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ABSTRACT

Context. House mice (Mus musculus) are the main drivers of biodiversity declines on Gough Island
(6500 ha; 40°21'S, 009°53'W), central South Atlantic. A mouse eradication operation was planned,
the largest global attempt targeting only this species. Understanding and managing challenges of
operating at such scales are crucial for maximising the chance of eradication success. The Gough
Island mouse eradication attempt was implemented between June and August 2021, after years
of planning and trials. We expected poor weather and negligible non-target bait consumption.
Aims. We aimed to assess the impact of expected and unexpected challenges faced during the
eradication operation on Gough Island, namely poor weather and rapid bait disappearance.
Methods. We set up bait degradation plots across the primary habitats to monitor the impact
of expected heavy rain on bait pellets. In contrast, bait availability monitoring and slug laboratory
trials were set up ad hoc in response to unexpected observations of high bait consumption by
invasive slugs in the lowlands, where both slugs and mice are more abundant. Key results. Bait
degradation rates were very different between the highlands and the lowlands, with bait in the
highlands lasting about six times longer, despite bait pellets receiving more precipitation and the
highlands being persistently under cloud. Bait availability in the lowlands dropped by >80%
within a few days of the second and third bait application, down to critically low levels
(~2 kg ha™"). Importantly, mouse activity was negligible by this time. Non-native slugs appeared
to be the main cause of such a sudden drop in rodent bait availability. Conclusions. The
expected rainy weather was not a significant direct cause of bait degradation in the short term.
In contrast, the unexpected slug interference, overlooked in earlier planning trials, resulted in
major adjustments of the baiting strategy. Indeed, the rapid bait disappearance in the lowlands
triggered the third bait application over this area, at a higher rate. This was not enough, as mice
are still present. Implications. This is the first report of slug interference during aerial rodent
eradications. Our results illustrate how interference by non-target species could affect future
pest eradications using baits and should, as far as possible, be assessed early during planning.

Keywords: Ambigolimax, bait availability, Deroceras, eradication planning, invasive rodents,
invertebrates, Mus musculus, non-target species, restoration.

Introduction

Eradicating invasive species from islands is a proven conservation tool for recovering
threatened species and ecosystem services (Jones et al. 2016; Russell and Broome
2016). Invasive rodents (Mus musculus, Rattus spp.) are among the most damaging and
widespread invasive animals (Towns et al. 2006; Angel et al. 2009; Shiels et al. 2014).
The most efficient approach to rodent eradication is aerial broadcast of a pelleted
rodenticide product, typically containing brodifacoum (Howald et al. 2007; Broome
et al. 2019). Applying highly palatable bait to all rodent territories, for long enough that
every rodent encounters and consumes a lethal dose, is one of the core eradication
principles (Keitt et al. 2015; Broome et al. 2019).
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Invasive house mice (M. musculus) on Gough Island
(hereafter Gough), present since at least 1888, provide one
of the best examples of the pervasive impacts mice can
cause when they are the only invasive predator (Angel and
Cooper 2006). Known for their large size, mice on Gough
prey on eggs and chicks and even adult birds. Up to 2
million individuals of numerous bird species are estimated
to be predated by mice annually, including the Critically
Endangered Tristan albatross (Diomedea dabbenena), and the
Endangered MacGillivray’s prion (Pachyptila macgillivrayi)
(Cuthbert and Hilton 2004; Wanless et al. 2007; Cuthbert
et al. 2013; Davies et al. 2015; Dilley et al. 2015; Caravaggi
et al. 2019). To avoid the collapse of seabird populations on
this internationally significant island, the Royal Society for
the Protection of Birds (RSPB) and partners worked for
over a decade on the logistical, legal, and operational require-
ments to eradicate mice from Gough. Implemented in June-
August 2021, the project was the largest undertaken globally
to date that targeted only house mice.

Acknowledging the scale and complexity of the challenge,
the operational plans were informed by numerous field
studies. For example, trials assessing the efficacy of aerial
baiting under Gough conditions found that mice utilising
caves would encounter and consume bait spread outside
caves (Cuthbert et al. 2011a), and that retention of bait on
cliffs was adequate (Cuthbert et al. 2014). The risk to terres-
trial birds of primary and secondary poisoning by rodenticides
was assessed (Wanless et al. 2010). The palatability and
toxicity of baits was tested on captive Gough mice (Cuthbert
etal. 2011b). Moreover, bait consumption in the wild was also
assessed, and it was found that mice readily consumed bait
while consumption by non-target species was negligible
(Wanless et al. 2008). Planning then used best practice
application rates for temperate islands (8 kg ha™! per
application), which considerably reduced logistical require-
ments (e.g. flying time, fuel, and space on ship) given the
large size of the island (McClelland 2021).

Weather was a major consideration in planning and
implementing the baiting operation. Helicopters can only
effectively spread bait on days with little rain, low winds,
and high clouds. In addition, at least 3 days without
significant rain after baiting is highly desirable, so that bait
does not degrade too quickly and become unpalatable or
unavailable for mice. Rainy and windy conditions are a
feature of Gough in winter, particularly at high elevations and
over rugged terrain (Wace 1961), thus much of the focus in
the planning phase was on applying and maintaining bait
in the highlands. Winter is typically the operational season
for eradications on temperate islands, which is when many
non-target species are absent and mouse numbers are at a
lower point in their annual population cycle (Broome
et al. 2019).

Here we report on our responses to the expected and
unexpected challenges faced during the mouse eradication
attempt on Gough, namely poor weather and rapid bait

disappearance. Once on the island, we were limited in time
and resources for research — the focus was the mouse
eradication, and we had not anticipated carrying out research
during the operation. Yet, a series of simple studies was set up
to inform the Gough project as it progressed. The results and
lessons learned are important to future eradication project
planning for Gough and elsewhere, particularly for large
and complex islands.

Materials and methods

Gough Island

Gough (ca 6500 ha; 40°21’S, 009°53'W), part of a natural
World Heritage Site, lies in the central South Atlantic about
2700 km west-southwest of South Africa. It is a volcanic
island that rises to 910 m, and for the most part is encircled
with cliffs up to 300 m high (Fig. 1). The average rainfall
is 3236 mm (range 2580-3745 mm), with appreciable
rainfall (>10 mm) occurring on 89 days per year (range
67-105 days). Daily precipitation of >25 mm occurs on
average 4 days per month between 1 June and 30 August
as measured at the Gough Island Meteorological Station near
the coast, although at higher altitudes it may be around 50%
greater. Monthly rainfall during the eradication operation
was 199 mm (June), 439 mm (July), and 199 mm (August),
according to the Gough Island Meteorological Station
(hereafter Base). The island is uninhabited except for the
Base, which is occupied throughout the year by 5-10 people.

Wace (1961) distinguishes five types of vegetation on
Gough across an altitudinal gradient (tussock grassland,
fern bush, wet heath, peat bogs, and moorland and montane
rock); however, for simplicity we distinguish between
the highlands (>400 m asl, with low vegetation) and the
lowlands (<400 m asl, a mosaic of fern bush and shrubland
with more varied structure) (Fig. 1). The vegetation in the
highlands is mainly moss and lichen with large boggy flats;
in the lowlands it is a mix of tall Spartina tussock, Scirpus
(a grass-like sedge), ferns (primarily Histiopteris incisa and
Blechnum palmiforme), and Phylica arborea trees. Although
widespread, mice, the only invasive vertebrates and the
only land mammals on Gough, are typically more abundant
in the lowlands (Rowe-Rowe and Crafford 1992). Gough is
internationally renowned for its birdlife (Dilley et al. 2015;
Caravaggi et al. 2019). Breeding species include 22 species of
seabirds, including the globally threatened Tristan albatross,
MacGillivray’s prion and Atlantic petrel (Pterodroma incerta).
There are also two endemic species of land bird, the
Gough finch (Rowettia goughensis), locally known as Gough
bunting, and the flightless Gough moorhen (Gallinula comeri).

Invertebrates are less studied. Molluscs (Mollusca:
Gastropoda) on Gough are represented by five species of
native snails (Balea tristensis, B. ventricosa, B. costellata,
B. goughensis and Succinea flexilis); non-native molluscs
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Highlands and lowlands of Gough Island, and location of monitoring sites. The purple area was used in July

August.

reticulatum) (Preece 2001; Héanel et al. 2005). Here we
focus on the slug A. valentianus, the widespread species



www.publish.csiro.au/wr

Wildlife Research

that was collected for experiments and observed in the field
(identification by G.M. Barker, Manaaki Whenua - Landcare
Research based on photographs) (selected photos in
Supplementary Material). Based on our observations, slugs
appear to be more abundant in the lowlands. Moreover,
climatic tolerances of other invasive slugs support this
observation. For example, D. invadens (originally misiden-
tified as D. panormitanum; Hutchinson et al. 2014) on
subantarctic Marion Island (colder and with shorter vegeta-
tion than Gough) is rarely seen above 200 m altitude due
to the freezing temperatures on higher areas, but in the
lowlands abundance reaches 344 slugs m~2, albeit with
patchy distribution (Lee et al. 2009).

Mouse eradication attempt

During the austral winter of 2021, Pestoff bait (2 g, 10-mm
pellets with 20 ppm brodifacoum) made by Orillion
(Whanganui, New Zealand) was spread across Gough, mainly
by helicopter. Two bait applications were undertaken over the
entire island between June and July 2021. The bait
monitoring area (Fig. 1) was baited as part of the south
block on 13 June and 11 July (Table 1). A third application
was undertaken on 1 August over areas of concern, which
included much of the lowlands (including the bait
monitoring area) (Table 1). This followed the discovery of
significant slug interference with bait pellets in this area.
Having adequate contingency bait (23% of the order)
allowed this additional bait application. The local bait
application rates for the bait monitoring area (Table 1)
were obtained through GIS analysis of the helicopter flight
lines. Details of the wider aerial operation and the hand
baiting of the Base will be published elsewhere.

Bait degradation

Originally, we planned to monitor bait degradation only after
the second bait application, which was expected to be the last
one around the Base given usually most mice die before the
second application. However, given the unexpected high
rates of bait disappearance (see Results) and the resulting

Table I. Dates and bait application rates for the bait monitoring area
(Fig. I') during the mouse eradication attempt on Gough Island in 2021,
according to GIS data.

Application Date Average bait Notes
rate* (kg ha™')
| 13 June 10.5 Whole island application:
13-23 June
2 Il July 1.7 Whole island application:
11-24 July
3 | August 13.4 Partial application in most

of the lowlands: 1-2 August

*The overall planned bait rate was 8 kg ha™' per application (McClelland 2021).

changes in strategy, we repeated the work after the third
bait application. Importantly, mouse activity (assessed with
multiple detection devices including trail cameras) was
undetectable by this time (Samaniego et al. in press).

Degradation Iteration 1 comprised 12 bait degradation
plots, which were simultaneously set immediately after the
second bait application (Table 2; Fig. 1). The goal was to
monitor the condition of bait pellets over time, both in the
lowlands and the highlands. We were particularly interested
in the number of days that elapsed until no bait pellets
remained. Locations were representative of the major
vegetation types and micro-environmental conditions to
which bait pellets were exposed (e.g. rain, wind, proximity
to invertebrates). Bait consumption (by vertebrates or
invertebrates) was considered a form of degradation. Each
plot consisted of 12 bait pellets, ~10 cm apart, in two rows
of six, loose on the ground. Bamboo skewers were used to
mark the individual pellets and larger bamboo sticks to
mark each plot. This arrangement was denser than the bait
spread by helicopter and by hand, but we wanted to
maximise the chances of some pellets remaining after
mouse (or any vertebrate) consumption to be able to track
the effects of rain or invertebrate take. Plots near the Base
were checked every 2-3 days between 12 July and 10
August, but this changed to as much as 3 weeks when we
left Gough and the smaller team had limited capacity for
additional work from 10 August. Plots in the highlands
were always checked opportunistically, but this did not
hinder comparisons, given the rate of degradation (see
Results). At each check the number of pellets remaining in
the plot was recorded, plus information on condition,
invertebrate presence, and mould. A pellet was recorded as
present if any amount remained, even just a few crumbs.

Degradation Iteration 2 mostly repeated the work
described above, starting immediately after the third bait
application (Table 2). Lowland plots had been devoid of
pellets for several days when Iteration 2 began. The
exception was one plot, where we continued to monitor the
remaining pellets.

Bait availability

Monitoring bait availability was not part of the operational
plan. Earlier trials raised no concerns (Wanless et al. 2008;
Cuthbert et al. 2011b), and the scale of the island made
comprehensive monitoring during the eradication unfeasible.
However, opportunistic observations were made while
conducting other work around the island. On 27 June
(2 weeks after the first bait application), a casual bait
search about 1 km west from Base resulted in zero bait
found. This was unexpected, particularly after a recent
check around the highlands had shown good bait coverage
after several days of heavy rain (140 mm). We accessed the
highlands by helicopter, so only checked high-altitude
(=600 m) areas. The low vegetation in the highlands makes

347


www.publish.csiro.au/wr

A. Samaniego et al.

Wildlife Research

Table 2. Details of bait degradation plots, by area, and time (days) to 100% bait degradation.

Area Microhabitat of plot No. of plots No. of iterations Max. days to degradation

Lowlands Among bog ferns | 2 13
Among bracken fern | 2 13
Within the vegetation mass of Spartina grass | 2 13
Underneath the cover of Spartina grass | 2 17
On exposed short vegetation (grass and leafy plants) | 2 19
Under the cover of Phylica trees | 2 21
On top of Scirpus | 2 38

Highlands On surface of mixed moss and grass vegetation at transitional | | 33
area between highlands and lowlands
Among Scirpus 2 | 104
On surface of peat/Sphagnum bog vegetation 2 | 155

looking for bait easy because it sits out in the open. To better
assess bait availability in the lowlands, which has taller and
denser vegetation, a bait search was organised.

Bait Search 1 took place on 5 July (23 days after the first
bait application). The objective was to confirm presence or
absence of bait over a wide area in the lowlands (Fig. 1).
Thorough bait searches (e.g. within grass clumps, under ferns
and trees, at seabird burrow entrances) were conducted by
nine observers, divided into groups of three. Each observer
meticulously searched 1-m? plots 5-10 m apart. A total of
157 plots (157 m?) was checked in 60 min. Given the
surprising absence of bait (see Results), we planned for a
similar exercise after the second bait application.

Bait Search 2 took place closer to the application of bait, on
16 July (5 days after the second bait application). The search
area and methods remained the same, but the number of
observers increased to 15. Pellets greater than two-thirds of
a standard pellet size were counted as whole pellets but
fragments were not counted, thus allowing rapid observer
movement between plots. In total, 298 plots (298 m?) were
thoroughly searched in 60 min. Results were again surprising
(see Results), and triggered a third bait application in this
area, so we used the opportunity to monitor bait availability
in greater detail.

Bait Search 3 commenced shortly after the third bait
application. This time we aimed to understand both bait
availability and daily bait consumption by non-target
species immediately after baiting. Daily searches were
conducted during 2-5 August (1-4 days after the third bait
application), by which time mouse activity had been
undetectable for weeks according to our camera monitoring
(Samaniego et al. in press). We designed a simple protocol
using the same general area used for the previous searches
(Fig. 1). Each day, 11 plots (1 x 11 m) were thoroughly
searched for bait (Fig. 1), i.e. 121 m? searched each day.
Each plot was divided into 11 equal squares (1 x 1 m) using
1-m PVC poles, with one observer per square. The number of
bait pellets per plot was recorded (either as 0.5 for fragments
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or 1 for larger pieces), then the actual pellets were collected
and replaced with fresh pellets to avoid creating bait gaps.
Collecting the pellets allowed us to quantify bait density
more accurately (by weighing the pellets) and caused
minimum interference with the subsequent monitoring
because the plots did not overlap (Fig. 1). Due to logistical
limitations, pellets were pooled at the end of each day
(i.e. without separating per plot). Pellets were dried for
48-72 h; control pellets (2.0 g) maintained their weight
under these conditions. Once dry, pellets were weighed
individually to the nearest 0.1 g using a digital scale accurate
to 0.01 g. We calculated bait density per plot based on
the respective number of pellets and the average pellet
weight for each day. Daily bait availability rates were then
calculated. We estimated daily bait consumption based on
initial local application rates (which slightly deviated from
target rates), according to GIS data (Table 1).

Slug trials

After the second bait application, field observations of
deformed pellets and slugs eating bait triggered slug trials.
Trials were conducted in the bird laboratory at Base.
A preliminary trial observing individual slugs showed that a
single slug would only eat a small amount of bait (<5% of a
pellet in 5 days); therefore, trials were set up with groups
of slugs.

Slug Trial 1 aimed to assess bait consumption by small
groups of slugs. About 300 slugs were caught around the
helipad (Fig. 1), and the 200 largest were selected for this
trial. Twenty boxes (sealed plastic mouse stations with
fresh wet grass as bedding and natural food) were used to
house groups of 10 slugs each (~30-60 mm). Half the
boxes received one fresh dry pellet; the other half received
one wet pellet (i.e. a fresh pellet that had been soaked in
water for 2 h, simulating rainy conditions). All pellets were
2.0 g when dry. We checked the boxes daily for 5 days,
then the experiment was terminated because consumption
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slowed down. All remaining pellets were dried for 48 h, then
weighed to 0.1 g. To obtain a crude estimate of slug
abundance in the field, we divided the mean daily bait
loss from Bait Search 3 (0.26 g m~2) by the mean slug
consumption/day from this trial (consumption per box with
wet pellets (0.8 g)/4 days/10 slugs = 0.02 g/slug/day).

Slug Trial 2 aimed to assess bait consumption by a large
group of slugs. Of the 100 slugs left after Slug Trial 1 was
set up, the next 60 largest (~15-29 mm) were placed in a
3-L plastic container with wet grass as bedding. The
smallest slugs were discarded. Two bait pellets were placed in
the container: one fresh and dry, one wet and soft collected
from outdoors that had been weathered for ~10 days
(unlike the fresh wet pellet in the first trial). A timelapse
video was recorded overnight. Both pellets were collected
the following day to be dried and weighed, then the
experiment was terminated.

Slug Trial 3 aimed to assess time elapsed for slug eggs to
hatch. Rainy weather meant time between bait applications
was taking longer than planned, so we wanted to confirm if
an increase in slug abundance during the mouse eradication
was a possibility. About 100 of the eggs found in the boxes
used for the Slug Trial 2 were placed in two Petri dishes
with a wet cotton dressing on 27 July. Collections were
from random boxes and species could not be distinguished.
Small holes were drilled in the covers of both petri dishes
and then put on a shelf with dim light and at room
temperature. We were unclear if these were favourable
conditions for slug eggs to hatch, because limited internet
access at Base hampered on-line research.

Results

Bait degradation

On average over Iterations 1 and 2, complete bait degradation
in the lowlands (x = 16.9 + 7.2 days; range: 12-38 days) was
evidently faster than in the highlands (x = 97 + 50 days;
range: 33-155 days). In lowland plots, pellets among thick
ground-level vegetation (e.g. H. incisa ferns) degraded
faster than pellets on more exposed conditions; indeed,
bait persisted the longest on top of Scirpus, where it was
exposed to drying wind and less accesible to invertebrates
(Table 2, Fig. 2). Non-target invertebrate consumers,
particularly millipedes and slugs, were consistently noted
on pellets in the lowlands to varying degrees, but rarely in
the highlands (i.e. only one small slug once).

Bait availability

Bait Search 1 (23 days after the first bait application) recorded
zero bait availability because no bait pellets nor fragments
were found, meaning the 10.5 kg ha™! had completely

dissapeared. We also saw no bait pellets when walking
between plots and to and from Base.

Bait Search 2 (5 days after the second bait application)
resulted in low bait availability. Most plots (90.3%) had
no bait at all; the average number of pellets was low
(0.1 + 0.4 pellets m~2; range 0-3). This translates to an
average of 2 kg ha™!, with patchy distribution. Most pellets
were found under Phylica trees, which is both the driest
and most open microhabitat at ground level (i.e. probably
less suitable for slugs). Based on a local bait application
rate of 11.7 kg ha™! (Table 1), the rate of bait disappearance
(~10 kg ha™! in five nights, a drop of 85%) was considerably
higher than expected based on our experience with multiple
rodent eradications. Again, observations made when we
walked between plots confirmed the rapid rate of bait
disappearance.

Bait Search 3 (1-4 days after the third bait application) was
also surprising, with substantial declines in bait availability
during the first 3 days (Fig. 3) despite using a slightly
higher bait rate (13.4 kg ha™!). Bait consumption rates,
after correcting for differences in initial local application
rates (according to GIS), were 2.5 kg ha!, 3.0 kg ha™!,
2.7 kg ha!, and 2.3 kg ha™! for days 1-4, respectively.
Combined, about 10.5 kg ha™! (~81%) of bait disappeared
in four nights in the lowlands after the third bait application.

Slug trials

Slug Trial | (small groups)

At Days 1 and 2, consumption of wet pellets was evidently
higher than of dry pellets. However, by Day 4 when the dry
pellets were wet and soft, the difference was less obvious.
All slugs (n = 200) turned green (presumably due to the
green dye from the bait), and all boxes had abundant green
faeces. Consumption of bait appeared to slow down at Day
4, and the following day (last day) there was no noticeable
change in the amount of bait left. After 5 days, slugs had
consumed about 40% of the wet pellets (final mean weight:
1.16 + 0.22 g) and about 30% of the dry pellets (final mean
weight: 1.39 + 0.15 g). The shape of partially eaten pellets,
particularly wet pellets, resembled the shape of degraded
pellets commonly found outdoors (Fig. 4). The crude estima-
tion of slug density (daily bait consumption in the field
divided by daily consumption/slug) resulted in an estimate
of 13 slugs m~2 in the lowlands of Gough. This is in line
with observations made by the team collecting slugs in
preparation for the Slug Trial 1.

Slug Trial 2 (large group)

The timelapse video (YouTube: slugs eating rodent bait;
https://www.youtube.com/shorts/8VMyCyn4NoE)  shows
how abundant small slugs (n = 60) can quickly eat bait
pellets, in this case 70% of the fresh dry pellet and 10% of
the weathered pellet, in one night (Fig. 5).
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Slug Trial 3 (slug eggs)
The eggs in Petri dishes hatched 26-34 days later, and
hatching success was high (>90%).

Discussion

Island rodent eradications are increasing in size, complexity,
and variety of habitats targeted (Howald et al. 2007; Martin
and Richardson 2017; Samaniego et al. 2018; Broome et al.
2019). At 6500 ha the operation on Gough represents a
major increase in mouse eradication attempts on islands
where mice are the only introduced mammal species. Even
larger projects targeting mice are being planned (e.g.
Marion Island (29 000 ha); Preston et al. 2019). Learning
from past successes and failures, while preparing for novel
challenges, is crucial to maintain the astounding level of
rodent eradication success achieved in recent years
(Samaniego et al. 2021). The Gough Island mouse
eradication is a good example of a challenging project that,
despite years of preparation, faced unexpected challenges
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‘on the day’ and benefited from having experi-
enced practitioners on the ground to both identify and
address the challenges. In hindsight, greater overlap between
the teams planning for and implementing the mouse
eradication would have also been beneficial.

Initially, for the Gough operation we were concerned about
bait availability in the highlands because of the steep terrain
and the exposed bait on short vegetation potentially receiving
heavy rain. However, bait degradation trials and casual
checks proved that, consumption aside, bait in the lowlands
lasted for 2-5 weeks, compared with 9-18 weeks in the
highlands, despite heavy rain (837 mm in June-August).
The longevity of bait in the highlands may be due to the
drying effect of near constant wind in higher altitudes, and
the low abundance and/or activity of invertebrates and soil
microorganisms.

Low bait consumption rates (by target and non-target
species) were expected in the highlands because both
mice and invertebrates are typically less abundant here
(Rowe-Rowe and Crafford 1992; Jones et al. 2002). Indeed,
a far greater number of invertebrates was observed on
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aerial bait application, when mouse activity was undetectable.

pellets in the lowlands than in the highlands, where only a
single small slug and few millipedes were noted during
checks of the bait degradation plots.

In contrast, the lower initial concern regarding bait
availability in the lowlands switched to high concern shortly
after the first bait application. Consumption by mice and
mechanical breakdown by rain were the main expected
contributors to bait disappearance, with bait consumption by
non-target species considered negligible after earlier trials
(Wanless et al. 2008). However, shortly after the first bait
application we observed a marked difference between the
highlands (abundant bait in good condition) and the
lowlands (no bait). Such a difference in bait availability was
unexpected and concerning, and well beyond the bait removal
rate from the expected (and observed) higher mouse abun-
dance in the lowlands. Based on prior experience with rodent
eradications, we suspected there were other factors at play.

After the second bait application, about 10 kg ha™!
disappeared in 5 days in the lowlands. The low density
(2 kg ha™!) and highly patchy distribution of the bait
remaining on the ground was concerning, because it

potentially challenged the principle of ensuring that every
mouse had access to bait. Concurrent bait degradation plots
were indicating that rain was not breaking down the bait at
that rate. Conversely, our slug trials and field observations
were indicating that slugs were a significant cause of bait
disappearance. Mouse consumption was no longer a factor
— monitoring (using cameras and flavoured detection
devices) indicated the mouse population had dramatically
declined and was close to zero density before the second
bait application (Samaniego et al. in press).

Interestingly, after the third bait application the
weather was much drier (no rain for the first 3 days after
application) and bait consumption was higher. About
10.5 kg ha™! of bait disappeared in 4 days in the lowlands,
with only negligible precipitation, confirming that consump-
tion by non-target species, rather than rain, was the main
cause of bait disappearance. Indeed, our results demonstrate
that non-native slugs were heavily involved in the rapid
declines of bait availability throughout the mouse
eradication attempt on Gough. No avian species was
sufficiently abundant to account for the scale of bait uptake,
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} Wet pellet

Fig. 4. Examples of bait pellets (2 g) partially consumed by slugs in the
lab (a) and in the field (b).

Fig. 5. Screenshot of timelapse video (YouTube: slugs eating rodent
bait; https://www.youtube.com/shorts/8VMyCyn4NoE). The pellet on
top was soft as it had been outdoors for days. The pellet below was
a fresh pellet.

nor frequented the habitat where most bait disappearance
occurred. Several other species of invertebrates, of which
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non-native millipedes were by far the most commonly
seen around bait, were also bait consumers. However, we
strongly believe this was of secondary importance compared
with consumption by slugs. Observations of pellets constantly
covered by millipedes (Supplementary Material) indicate
their rate of consumption was very slow. However, all bait
consumption rates discussed here are only indicative and
deserve further investigation.

Bait consumption by slugs was critically overlooked during
planning trials, and this is an important lesson for future
eradication projects. Had this been previously identified, it
is likely to have altered the baiting strategy in the planning
phase, i.e. the initial bait rate over the higher slug density
areas would have been increased to allow for it. The third
bait application in the lowlands was triggered by identifi-
cation of slug interference. One reason for overlooking
slugs is their mainly nocturnal behaviour. In addition,
Harper et al. (2020) noted that, to the untrained eye, damage
to bait by slugs can be confused with rat or mice damage. Yet,
the way slugs eat and deform pellets (Supplementary
Material) allows trained people to detect slug activity,
which is how we first detected the issue on Gough.

From the slug trials we also learned that bait consumption
is heavily influenced by slug abundance. Individual slugs eat
little per day, but a small group of slugs can eat about 40% of a
2-g bait pellet in a few days. A larger group of small slugs was
video recorded almost consuming a pellet overnight. Despite
their nocturnal preferences (to prevent water loss), groups of
up to eight small slugs were observed feeding on a single pellet
in the field during rainy days. Spurr and Drew (1999) studied
invertebrates feeding on baits and reported more invertebrate
activity during the night. We had no time to assess slug density
in the field, but our results suggest that slugs in the lowlands
of Gough were abundant. Little is published about slug
density and diversity on wild and protected areas (Moss
and Hermanutz 2010). However, our observations while
collecting slugs and our crude estimate of slug density of
13 slugs m~2 are over an order of magnitude lower than the
slug density that has been reported on Marion Island (up to
344 slugs m2) (Lee et al. 2009). This means that slug
abundances that can go unnoticed could still lead to signifi-
cant bait consumption, potentially jeopardising eradication
efforts. In fact, at the time of submission (February 2022)
mice had been recently recorded on Gough, indicating the
eradication had been unsuccessful, and the causes are being
investigated (A. Callender, pers. comm.). The relative rates
at which mice and slugs consume bait (along with possible
toxicant pathways through slugs) are poorly understood;
therefore, more research regarding time required with bait
on the ground to allow mice to consume a lethal dose is
needed. The mouse monitoring conducted on Gough suggests
most mice ate bait within days despite slug presence
(Samaniego et al. in press). However, all the mouse, slug,
and bait monitoring was conducted in an area (south-east
part of Gough) with apparently only one slug species
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(A. valentianus). Whether this varies around the island or
whether D. reticulatum, a major pest worldwide (CABI
2021) and reported for Gough, is in fact present (adding to
slug abundance and in turn accelerating bait disappearance
in other areas) is unclear.

The strong preference for the fresh pellet (drier, harder)
over the weathered one (softer, older) during the second
slug trial was surprising, given the preference for wet
pellets during the first trial. The key difference between
trials is the level of freshness of the wet pellet. It is likely
that a fresh soaked pellet has a stronger smell than a pellet
weathered outdoors for days, but the underlying reasons
deserve further investigation. We also recommend further
field and laboratory trials considering species, body sizes,
and levels of food deprivation of the slugs. After all, our
laboratory trials were conducted after slugs had been exposed
to two aerial bait applications. Moreover, both laboratory and
field results suggest a potential satiation effect after 4-5 days
with ad libitum food. All our monitoring protocols can and
should be improved. Our design was improvised and
limited by time and resources.

Slug eggs were commonly observed in the laboratory and
outdoors. Whether slug breeding was due to the season (rainy
winter) or to the novel, abundant food in the form of rodent
bait, or both, is uncertain. In any case, we recorded slug eggs
hatching from 26 days and the mature slugs were evidently
not susceptible to brodifacoum. An interval of 50 days
between the first and third bait applications (longer than
expected, due to poor weather) potentially allowed an
increase in slug abundance, which would explain the higher
bait consumption rate after the third application. In future,
this should be considered when deciding bait application
intervals for projects facing similar issues. Additional open
questions with important implications are regularity of slug
breeding cycles, and average and maximum slug densities
across habitat types.

Molluscs, as for invertebrates in general, are considered to
be of low susceptibility to brodifacoum (Brooke et al. 2011;
Broome et al. 2017). However, acknowledging that
molluscs are phylogenetically and ecophysiologically highly
diverse, potential susceptibility of local fauna should be
examined and caution exercised when planning rodent
eradications (Parent et al. 2019).

Some slugs species have been found not to be preferred
food by house mice (Smith et al. 2002), but slug species
vary greatly in their defensive mucus physical and chemical
properties (G.M. Barker, pers. comm.). More research is
needed to understand if secondary poisoning of mice through
slug (or mollusc) consumption could be at play on some
islands. Palatability of slimy pellets to rodents also deserves
further study, but our experience on Gough, where mice
certainly ate pellets in areas of high slug abundance,
suggests this may not be a significant issue for aerial bait
applications.

Slugs of several species have been found to interfere with
rodent bait in bait stations during eradication operations
(Taylor et al. 2000; Bell et al. 2019; Main et al. 2019;
Harper et al. 2020) and control programmes (Kawelo et al.
2012). However, because bait station operations require
multiple checks there is opportunity to replenish bait and
manage the issue, as evidenced by the eradication successes.
We notice that mitigation measures like wrapping bait blocks
in plastic (e.g. Taylor et al. 2000) or spreading slug bait
outside bait stations (Harper et al. 2020) have been used in
the final stages of some operations. Slugs (among other
invertebrates) collected from baits on Langara Island tested
positive for brodifacoum (Howald 1997). Slugs and snails
were found to be responsible for the breakdown of the
leftover bait after the aerial baiting on Motutapu Island in
New Zealand, a process that took less than a month in
grassland (where slugs are abundant), and up to 10 months
in rocky areas with fewer invertebrates (Griffiths et al.
2013). On subantarctic Macquarie Island slugs are present
(Houghton et al. 2019), but no interference with the aerial
eradication was reported (Springer 2016). To our
knowledge, this is the first report of slug interference
during an aerial rodent eradication. Climate change may be
facilitating slug number increases in areas that were
previously too cold for them (Lee et al. 2009). Fortunately,
slug repellents and control strategies for protected areas are
being investigated (Bogardus et al. 2020; S. Joe, pers.
comm.), given invasive slugs are also under-appreciated
obstacles to rare plant restoration (e.g. Joe and Daehler
2008) and food production.

Conclusions

The unexpected bait consumption by slugs in fern bush
habitat on Gough Island caused rapid decline in bait
availability for mice and reduction of the size of toxic bait
pellets, meaning that some mice may have had to encounter
and eat more pellets to get a lethal dose. We addressed the
issue on Gough thanks to the combination of our eradica-
tion experience and the generous allocation of both time
and contingency bait for the operation. Nevertheless, our
efforts with the resources at hand were insufficient — mice
are still present on Gough. Whether slug interference and/or
other factors were involved is being investigated, although it
may never be confirmed. Our findings highlight the
importance of understanding degradation factors and non-
target consumers in developing a baiting strategy for future
rodent eradications attempts on Gough and elsewhere.
Practitioners should not assume slugs will be the primary
invertebrate consumer, that bait availability will be constant
across different vegetation types on the same island, or that
bait will always persist longer in the highlands, even on
similar islands to Gough. Instead, the planning process
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should ensure the particular conditions and risks on each
specific island are understood and properly managed. The
ecology of remote islands with a simple assemblage of
species and a range of invasive species may be difficult to
predict. Moreover, some issues may only become apparent
on specific sites, seasons, or weather conditions. Having
experienced eradication practitioners at all phases of plann-
ing and implementation, including the design, completion,
and analysis of trials, is crucial.

Supplementary material

Supplementary material is available online.
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