.

A tropical island rodent eradication workshop held

in New Zealand in 2013 convened 34 international

experts in rat eradication, rodent and island biology and

toxicology to identify critical knowledge gaps for

increasing the success rate of rodent eradications on

tropical islands. The resulting recommendations for

best practice guidelines (Keitt et al. 2015) summarised

seven knowledge gaps, with a focus on two key reasons

for failure: not all individuals could access the bait or

all bait was accessible but individuals chose not to eat

it. To improve the probability of success in future

attempts to eradicate invasive rodents from tropical

islands, a better understanding of howbreeding activity

might influence exposure to bait and how diet choice

affect bait uptake is urgently needed. Specifically,

knowledge is needed on whether lactating females are

less likely to consume bait due to different dietary

preferences to other demographic groups, and whether

pre-weaned pups whose mother has consumed a lethal

dose of a toxicant can survive. We investigated these

aspects in an experimental eradication of R. exulans to

provide guidance on how incomplete bait uptake can

be addressed and mitigated.

We closely monitored a rat population during an

eradication in 2018 on Reiono Island within the

Tetiaroa Atoll (hereafter: Tetiaroa). Tetiaroa is a site

of important conservation value in French Polynesia

(Meyer et al. 2005), and is a typical coral atoll

comprising 12 low-lying vegetated islands. The

islands of varying size, habitat and invasive rat species

provide a rich natural laboratory for research and

management projects (Russell et al. 2011). We

monitored several population parameters before, dur-

ing, and after a rat eradication to specifically test the

following four hypotheses that were identified as

potential risks to eradication success on tropical

islands (Holmes et al. 2015; Keitt et al. 2015): H1

Lactating female rats take longer than non-lactating

conspecifics to consume rodent bait; H2 Pre-weaned

rats orphaned following bait application survive when

their mother dies; H3 Surviving pre-weaned rats are

not exposed to rodent bait; H4 Lactating females have

different natural diets than non-lactating females. The

results of this work therefore provide critical infor-

mation upon which to plan future rodent eradication

work on Tetiaroa and tropical islands in general.

Methods

Study site

Reiono (22 ha, 750 9 350 m, B 3 m high) is an

uninhabited, evergreen, forested motu (island) of

Tetiaroa (Fig. 1), located 50 km north of Tahiti in

the Society Islands of French Polynesia. Overall,

Tetiaroa is similar to other tropical atolls. The region

experiences a tropical climate with year-round aver-

age temperature of 24–28 �C, a rainy season from

November to April and a relatively dry season from

May to October (Fig. 2). Conditions during the year of

our experiment were typical of average climatic

conditions for the region based on 10 years of data

(Fig. 2).
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There are 29 species of vascular plants on Reiono;

19 are indigenous and ten are introduced (Butaud

2013; Meyer 2018) (Online Resource 1). About 90%

of the island is covered withPisonia grandis forest, yet

introduced Cocos nucifera is abundant throughout

(Fig. 3a). The fauna is a subset of Tetiaroa, which in

turn is typical of coral atolls. The most conspicuous

invertebrates are land crabs, abundant and active all

year round. We recorded coconut crabs (Birgus latro),

small hermit crabs (Coenobita brevimanus, C. perla-

tus and C. rugosus) and burrowing crabs (Geograpsus

spp. and Ocypode spp.). Crab density has only been

estimated for coconut crabs, at 600/ha (Genet and

Gaspar 2017). Two invasive rodents (R. exulans and R.

rattus) are present on Tetiaroa; R. exulanswas the only

mammal on Reiono.

Rat ecology and behaviour

Morphometrics, breeding activity and behaviour

We monitored rats during five field sessions each of

2–6 weeks duration between December 2017 and

November 2018 to assess breeding activity and

behaviour as well as collect standard morphometrics

of the rat population (Fig. 4). We trapped rats across

the island using live (cage traps and Sherman brand rat

traps) and snap traps (Victor kill traps). Live traps

were used to trap reproductive rats for radio-telemetry;

snap traps were used to obtain dead rats to confirm

reproductive status through dissection and to collect

stomachs (see below). For all individuals, body mass

(using a 100 g Pesola scale), age (based on genitalia

and body mass, with juveniles B 50 g), sex and

reproductive condition (in males determined by testes

position and in females by prominent nipples or

presence of embryos) were recorded. The morphome-

tric results include those from the trapping grid

described below.

We used radio-telemetry to locate and monitor rats

and burrows of mainly lactating (5 in May and 51 in

August) and non-breeding (5 inMay and 13 in August)

females, although a few adult males (6 in August)

were also radio-collared. A total of 70 rats were radio-

collared and monitored over the course of the rat

eradication in August to find rat burrows immediately

before the application of toxic bait, and to assess

survival time and examine collared rats (reproductive

and non-reproductive) for signs of bait consumption

(Fig. 3). Given the lactating females were collared

1–8 days before bait application, both during the bait

uptake trial in June and the eradication in August, we

assumed they were still lactating by the time they were

exposed to placebo and toxic bait, respectively.

Rat diet at time of eradication

We conducted extensive snap trapping in the week

prior to the rat eradication to obtain stomach contentsFig. 1 Location of Reiono Island (black square) at Tetiaroa

Atoll, French Polynesia

Fig. 2 Precipitation at Tetiaroa Atoll: a during 2018, b during

2009–2018. Source: World Weather Online, Moorea station
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from both lactating (n = 10) and non-breeding

(n = 10) adult females from different areas (Fig. 3).

The high numbers of males and juveniles caught, as

well as the abundance of pregnant females, prevented

us from obtaining more samples of lactating and non-

breeding females. The stomachs were stored in 70%

ethanol and analysed at University of Auckland

following the protocol described in Shiels et al.

(2013). In brief, stomach contents were sieved, each

put in a Petri dish, and the relative abundance of food

items determined based on a 5 9 5 mm grid beneath

the dish.

Estimation of rat density and movement

A thorough eradication operation was crucial to test all

four hypotheses, and eradications generally benefit

from knowing the density and movement ranges of

Fig. 3 Dominant vegetation (a) and location of plots, devices and sampling locations used on Reiono (b). The baiting plot was used for
the bait uptake trial; the rat eradication treated the entire island

Fig. 4 Timeline of main research activities on Reiono
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rats on the target island to inform the necessary bait

application rate (Keitt et al. 2015). In addition, we

needed to confirm the outcome of our eradication

attempt using a rapid assessment (Samaniego et al.

2013; Russell et al. 2017), for which we required

movement parameters of the rats on Reiono. To obtain

an estimate of rat density and movement parameters,

we conducted a spatial capture-mark-recapture study

with two sessions (December 2017 and June 2018). A

rectangular grid (Fig. 3b) of 10 9 5 points, 10 m apart

(i.e. 90 9 40 m), was marked (n = 50 points) in

habitat which was representative of the fairly uniform

island. For five nights during each of the two sessions a

live trap was set at each point and baited with coconut

each afternoon and checked for rats the following

morning. Traps were placed on top of plastic contain-

ers (15 cm tall) to minimise land crab interference.

Because live (cage) traps used in December 2017 were

easily triggered by rats outside the trap, we used

different live traps (Sherman) in June 2018 to increase

capture probability.

All rats caught were individually marked with ear

tags and released at their capture point. The same

information collected for the collared rats (i.e. body

mass, age, sex and reproductive condition) was

collected for the rats in the trapping grid with the

same procedures. We estimated rat density using

spatially explicit capture-recapture models (SECR;

Borchers and Efford 2008; Royle et al. 2014) fitted

using the R package secr (Efford 2019). SECR

estimates animal density from detection histories of

when and where marked animals were captured. This

involves estimation of a detection function, which

relates the probability of capture to the distance

between an individual’s activity centre and a trap.

Models that were considered used the half normal

detection function with parameters g0 (the probability

of detection at the activity centre) and r (the spatial

scale parameter); see Borchers and Efford (2008). We

allowed density to vary with session, and allowed g0

and r to vary between sessions, age groups, and sexes

to accommodate differences between individuals. We

compared models with different combinations of these

explanatory variables using an information-theoretic

approach and present all models that were within 4

AIC units of the most parsimonious model. We report

density as the mean parameter estimate with 95%

confidence intervals.

Assessing bait uptake and consumption rates

The overarching experiment of this research was the

rat eradication operation, which is a complex task (PII

2011). To inform the eradication strategy, trial proce-

dures and train people, a trial was conducted. We

assessed both general bait uptake (i.e. by all con-

sumers) and bait consumption by rats by hand-

applying placebo rodent bait containing the fluores-

cent dye pyranine (Orillion, New Zealand) at a rate of

13 kg/ha, along a 20 9 20 m grid covering a 3-ha plot

(Fig. 3), plus an external 30 m buffer to minimise the

edge effect in bait consumption, in June 2018. Nine

sub-plots (1 m2) randomly selected ([ 30 m apart)

were marked in which we measured daily bait

consumption to assess how long bait was available

on the ground (i.e. available to all potential con-

sumers) after the application.

Intensive live trapping 42–90 h after baiting was

conducted to calculate the proportion of rats that had

consumed bait. Because the pyranine in the bait

fluoresces under UV light, bait consumption can

readily be identified by fluorescence around the rat’s

anus. Most rats caught were ear-tagged, weighed and

released at their capture location. Ten reproductive

females were euthanased and dissected to confirm

their reproductive status (pregnant, lactating, or non-

reproductive).

Rat eradication

The rat eradication operation on Reiono was under-

taken in coordination with the landowner through

Tetiaroa Society. We hand-applied brodifacoum

cereal bait (Pestoff 20R with pyranine, Orillion, New

Zealand) twice at 16 kg/ha (i.e. 32 kg/ha total), 7 days

apart, across the entire island with hand spreading

performed along a 20 9 20 m grid (550 points in total,

covering 100% of the island), in August 2018. We

used a slightly higher bait application rate than in the

bait uptake trial aiming to have bait available for at

least 48 h, which was not achieved with 13 kg/ha (see

Results). Uniform bait coverage was required to avoid

eradication failure but also to ensure we could

demonstrate whether bait uptake was influenced by

diet choice or reproductive activity. Uniformity was

achieved by strictly following best practice (PII 2011).

In fact, we used a smaller spacing (20 9 20 m grid)

than the recommended 25 9 25 m grid for R. exulans
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to ensure there were no gaps in bait coverage in the

dense forest of Reiono. Thus, most bait pellets on

Reiono were less than 1 m apart.

The goal for this eradication was not purely the

elimination of all rats but instead to mimic a higher

risk tropical rodent eradication and understand rat

interactions with bait. Even if the operation failed, we

would achieve our goal if we addressed our four

hypotheses and contributed to understanding the

causes of eradication failure. We considered this

project higher risk because of the prevailing environ-

mental conditions associated with tropical rodent

eradications including higher temperatures, presence

of rat breeding, higher rodent abundance, land crab

activity and abundance of alternative food sources.

Operationally the rat eradication was planned based on

current accepted practice (PII 2011; Keitt et al. 2015),

except that bait was applied at relatively low density

(providing only two nights of bait availability instead

of the recommended 4 ? nights) to increase the

probability of survivors for study. Ideally, survivors

from the first bait application would be tracked and

then eliminated during the second bait application.

The interval between bait applications was set to

7 days following Samaniego et al. (2018), to challenge

the assumption that a longer period (i.e. 10–21 days) is

required to eradicate breeding rodent populations on

mesic tropical islands (Keitt et al. 2015).

We established 26 unbaited cameras (Browning

Spec Ops Advantage trail cameras) across the island

(Fig. 3b) to either monitor activity at rat burrow

entrances (n = 13 cameras), or general activity on the

forest floor (n = 13) at random locations. Cameras

were horizontally set * 1.5 m high (i.e. pointing at

the ground), were activated from 4 days before the

eradication until 16 days after the first bait application

(i.e. 21 days total), and were set to record 20-s videos

(Full HD) when triggered by movement at any time of

the day. Delay time between videos was set to 1 s,

flash intensity was set to low (to avoid overexposure at

short distances), sensor sensitivity was set to high

(recommended for small, fast mammals), trigger

speed was set to fast and detection range was set to

short. Although the main purpose of the camera

monitoring was to document the level of daily activity,

additional results (e.g. number of pups per mother)

were obtained and these are reported in the corre-

sponding sections.

Finally, we set 70 live traps across the island the day

prior to the second bait application to capture marked

or unmarked rats that had survived for a week after the

first bait application. The objective was to identify the

traits of any rats surviving the first bait application,

take biometrics, genetic samples, and radio-collar

surviving rats, but no survivors were captured (see

Results).

Eradication confirmation

We formally evaluated eradication success in Novem-

ber 2018, 11 weeks after the eradication operation,

using Rapid Eradication Assessment (REA). This

assessment is based on the detection probability and

range size parameters obtained using the spatially-

explicit mark-recapture models described above, and

quantitatively estimates the probability of eradication

success using a grid of detection devices across an

island (Samaniego et al. 2013; Russell et al. 2017).

Given the differences between sessions, sexes, and age

groups for the r and g0 parameters (see Results), and

that the REA evaluates the worst-case scenario of

having a single pregnant female as the only eradication

survivor, for the eradication confirmation analysis we

used the values for adult females from the second

session (i.e. from 2 months before the eradication).

For r we used 17.11–32.04 (95% CI), whereas for g0

we used 0.024–0.052 (95% CI).

We deployed peanut-butter flavoured wax tags

(Pest Control Research, New Zealand) for 5 days to

detect the presence of rodents that may have survived

the eradication. To avoid land crab interference, wax

tags were nailed at the base of trees at 0.5–1.5 m above

ground at the same grid stations (20 9 20 m) as used

for baiting during the eradication.

During the same 5 days as we monitored wax tags,

we also set 12 cameras in a single transect (60 m

apart) crossing the island from north to south to detect

any surviving rats. We used the same settings

described above, but used fresh coconut as bait to

increase the chance to detect any survivors. In

addition, Tetiaroa Society staff (visiting Reiono most

days) and other scientists (conducting plant and

animal surveys) were asked to record any sign of rats.

Ongoing monthly coconut crab surveys involve plac-

ing open coconuts (preferred rat food) in the forest for

a day; nocturnal inspections of these coconuts have a

high probability of recording rat signs, as evidenced by
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the 100% chew rate during surveys conducted before

the eradication operation (Q. Genet, Te Mana o Te

Moana, pers. comm.).

Results

Rat ecology and behaviour

Morphometrics, breeding activity and behaviour

Overall, 579 captures of 433 individual rats were

recorded. Of the 424 individuals measured, 297 were

marked and released and the rest euthanased for

stomach collection or to confirm reproductive status.

The body mass ranged between 12 and 49 g for

juveniles (n = 56), and from 50 to 98 g for adults

(n = 368) (Table 1). Based on rat captures, the sex

ratio was slightly biased toward females most of the

year (from 45% in December to 65% in May).

Rat breeding was recorded during every field

session before the rat eradication (no rats were

detected afterwards); pregnant and lactating females

were trapped in any session, and juveniles were both

trapped and commonly observed. Groups ([ 15) of

several adults and juveniles were directly observed on

multiple occasions. When not in groups, camera

monitoring revealed up to three pups following

females. Similarly, most dissected pregnant females

had 2–3 embryos.

Radio-collared rats (10 during the bait trial and 70

during the eradication) facilitated locating active

burrows of radio-collared rats and additional burrows

of non-collared females immediately after the bait

applications. Most burrows consisted of a small

entrance (either a natural crevice or a chewed hole),

a narrow tunnel and a chamber (Online Resource 2).

All burrows inspected post-eradication (96) were close

to ground level (0–1 m high), frequently in the same

trees where burrowing crabs were living in larger

cavities, and 50% of inspected burrows contained

obvious traces of toxic bait after the eradication,

confirming bait caching. Rats used both living and

dead trees of the dominant tree species (P. grandis, C.

nucifera and Heliotropium foertherianum) for nesting

(Online Resource 2).

A single female pup (7.8 g) was found alive inside

the burrow of a radio-collared rat 4 days after the first

bait application of the rat eradication, and the burrow

contained traces of toxic bait. Both the dying radio-

collared female and the pup had symptoms of antico-

agulant poisoning and were euthanased.

Rat diet at time of eradication

The stomach contents of both lactating and non-

breeding female rats were similar (v2 = 0.84, d.f. = 2,

p = 0.65) in items consumed and their respective

proportions. Both groups contained on aver-

age[ 80% coconut (the white meat of the

seed), *10% rat fur and small proportions (\ 3%)

of parasites, plant material and arthropods.

Rat density and movement

In December 2017, 45 different rats were captured. Of

these, 12 were subsequently recaptured, and two of

those were recaptured three times. The rats recaptured

three times were both adults, one male and one female.

Those recaptured once each were all adults, three

males and seven females. In June 2018, 72 different

rats were captured, of which 22 were subsequently

recaptured. Nine rats were recaptured twice and two

were recaptured three times. These recaptured rats

were mostly adults (19 adults, three juveniles), with

slightly more females (13 females, nine males).

The spatially explicit capture-recapture model with

the greatest support indicated that the spatial scale

parameter r (which is related to home-range size)

varied between sessions, sexes, and age groups, and

that capture probability (g0) varied between age

groups (Fig. 5). In this model, home ranges appeared

to be larger in June than December, females appeared

to be moving longer distances from their activity

centre (up to 60 m) than males (up to 40 m), and

juveniles moved the least in both sessions, with

distance from activity centre as short as 10 m.

Juveniles had higher detection probabilities close to

their activity centres than adults. Estimated rat density

in December (97 rats/ha, 95% CI 60–156, coefficient

of variation: 24.8%) was similar to estimated rat

density in June (100 rats/ha, 95% CI 65–153, coeffi-

cient of variation: 22.1%). There was general agree-

ment of high estimated rat densities that were similar

across sessions amongst the models that were well-

supported by AIC (Table 2), suggesting density esti-

mates derived from the best model are robust to model

selection. These density estimates were therefore also
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similar to model-averaged estimates of density of 94

rats/ha in December and 103 rats/ha in June, which

were calculated via the method of Burnham and

Anderson (2004).

Bait uptake and consumption rates

Non-toxic bait laced with pyranine in the nine sub-

plots disappeared within 30 h following its applica-

tion; bait across the 3-ha plot (13 kg/ha) completely

disappeared 48 h after baiting. Confidence in the

absence of bait on the ground is high given that the

fluorescent bait is highly visible under UV torchlight

at night. Fluorescent rat faeces and urine were

commonly observed from 24 h after bait application,

confirming rats consumed bait.

Live trapping within the 3-ha plot between 2 and

4 days after bait application yielded 142 rats and the

presence of pyranine confirmed that all but one

individual had consumed bait. These rats included

adults (both sexes), reproductive females (both preg-

nant and lactating) and juveniles, the latter as small as

14 g (i.e. probably recently weaned). The only

exception was an adult male caught two nights after

the bait application at the edge of the trapping grid,

50 m from the outer boundary of bait availability (i.e.

20 m from the edge of the baiting plot, where the 30 m

buffer began). However, it is possible that this

individual entered the plot after bait had disappeared,

because bait located close to the perimeter of the plot

disappeared rapidly during the first night. Our esti-

mates from spatial recapture also support movements

in excess of 40 m for adult rats.

Rat eradication

Bait was distributed at 16 kg/ha and was readily

available for just two nights after each application

Table 1 Body mass and

length (mean ± standard

deviation (SD)) of adult

Pacific rats on Reiono

(excluding pregnant

females)

Month Sex Mass (g) Head ? body (mm)

n Mean SD n Mean SD

Overall 372 68.17 9.74 100 147.95 9.92

2017

December 42 70.00 9.03 41 148.10 9.31

Female 19 62.89 6.43 18 140.39 6.40

Male 23 75.82 6.24 23 154.13 6.26

2018

May 39 65.31 8.41

Female 25 63.36 6.67

Male 14 68.79 10.22

June 129 69.89 9.84 59 147.85 10.40

Female 74 65.78 7.72 30 140.57 5.89

Male 55 75.42 9.74 29 155.38 8.51

August 162 67.26 9.82

Female 103 63.65 7.56

Male 59 73.56 10.19

Fig. 5 Relationship of detection parameters g0 (the probability

of detection at the activity centre) and r (the spatial scale

parameter) according to session, sex and age groups. Estimated

difference in sigma between males and females was almost the

same as the difference between December and June, so

estimated detection functions for males in December overlap

with females in June
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(i.e.[ 90% of bait disappeared within 36 h; bait was

undetectable after 60 h). The same pattern of bait

disappearance was observed after both bait applica-

tions: faster in the central, wetter portions of the island

dominated by coconut crabs, followed by the windy

shoreline dominated by hermit crabs, and slightly

slower in the areas in between. Rats were abundant

everywhere during the first bait application.

The cameras set prior to the eradication operation

recorded 3362 videos in total. Of these, 1610 videos

were classified as ‘rat videos’ (i.e. showing at least 1

rat). Prior to baiting, rat videos were recorded every

day by every camera and videos with multiple rats (up

to seven) were common. As directly observed, rats

were more active around sunset although still very

common during the day regardless of micro-habitat or

physical conditions. After bait application, rat activity

remained ‘normal’ for 2 days, collapsed on the third

day and fell to zero from the sixth day (i.e. 1 day

before the second bait application). No further rat

activity was recorded by cameras, which were

removed 16 days after the first bait application

(Fig. 6). This pattern matched daily direct observa-

tions across the island; the collapse of rat activity was

Table 2 Model selection summary of candidate spatially-

explicit capture-recapture models explaining variation in

capture probability (g0) and movement (r) while estimating

the density of Pacific rats on Reiono in December 2017 and

June 2018. Models are presented using R equation syntax. The

term ‘‘age ? age:sex’’ indicates the model allowed differences

between adults and juveniles, and between sexes for adults, but

not between sexes for juveniles. All models assumed that

density varied between the two periods. Only models with

dAICc\ 4 are shown

Model npar AICc dAICc AICcwt Rat density (rats/ha)

Dec Jun

g0 * age; sigma * age ? sex ? session 6 1111.508 0.000 0.084 97 100

g0 * 1; sigma * age ? sex ? session 5 1112.298 0.790 0.057 100 111

g0 * age; sigma * age ? age:sex ? session 6 1112.686 1.178 0.047 96 97

g0 * 1; sigma * age ? age:sex ? session 5 1112.931 1.423 0.041 98 105

g0 * age ? age:sex; sigma * age ? sex ? session 7 1113.384 1.876 0.033 100 99

g0 * age ? sex; sigma * age ? sex ? session 7 1113.587 2.079 0.030 99 100

g0 * age ? session; sigma * age ? sex ? session 7 1113.692 2.184 0.028 98 100

g0 * age; sigma * age * sex ? session 7 1113.758 2.250 0.027 97 100

g0 * age ? age:sex; sigma * age ? session 6 1114.065 2.557 0.023 97 87

g0 * age ? sex; sigma * age ? session 6 1114.226 2.718 0.022 97 87

g0 * session; sigma * age ? sex ? session 6 1114.229 2.721 0.022 103 110

g0 * sex; sigma * age ? sex ? session 6 1114.287 2.779 0.021 103 110

g0 * age ? session; sigma * age ? sex 6 1114.331 2.823 0.021 81 112

g0 * age ? sex; sigma * age ? age:sex ? session 7 1114.455 2.947 0.019 100 96

g0 * age ? age:sex; sigma * age ? age:sex ? session 7 1114.473 2.965 0.019 100 96

g0 * session; sigma * age ? sex 5 1114.483 2.975 0.019 85 120

g0 * 1; sigma * age * sex ? session 6 1114.508 3.000 0.019 101 112

g0 * sex; sigma * age ? age:sex ? session 6 1114.750 3.242 0.017 101 104

g0 * sex; sigma * age ? session 5 1114.763 3.255 0.017 100 96

g0 * 1; sigma * sex ? session 4 1114.790 3.282 0.016 92 93

g0 * age ? session; sigma * age ? age:sex ? session 7 1114.878 3.370 0.016 97 97

g0 * session; sigma * age ? age:sex ? session 6 1114.894 3.386 0.015 101 105

g0 * session; sigma * age ? age:sex 5 1115.220 3.712 0.013 84 114

g0 * age; sigma * age ? sex 5 1115.283 3.775 0.013 65 124

g0 * age * sex; sigma * age ? sex ? session 8 1115.498 3.990 0.011 100 98
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obvious and the last sighting of a live (albeit sick) rat

was 24 h prior to the second bait application.

All 59 relocated radio-collared rats (out of 70) were

found dead 3–10 days after the first bait application

(some in advanced state of decomposition or mostly

consumed by crabs), along with 76 non-collared rats

(of all ages and both sexes). Remaining radio-collared

rats (11) were not found due to either rats chewing and

destroying the antennas or collar malfunction.

Live trapping the day prior to the second applica-

tion yielded no captures. No rats were observed while

setting or checking traps and no rat sign was found in

the traps. Thus, characterization of surviving rats was

not possible.

Eradication confirmation

The rapid eradication assessment implemented

11 weeks after the eradication operation indicated a

high probability of rat eradication success (98%, 95%

CI 97–99%). The 12 baited cameras set across the

island for 5 days, also 11 weeks post baiting, yielded

no rat videos. Likewise, the coconut crab survey team

observed no rats and no rat chews on coconuts since

September 2018 (Q. Genet, pers. comm.) and Meyer

(2019) reported no sign of rat damage on seedlings

during a plant survey on August 2019. Up until the

time of writing (October 2019), all reports from

Tetiaroa Society staff and visiting scientists indicated

no sign of rats (M. Le Rohellec, Tetiaroa Society, pers.

comm.). In summary, evidence suggests Reiono has

been rat free since August 2018.

Discussion

The rat eradication completed on Reiono faced many

of the unfavourable conditions common to mesic-

tropical islands that could have jeopardised its

success: unpredictable rainfall, high rat density

(65–153 rats/ha) and breeding activity, high natural

food availability and fierce competition by land crabs

for bait. These factors are not unique to Reiono and

have been a concern to rat eradication practitioners

working on tropical islands globally. For example, a

recent review found that on tropical islands with land

crabs, only 82% of the rodent eradication attempts

have succeeded (Samaniego et al. 2019). However,

these combined challenges created a useful setting to

study the role of rat breeding and diet specialisation as

a risk factor to eradications. The success of our

experimental and deliberately higher risk rat eradica-

tion suggests that these factors can be overcome,

which is encouraging given the many tropical islands

where removal of rats could lead to significant benefits

to biodiversity (Holmes et al. 2019).

We found no evidence to support the four hypothe-

ses that rat breeding or diet specialisation compro-

mised the success of this eradication. Bait was

available across much of the island for a very short

period on Reiono (2 nights), yet clearly was available

Fig. 6 Number (median, quartiles ± 95% confidence interval (CI)) of videos per camera in which rats were present (1610 in total, each

showing 1–7 rats) prior to and after the first bait application on Reiono
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for long enough to ensure all individuals were

exposed. One possibility is that the success of the

Reiono operation relied more heavily on a uniform

bait coverage (rather than high bait rates), and thus

ensured all individuals were put at risk by the

eradication technique (Cromarty et al. 2002). The

Reiono case is one of about 15 cases (tropical islands

ranging 10–550 ha) where, despite high rodent den-

sities and breeding activity, eradication was achieved

with relatively low bait application rates, short time

intervals between applications and a well-documented

high-standard bait coverage (e.g. Samaniego et al.

2018, 2019). Indeed, our results on rat movement

suggest a gap of 10 9 10 m in bait coverage in

Reiono’s food-rich environment could have allowed

some juvenile rats to survive without encountering

bait. Such gaps in bait distribution may have caused

the eradication failure on other islands where bait

application was not achieved uniformly, perhaps as a

function of the application method (e.g. widely spaced

grids) or island terrain.

Acknowledging the limitations of our study (i.e.

one island, one target species), we still regard rat

reproduction and natural food availability as risk

factors during eradication operations; however, data

from Reiono and elsewhere suggest the mere presence

of pre-weaned pups, pregnant females and abundant

natural foods at the time of baiting does not necessarily

translate to eradication failure. In contrast, given the

combined risk of the small home ranges of juveniles or

some females (Oppel et al. 2019), and the rapid

disappearance of bait due to land crab consumption,

our experiment suggests that rodent eradications in

such tropical environments can be successful with

uniform (gapless) bait coverage.

We cannot rule out locally unique factors that may

contribute to the outcome of eradication operations.

Rodent population structure can vary even between

similar nearby islands (Samaniego et al. 2017) and

rodent species, which will influence factors such as

diet and movement. For example, juveniles are a

demographic group that pose a high risk of failure for

an eradication because they may not be exposed to bait

due to late emergence from the burrow and smaller

home ranges (Griffiths et al. 2019). Thus, the propor-

tion of juveniles in a given population will influence

overall eradication risk. Obtaining local rat ecology

data can therefore improve understanding of opera-

tional risk a priori (assuming conditions remain

comparable during an operation), and if collected

during an operation offer an opportunity to evaluate

risk factors post hoc and better understand why an

operation succeeded or failed.

The Reiono eradication was pioneering in that it

demonstrated how ably rats can compete with crabs

for bait, even though R. exulans is the smallest of the

three most common invasive rat species. The crab

diversity and abundance on Reiono is not unusual for

tropical islands, and we expect this competitiveness to

occur elsewhere. However, we note that for Palmyra

Atoll the extremely high crab density (up to 1475

crabs/ha; USFWS 2011) was identified as a major

barrier to achieving satisfactory bait accessibility to

rodents, and thus there may be an upper limit to the

conditions in which rodents can effectively compete

with crabs. Crab species and size (e.g. hermit, coconut

or burrowing crab) are also factors related to rates of

bait removal (Samaniego et al. 2019) and could also

influence rat competitiveness. Crab activity is strongly

driven by short-term local rainfall, and we therefore

expect less land crab interference during drier periods.

During our operation we experienced mostly light rain

throughout the month, enough to maintain high

relative humidity and therefore high crab activity.

Complex relationships between invasive rodents and

land crabs, where adults of each group prey upon

juveniles of the other group, have been documented

(Samaniego et al. 2017). In addition, on Reiono we

observed land crabs consuming rats on several occa-

sions prior to the eradication, although cause of death

could not be determined. Should land crab predation

on newly emerging pups occur systematically, land

crab presence may potentially be beneficial for rodent

eradications. Further research is warranted to under-

stand if pre-weaned orphaned rats are able to leave the

nest prematurely (i.e. before being fast and agile), out

of hunger, which could increase their vulnerability to

land crab predation. Wild R. exulans are quite mobile,

yet clumsy, at 2 weeks old, about the age when they

open their eyes (A. Samaniego, pers. obs).

Rat competition with crabs also occurs for nesting

habitat. Most rats in our study appeared to be nesting at

ground level and although rats were observed climb-

ing trees, no evidence of canopy nesting was recorded.

Despite potential competition with land crabs for

burrows at ground level, it appeared that rat nesting

habitat was abundant and rats were able to avoid land

crab predation by using burrows with small entrances.
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Any crab small enough to be able to pass through the

entrance might be perceived as food by adult rats,

whereas large crabs, potential rat predators, are unable

to enter. However, once the defensive mother suc-

cumbs to the poison it is unclear whether small crabs

could predate on pre-weaned pups. Despite effective

competitiveness for bait by rodents, bait was evidently

removed by crabs altering bait availability from the

original application. After the second bait application,

when rat activity had fallen to zero, most of the bait

was then removed by land crabs at a similar disap-

pearance rate to the first application. Not all bait

removed by crabs is necessarily unavailable to

rodents. For example, we also observed multiple times

adult rats robbing food from hermit crabs (Coenobita

spp.) in an aggressive manner. Future investigations

should ask how consistently bait moved to a different

location, or cached by land crabs, is subsequently

accessible to rats.

Our study is also unique by demonstrating how

quickly a rat population can succumb to a thorough

single hand-application operation. Current practice

recommends two applications to overcome barriers to

bait accessibility, including competition with crabs

and the emergence of young from the nest who may

not be exposed during only one application. On

Reiono we used two applications, but only one may

have been necessary given the evidence of bait

interactions. Data from camera trapping and radio-

telemetry on Reiono confirmed direct observations

that most rats, and probably all, consumed bait from

the first bait application and had died prior to the

second application 7 days later. In fact, the first dead

rat (with symptoms of anticoagulant poisoning) was

found 36 h after baiting, consistent with our observa-

tions during other tropical island rat eradications.

Examples of successful rodent eradications where

only one bait application was carried out include

tropical islands in Kiribati, Mauritius, Mexico,

Micronesia and Seychelles. These outcomes suggest

a single bait application that effectively achieves full

coverage can eradicate breeding populations of

rodents. Therefore, merits of a single bait application

approach should be investigated. Further, new appli-

cation methods such as drones are expected to improve

accuracy and coverage in bait delivery in the future.

However, we acknowledge that the current standard

approach of two bait applications is still a sensible

option to manage the risks of potential bait gaps and

survivors (mainly emerging pups) after the first

application, particularly for larger or more complex

projects where minimum bait coverage may be harder

to achieve. Important research avenues include con-

tinued innovations in application technology like

drones, plus on-the-ground field experiments to test

what size and scale of baiting gaps would compromise

an operation.

Our project was also significant by showing under-

lying mechanisms for sufficient bait uptake despite

availability of alternative foods. Although based on a

small sample size, the most common food item in

female rat diet prior to eradication was coconut, a

species ubiquitous to most tropical islands and avail-

able to invasive rats. During our eradication coconut

remained naturally available but rodents still chose

bait. This contradicts the suggestion of the need to

increase the attractiveness of bait pellets over natural

food (Amos et al. 2016). Ultimately, whatever group

or individual diet preferences were present, it appears

all rats ate a lethal dose of bait within few days. Most

likely all adults and older juveniles ate bait from the

ground within the 2 days of bait availability, whereas

pre-weaned pups either died without leaving the nest

(ate cached bait or starved once the mothers suc-

cumbed) or soon after leaving it, such as from land

crab predation. While coconut appeared to be the

prevailing preferred food in our study, repeating field-

based diet preference studies on other islands where

different alternative foods occur, including human

sourced foods, such as refuse, would expand knowl-

edge of how alternative foods influence decisions to

consume bait.

Eradicating rodents from tropical islands offers

significant opportunity for conservation gains

(Holmes et al. 2019). On Reiono, the number of

seedlings of the native trees Pisonia grandis and

Pandanus tectorius has significantly increased after

1 year of the rat eradication (Meyer 2019), as seen on

Palmyra Atoll post rat eradication (Wolf et al. 2018).

Keitt et al. (2015) identified several knowledge gaps to

improve best practice for rodent eradication on

tropical islands. Our research closely followed rat

breeding and diet specialisation as causes of eradica-

tion failure during treatment of a single island on a

tropical atoll, with the operation manipulated to mimic

higher risk. We found no support for our four

hypotheses regarding these risk factors. Tetiaroa is a

typical coral atoll hence our results and unique insight
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into rat ecology have application elsewhere, particu-

larly uninhabited tropical atolls with mesic forests. We

encourage additional and new research into informa-

tion gaps for tropical rodent eradications, including

additional case studies of experimental eradications

such as our own.

A replicate of our study (targeting any invasive

rodent species) should aim for larger sample sizes of

stomachs (to assess diet), larger trapping effort after

the first bait application (to characterize survivors),

more cameras before and after the eradication (to

assess time to zero rat activity), and the use of artificial

rat nests to closely monitor pre-weaned pups to assess

how susceptible they are to eradication techniques.

Bait application rates for any eradication (experimen-

tal or not) should be determined in a case-by-case

approach (Keitt et al. 2015). To better understand the

role of rat breeding as a risk factor to eradication, how

large a baiting gap can be tolerated, and the role of

land crabs on bait disappearance, we recommend

dedicated research during experimental eradications,

so that risks and activities can be manipulated beyond

best practice. For example, the use of artificial nests or

the quantification of bait consumption per land crab

species may only be practical under a research

scenario. Nonetheless, another avenue to collect key

information from multiple islands is adding a formal

data collection component to future rodent eradica-

tions in the tropics (Keitt et al. 2015). This could

include detailed documentation of bait application

procedures, rodent density, presence of breeding

adults and juveniles, land crab density and identity,

daily rate of bait disappearance after each application,

characteristics of surviving rodents after each bait

application, time to ceasing of rodent activity after bait

application, and rodent diet immediately before bait

application.
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SUPPLEMENTARY MATERIAL 

 
Online Resource 1 Vascular plants on Reiono 

Family Species Origin 
Apleniaceae Asplenium nidus Indigenous 
Araceae Cyrtosperma chamissonis Polynesian introduction 
Arecaceae Cocos nucifera Polynesian introduction 
Boraginaceae Cordia subcordata Indigenous 

 Heliotropium foertherianum Indigenous 
Combretaceae Terminalia samoensis Indigenous 
Convolvulaceae Ipomoea violacea Indigenous 
Cyperaceae Derris malaccensis Modern introduction 
Goodeniaceae Scaevola taccada var. taccada Indigenous 

 
Scaevola taccada var. 
tuamotuensis Indigenous 

Lauraceae Cassytha filiformis Indigenous 
Lecythidaceae Barringtonia asiatica Polynesian introduction 
Malvaceae Hibiscus tiliaceus Polynesian introduction 
 Thespesia populnea Polynesian introduction 
 Triumfetta procumbens Indigenous 
Nyctaginaceae Boerhavia tetrandra Indigenous 

 Pisonia grandis Indigenous 
Pandanaceae Pandanus tectorius var. tectorius Indigenous 
Poaceae Lepturus repens Indigenous 

 Thuarea involuta Polynesian introduction 
Polypodiaceae Microsorum grossum Indigenous 
Portulacaceae Portulaca lutea Indigenous 
Psilotaceae Psilotum nudum Indigenous 
Rhizophoraceae Rhizophora stylosa Polynesian introduction 
Rubiaceae Gardenia taitensis Polynesian introduction 

 Guettarda speciosa Indigenous 

 Morinda citrifolia Polynesian introduction 

 Timonius uniflorus Indigenous 
Surianaceae Suriana maritima Indigenous 
Urticaceae Laportea ruderalis Indigenous 
Source: Butaud (2013) with additions from Meyer (2018) 

 

  



Online Resource 2 Photos of burrows of Pacific rats on Reiono 

 

Juvenile Pacific rat in a burrow 
made in a fallen coconut tree 

Rat burrow carved in a 
dead Pisonia tree 



Rat burrow entrance in a 
dead coconut tree 

Rat exiting burrow inside 
a live coconut tree 



 

 

Rat entering burrow 
inside a live Pisonia tree 

Rat burrow entrance in a live 
Heliotropium tree 
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