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PREFACE

Addressing the challenge
A.R. Martin', M.N. Clout’, J.C. Russell’, C.R. Veitch* and C.J. West’

ICentre _for Remote Environments, University of Dundee, Dundee, DD1 5BT, UK. *Centre for
Biodiversity and Biosecurity, School of Biological Sciences, Private Bag 92019, Auckland, New
Zealand. 3School of Biological Sciences and Department of Statistics, University of Auckland,
Private Bag 92019, Auckland, New Zealand. *48 Manse Road, Papakura, New Zealand.
<dveitch@kiwilink.net.nz>. ’Department of Conservation, P.O. Box 10420, Wellington 6143,
New Zealand.

The papers in this volume were, with a few exceptions, presented at the third Island Invasives
conference, held in Dundee, Scotland in July 2017. The conference was attended by 254 people
from 41 countries or territories, reflecting growing global recognition of the problems caused by
invasive alien species (IAS) on islands and recent progress in solving those problems.

The prefaces of the Proceedings of the two earlier conferences in this series (Veitch & Clout,
2002, Veitch, et al., 2011) discussed many of the threats posed by IAS on islands, conditions for
eradication feasibility, possible complications and successes to date. They remain as relevant today
as when they were first published. So, what has changed in this field of conservation in the seven
years since the last conference proceedings? In a nutshell, scale, diversity and experience.

The first two conferences in the series were influential in bringing together people from many
parts of the globe to discuss and exchange ideas, to learn from the experience of others, to inform
and inspire. The principal motive for the South Georgia Heritage Trust and University of Dundee
to host the third conference in Dundee was a desire to give something back to the island invasives
community in recognition of the enormous support and assistance provided by so many people to
the South Georgia Habitat Restoration Project. The 2010 Auckland conference, and the contacts
made there, were undoubtedly pivotal in guiding the South Georgia operation to success (Veitch,
etal., 2011).

The sub-title of the Dundee conference was 'Scaling up to meet the challenge'. The papers in
this volume and in the recent literature demonstrate up-scaling in several aspects of eradication
operations — not least in ambition, land area, operational size, global reach and of course financial
cost. In the space of a few decades, the size of islands treated for invasive species has increased by
five orders of magnitude — from a few hectares to over 100,000 ha or 1,000 km?. Meanwhile, the
diversity of species being tackled has increased, as has the range of countries now actively carrying
out island restoration work. Inspired by pioneers from New Zealand and Australia, principally,
today the movement has spread to islands in all oceans and off all continents. This expansion has
been informed by, and has in turn produced, growing experience in all aspects of this field, from
non-target impacts to ecological responses to factors affecting eradication success. We now know
much more about why some eradication attempts fail, and consequently how to prevent subsequent
failures. We know how much operations will cost, and what level of budget contingency to allow
— hugely important considerations for potential organisers, fund-raisers and sponsors. Crucially,
and due in large measure to the internationally recognised work of the Island Eradication Advisory
Group (IEAG - staff of the New Zealand Government's Department of Conservation), operation
planners now have access to Best Practice guidelines, and these have underpinned much of the
work reported upon in this volume. This field of conservation is remarkable in the degree of mutual
support and encouragement between individuals, organisations, countries, and between Government
and non-Government institutions.

The Dundee conference was opened by Her Royal Highness The Princess Royal, Patron of
the South Georgia Heritage Trust. Lord Gardiner, Parliamentary Under Secretary of State for
Rural Affairs and Biosecurity, spoke to the conference about the British Government's support of
the South Georgia Habitat Restoration Project and its commitment to confront problems caused
by Invasive Alien Species in the United Kingdom and its overseas territories more widely. Both
addresses are published in these Proceedings, with kind consent.

Indicative of the level of ambition now influencing the field, several papers in this volume
address topics related to the unveiling of Predator Free 2050, a campaign to rid New Zealand of
its most damaging invasive mammalian predators by the year 2050. If this bold objective is to be
achieved, novel tools will be needed to complement the existing arsenal of traps, bait, shooting
etc. Among the concepts being considered is that of gene drives — a means of reducing an invasive
population to zero by genetic engineering. The potential power of such developments generates
both excitement and concern, was the subject of much discussion at the conference and illustrates
how the field is adapting to the ever-increasing challenges posed by invasive species worldwide.

Learning from mistakes is a vital driver of progress, yet authors and journal editors alike are
often reluctant to publish papers that discuss failure. The editors of this volume have consequently
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encouraged practitioners to write about what went wrong or could have been improved in their
own projects. Such openness is a sign of confidence and of a desire to advance the field, with
each operation being informed by the experiences of those that have gone before.

The editors of this volume have summarised what they consider to be key conclusions and
lessons to be drawn from the many, diverse papers published within it. They are:

e The size of islands successfully cleared of invasive alien species that have been the
target of eradications has increased by an order of magnitude since the previous Island
Invasives conference.

e Successful and large-scale eradications of invasive mammals other than rodents from
islands continue to occur, although some (e.g. mustelids) present significant challenges.

e There are still relatively few examples of successful eradications of invasive birds,
but some have been achieved, despite management challenges and the threat of new
incursions.

e The herpetofauna papers really highlight the need for effective border biosecurity to
exclude pests as well as information to guide the importation of exotic organisms.

e Forinvertebrate eradications, principles are the same as formammal eradications however
revisions to criteria to guide terrestrial arthropod eradications are proposed. Adaptive
management during eradication attempts is a consistent theme and methodologies to
evaluate the response of invertebrate communities to mammal eradications and non-
target impacts of vertebrate toxins on endemic molluscs are proposed.

e Plant eradications require persistence over the long term because many species have a
seed bank (or similar cryptic life-stage) of high and often unknown longevity: regular
surveillance is essential to detect and remove plants as they germinate from the seed
bank and before they reproduce. In many situations, eradication is the optimal solution
rather than ongoing control.

e Successful eradications of invasive aquatic species continue to be reported and can be
achieved using tools and knowledge currently available.

e The presence of human populations can raise the cost and complexity of invasive
eradication operations, but investment in community engagement and participation
may remove barriers and should be factored in to all future operations on inhabited
islands.

e Reviews of single or across multiple operations show the breadth of scope of invasive
rat eradications and are important for knowledge sharing and understanding failure.

e Lessons from invasive rat eradications, particularly from those facing complex or novel
challenges, are important to inform attempts on other islands.

e Effective biosecurity is essential to prevent new invasions and re-invasions and requires
community involvement, proactive planning, monitoring and rapid response.

e Cooperation between indigenous (local) and national governments may allow projects
to expand beyond biodiversity conservation to become culturally significant as well,
i.e. restoring or aligning with existing traditional knowledge or resource use practices
or refining and improving these and bringing them into the realm of the total, diverse
human population locally, regionally or nationally.

e Successful eradications of invasive species often yield significant benefits to native
species, natural ecosystems and local communities.

e The effect of climate change on invasive species impacts is poorly known, so further
research is needed as well as application of the precautionary principle.

e Genetic techniques such as gene drives offer the potential to facilitate eradications on
very large scales, but must be treated with caution until more research is conducted on
impacts and feasibility.

e As ambition grows, so does the need for new techniques to facilitate eradications on
geographical scales never previously considered.

Our field is as much practical as it is academic, and a major aim of publishing these
Proceedings is to inform people who are, or will in the future be, planning new projects to
free islands of invasive species. Regardless of its location or the target species involved, each
successive operation builds on the experience of those who have gone before, and the papers in
this volume represent an invaluable wealth of such experience.
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OPENING ADDRESS

Her Royal Highness, the Princess Royal

Princess Anne

VICE-CHANCELLOR, LADIES AND GENTLEMEN,

it is a real pleasure to be able to join you for this, the
third of the Island Invasive conferences. I can work out by
the very fact of their subject matter being islands that these
conferences are few and far between, but judging by the
programme I have seen for the next five days you are really
making up for the gap in between. There are a lot of good
things to report and to talk about and to share.

I am delighted that one of those discussions will be about
the South Georgia Heritage Trust and the rat eradication
scheme that has been underway. It has been a real privilege
to visit South Georgia, not once but twice, in order to see
some of that work and understand the environment in
which the Trust is functioning. I am hugely impressed by
just how successful that work appears to have been, though
we are not counting our chickens, or indeed any of the
other birds that appear to be doing better as a result of the
rat eradication so far, and we look forward to being able to
prove the project’s success in the future.

The progress that has been made in many of the
eradication schemes must give enormous encouragement
to others, to know now what is really possible and to
believe that they can do the same. It perhaps underlines just
how important it is to have your methodology, logistics and
various other aspects in line before you can begin to have
a successful project.

You have here an astonishing gathering of those who
have been most involved at both the research and the
practical delivery end of these eradication schemes, which
covers a pretty wide range of talents. Looking at your
conference book there is an enormous diversity of success
stories to tell. You have seven of the world’s foremost
specialists in their respective fields who have agreed to
give keynote presentations at this conference. They will
talk on a wide range of topics, from island biosecurity to
invasive plants and international policy.

Contemplating invasive plants, I have to say, makes
eradicating rats look positively straightforward, but I'm
sure we will come up with a process for tackling those too.
Scotland of course has its own conservation challenges, as
we will hear in the keynote speech, which will talk about
the Shiant Islands, somewhere that I have also had the
pleasure of visiting, not officially but as part of a sailing
trip. If you time it right and the puffins are still there it is an
extraordinary place, well worth a visit, but it faces similar
challenges as South Georgia.

In other islands around Scotland there are other issues
to face. An invasive species I can think of in Coll came
all the way from New Zealand and is composed of some
large and rather successful worms, which everybody hoped
would eat themselves out of house and home but have
failed to do so yet!

The challenges facing the organisations attempting to
remove invasive species from islands are diverse. Progress
can be made from the experience of earlier operations and
oddly the operations that failed can teach us even more.
The South Georgia Heritage Trust has hugely benefitted
from the knowledge of the Island Invasives community
in tackling South Georgia’s eradication work. In deciding
to help host this next Island Invasives conference in
partnership with the University of Dundee, we really do
believe that that will inspire the next generation of island
conservationists. Dundee is a very good place to be able
to do that, and to the Vice-Chancellor and everybody
here from the University of Dundee, thank you for your
hospitality.

On our last trip to the island we were in Possession Bay
to celebrate Captain Cook’s first arrival at South Georgia
two hundred years before. When we looked at Possession
Bay at that particular moment one could sympathise with
Cook as he wondered what on earth he was doing there, but
it would be very nice to be able to say that South Georgia
had returned to the condition in which Captain Cook found
it and claimed possession. We still believe that might be
possible, so we look forward to the next couple of years
and being able to revisit South Georgia to really prove that
the eradication has been a success before we declare the
island rodent free. We all understand that 99% success is
not quite enough when it comes to removing rats and mice.

I am sure that this conference is something that you
have all been looking forward to, but I hope that you enjoy
it on a number of different levels, not least for the chance
to make friends because however successful you are at
communicating online, it is really nice and possibly more
encouraging to meet the people who have been involved
and can give you that very personal information about
what really works, what didn’t work and the little things
that caused the big problems. And those valuable lessons
from each other’s experiences will be something that you
can all take away, as well as happy memories of your time
in Dundee.






KEYNOTE ADDRESS

Protecting the biodiversity of the UK Overseas Territories

Lord Gardiner of Kimble

LADIES AND GENTLEMEN,

It is a great privilege to be here at this Conference and I
am delighted to learn more about how we can better protect
the biodiversity of our island ecosystems from the threat of
invasive alien species.

As you will hear, this week, much has been achieved
by passionate and committed conservationists around the
world since you last met in Auckland seven years ago. We
have a great opportunity this week to celebrate successes
and learn from these experiences.

The eradication work completed by the South Georgia
Heritage Trust, which you will hear about later this evening
from Professor Tony Martin is undoubtedly among the
most remarkable of recent island conservation efforts.

As we approach 2020, it is also a good time to reflect
on our progress towards the ambitious targets adopted by
the global community on invasive alien species as part of
the Aichi Targets and the Sustainable Development Goals.

UK successes

The past decade has seen a step-change in how the UK
responds to invasive non-native species. We now have
a co-ordinating secretariat, a risk analysis mechanism, a
GB Strategy and are prioritising species and pathways for
action.

My ministerial colleagues and I meet each month to
consider emerging threats across the biosecurity spectrum
— including animal diseases, plant pests and invasive non-
native species. The UK Department for Environment, Food
and Rural Affairs and the Scottish and Welsh Governments
will soon be putting in place contingency plans to stop over
30 high-risk invasive species getting a foothold in the UK.

This approach was tested last autumn when one of our
top threats — Asian hornet — was spotted in the south west of
England. My Department had a team on the ground within
48 hours and had successfully eliminated this specific
threat within 10 days.

The UK has also completed three further national
rapid response eradications, targeting two fish and one
amphibian species. Another six eradication campaigns
are underway. The biggest of these, the eradication of the
Ruddy duck, a world class effort covering the whole of the
UK, is now almost complete after more than a decade of
concerted effort.

Sadly, some non-native species are here to stay, yet we
seck to mitigate their impact. To this end, we have invested
over £lm in research on biocontrol agents for several
invasive plants.

The Department has also invested in a public-private
partnership to research novel methods of grey squirrel
control. Scotland is fortunate to have the Red Squirrel still
relatively widespread here.

We also recognise that effective awareness-raising is
key — for example, the GB Non-Native Species Secretariat
is leading an awareness-raising campaign called Check

Clean Dry, aimed at encouraging anglers and boaters
to reduce the risk of moving invasive species between
waterways. We adapted this from an excellent New Zealand
campaign of the same name.

I believe that it is vital to learn from the experiences
and good practice of others. We within the UK are keen to
share the lessons that we have learnt and the expertise that
we have developed — and to put these at the disposal of the
Overseas Territories and in collaboration more widely.

Focus on Overseas Territories

It is clear that much remains to be done to tackle the
issue of invasive non-native species. This is why the
International Union for Conservation of Nature launched
the global Honolulu Challenge last year. In December,
the UK Government pledged £2.75 million for priority
activities to tackle invasive species in the UK Overseas
Territories.

The UK is proud to be custodian of the precious and
unique biodiversity of 14 Overseas Territories, which
account for over 90% of UK biodiversity and contain two
World Heritage sites.

Our pledge shows our commitment to working in
partnership with the Territories to address what is probably
the single greatest threat to these unique places.

Many of the Overseas Territories are small island
environments that are highly vulnerable to environmental
change. They contain rare species found nowhere else on
the planet; species that have often evolved over thousands
of years in isolation from predators, competitors and
diseases, and are therefore highly susceptible to invasive
threats.

Sadly, we have already seen the loss of some unique
species, like the giant earwig of St Helena. Others, like the
endangered Henderson petrel, and the Cayman blue iguana,
remain under pressure from invasive species. Crucial work
is underway to save the Monserrat mountain chicken, a
unique frog which nearly disappeared from the island
following the incursion of an aggressive fungal disease.

Territory Governments are increasingly alive to these
issues and addressing them head on, putting in place
biosecurity regimes to prevent new introductions and
manage existing threats.

On the ground, the National Trusts of Monserrat and
Saint Helena, for instance, have worked in partnership with
the RSPB to protect critical habitats and manage the impact
of invasives on two unique bird species: the Monserrat
Oriole, the national bird of Monserrat, and the Saint Helena
Plover, the island’s last remaining unique bird. In no small
part thanks to these efforts, as of last December, these
unique birds are no longer listed as critically endangered.

I am delighted that the Governments of Ascension, the
British Virgin Islands, the Falkland Islands, and Tristan
da Cunha are here in Dundee this week to share their
experiences so we can learn from them.



Honolulu Challenge projects

As part of the UK’s contribution to the Honolulu
Challenge, the UK Government has committed £1m
to support Territories in improving their biosecurity.
The GB Non-Native Species Secretariat has already
identified the key gaps in practices and capacity. They
will now take targeted action to address them, sharing UK
expertise on pathway management, horizon scanning, pest
identification, and the development of effective legislation.

The UK Government is also contributing £1.75m to
support the work led by the Royal Society for the Protection
of Birds to restore Gough Island. Seabird populations on
the island — including the critically endangered Tristan
albatross and Gough bunting — are threatened by invasive
house mice that have evolved to become the largest in the
world. Every year, an estimated 900,000 seabird chicks are
killed. The aerial eradication operation planned for 2019
can turn things around for this precious World Heritage
Site. The RSPB, working in partnership with the Tristan
da Cunha Government, is making excellent progress in
preparing for the operation and is working hard to attract
further support for this vital project.

The teams delivering both of these projects are here in
Dundee this week. I know that they have planned useful
discussions and are eager to draw on your expertise to
advance their work. I wish you all possible success.

Learning from experience: South Georgia

Over the past 20 to 30 years, the pace of island
eradications has quickened and projects have become
increasingly ambitious. But each project tends to build on
what has gone before.

We in the UK have learnt a lot from the ground-breaking
work that New Zealand, Australia and South Africa have
carried out in this field. It is their systems that have been
adapted for recent work in South Georgia and that will be
applied on Gough Island in 2019.

We have also learnt from the failure of the eradication
project on Henderson Island. 1 know that the island
restoration community remains committed to solving such
difficult issues.

Tonight, you will hear about what has undoubtedly
been one of the most ambitious island eradications carried
out to date.

Less than a decade ago, seabirds in South Georgia,
including the unique South Georgia pipit, were in decline
and increasingly confined to a small number of rodent-free
areas.

Remarkably, by 2015, the South Georgia Heritage Trust
had completed the final steps of what has been the largest
island rodent baiting operation ever attempted.

Great credit is due to the Trust for completing this
ambitious operation — and for raising the majority of the
funds needed to support it.

When you see Tony’s pictures, you will appreciate the
harsh terrain and weather conditions faced by the Trust in
delivering this project.

Initial reports suggest that the endangered South
Georgia pipits are already returning to areas where
populations had previously been decimated by rats. This
is a great success for the Trust, South Georgia, and the
protection of UK biodiversity.

The UK Department for Environment, Food and
Rural Affairs is proud to have supported the Trust’s work
with £885k, including through our dedicated Overseas
Territories Environment and Climate Change grant scheme,
Darwin Plus.

The South Georgia Habitat Restoration Project sets
an outstanding example for island eradications in the UK
Overseas Territories and beyond. I hope future island
restorations will be able to emulate the project’s success.

The Trust’s work also well and truly establishes the
place of conservation charities — working in partnership
with local governments — in the field of island eradications.
I would like to pay tribute to the Trust and our other
partners in the Overseas Territories, both Governments and
charitable organisations, for their vital work.

I am delighted to now be able to hand over to Professor
Tony Martin for a full account of the Trust’s exceptional
work in South Georgia.

I regret that I will not be able to stay for Tony’s lecture
and the fascinating discussions planned for the rest of this
week, as | have to return to London to answer questions in
Parliament tomorrow.

It has been a privilege to join your discussions today.
I am sure that this will be an inspirational week, which
will be the basis for vital progress in the years to come: 44
countries collaborating together is an inspirational force.

Invasive alien species management is an area where
we can have a real and immediate positive impact and in
many cases reverse the errors of our ancestors and leave
the environment in a better state than we found it. It is our
generation’s responsibility to rise to this challenge and the
expertise of all of you at this Conference give confidence
and, importantly, hope.
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A potential new tool for the toolbox: assessing gene drives for
eradicating invasive rodent populations
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Abstract Invasive rodents have significant negative impacts on island biodiversity. All but the smallest of rodent
eradications currently rely on island-wide rodenticide applications. Although significant advances have been made in
mitigating unintended impacts, rodent eradication on inhabited islands remains extremely challenging. Current tools
restrict eradication efforts to fewer than 15% of islands with critically endangered or endangered species threatened by
invasive rodents. The Genetic Biocontrol of Invasive Rodents partnership is an interdisciplinary collaboration to develop
and evaluate gene drive technology for eradicating invasive rodent populations on islands. Technological approaches
currently being investigated include the production of multiple strains of Mus musculus with a modified form of the native
t-complex, or a CRISPR gene drive, carrying genes or mechanisms that determine sex. These systems have the potential
to skew the sex ratio of offspring to approach 100% single-sex, which could result in population collapse. One goal
proposed is to test the ability of constructs to spread and increase in frequency in M. musculus populations in biosecure,
captive settings and undertake modelling to inform development and potential deployment of these systems. Structured
ecologically-based risk assessments are proposed, along with social and cultural engagement to assess the acceptability
of releasing a gene drive system. Work will be guided by an external ethics advisory board. Partners are from three
countries with significant regulatory capacity (USA, Australia, New Zealand). Thus, we will seek data sharing agreements
so that results from experiments may be used within all three countries and treat regulatory requirements as a minimum.
Species-specific, scalable, and socially acceptable new eradication tools could produce substantial biodiversity benefits
not possible with current technologies. Gene drive innovation may provide such a tool for invasive species management
and be potentially transformative and worthy of exploring in an inclusive, responsible, and ethical manner.

Keywords: conservation, CRISPR, genetic biocontrol, invasive species, mice, Mus musculus, pest management, public

engagement, risk assessment, transgenic

INTRODUCTION

Three Rattus species (R. rattus, R. norvegicus, R.
exulans) and house mice (Mus musculus) are, outside of
their native ranges, globally widespread invasive species
(Capizzi, et al., 2014). These invasive rodents negatively
impact stored foods, crops, and infrastructure and can
carry pathogens that impact the health of people and their
livestock (Stenseth, et al., 2003; Meerburg, et al., 2009;
Banks & Hughes, 2012). Invasive rodents cause population
declines and extinctions of island floras and faunas and
interrupt ecosystem processes with negative cascading
effects (Towns, et al., 2006; Jones, et al., 2008; Kurle, et
al., 2008; Doherty, et al., 2016). To recover endangered
populations and restore ecosystem processes, invasive
rodents on islands are increasingly targeted for eradication,
with at least 650 eradication attempts of introduced Ratfus
spp. populations to-date (Russell & Holmes, 2015). These
and other island-based invasive mammal eradications have
resulted in positive responses by native species with few
exceptions (Jones, et al., 2016).

Anticoagulants are the most common control method for
invasive rodents (Capizzi, et al., 2014). Rodent eradication
on any island typically >5 ha has relied exclusively on the
use of anticoagulant toxicants incorporated into cereal or
wax baits (DIISE, 2016). Second generation anticoagulants
are most commonly used and have had the highest success

rate (Howald, et al., 2007; Parkes, et al., 2011). However,
their broad-spectrum toxicity to vertebrates, duration
of persistence, ability to biomagnify, mode of death and
negative public perception limit their responsible use
(Eason, et al., 2002; Fitzgerald, 2009; Broome, et al., 2015).
These features can lead to negative impacts, including for
conservation targets (e.g. Rueda, et al., 2016), although
significant advances in strategies to mitigate these impacts
have been made (e.g. Rueda, et al., 2019). Inhabited
islands with children, livestock and pets present significant
challenges because eradication is currently limited by a
lack of species-specific methods, animal welfare issues,
high fixed costs, and socio-political opposition (Campbell,
et al., 2015). Hence, even with optimistic assessments for
current methods (islands up to 30,000 ha and/or 1,000
people), eradications are possible on fewer than 15% of
islands with critically endangered or endangered species
threatened by invasive rodents (Campbell, et al., 2015).
New species-specific, scalable tools are needed if we are
to prevent extinctions.

Genetic biocontrol in the form of gene drives coupled
with sex-determining genes to produce single-sex offspring,
offers a potentially transformative new tool to add to the
rodent eradication toolbox, by offering species-specificity
not readily achievable in existing technology (Campbell, et

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 6-14. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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al., 2015). Gene drives cause a gene to spread throughout
a population at a rate higher than would normally occur
(Champer, et al., 2016). Gene drives occur naturally and
are not recent phenomena (Lindholm, et al., 2016); for
example, mice with the native -complex gene drive were
first described in 1927 (Schimenti, 2014). Attempts to
harness naturally-occurring gene drive systems, primarily
for invertebrate pests and disease vectors have had mixed
results (Sinkins & Gould, 2006; Champer, et al., 2016). In
2012, the Genetic Biocontrol of Invasive Rodents (GBIRd)
partnership was formed between North Carolina State
University (NCSU), Island Conservation (IC) and later
Texas A&M University (TAMU). GBIRd started exploring
opportunities for harnessing the native #-complex gene
drive in mice to eradicate invasive mouse populations
on islands (Kanavy & Serr, 2017; Piaggio, et al., 2017).
Other partners were identified through professional
networks and during searches for specific skillsets. GBIRd
currently includes seven partners in three countries:
TAMU, NCSU, University of Adelaide (UA), USA
Department of Agriculture’s National Wildlife Research
Center (NWRC), the Agriculture and Food Business Unit
of the Commonwealth Scientific and Industrial Research
Organisation (CSIRO), Landcare Research (LR), and IC.

Beginning in 2013, a harnessed bacterial immune
response system called CRISPR/Cas9 revolutionised the
field of genetic engineering. CRISPR/Cas9 can be used
to delete, modify or insert new genes more precisely,
effectively, time- and cost-efficiently than previous gene
editing tools (NASEM, 2016). Multiple genes can also
now be edited simultaneously. In 2014, a landmark paper
(building upon earlier concepts of Burt, 2003), described
how a cassette encoding the CRISPR/Cas9 machinery
could be precisely inserted into an organism’s DNA,
creating a self-replicating gene drive with potential to
modify wild populations by design (Esvelt, et al., 2014).
Since then, CRISPR/Cas9 gene drives have been developed
in yeast Saccharomyces cerevisiae (DiCarlo, et al., 2015),
fruit fly Drosophila melanogaster (Gantz & Bier, 2015)
and both Anopheles stephensi (Gantz, et al., 2015) and 4.
gambiae (Hammond, et al., 2016) mosquitoes as proof-
of-concept demonstrations in biosecure laboratories.
This field has become a significant focus of research, and
USA and Australian Academies of Science have provided
recommendations aimed at guiding its development
(NASEM, 2016; AAS, 2017). GBIRd, with its partnership
already established, adopted CRISPR as a gene editing and
potential gene drive tool.

Gene drives are a technology platform. GBIRd
partnership considers Mus musculus the logical starting
point for developing, exploring, and providing proof-of-
concept for a genetics-based invasive vertebrate eradication
tool. They are the model vertebrate species for genetics,
possess a short generation-time, are small, husbandry is
straight-forward, and they are invasive around the world
including on many islands (Guénet & Bonhomme, 2003;
Phifer-Rixey & Nachman, 2015). Mice are also among
the best studied species in terms of mammalian sex
determination, reproductive biology, behaviour, genetic
manipulation and genetic control of phenotypic traits
(Guénet & Bonhomme, 2003; Eggers, et al., 2014; Phifer-
Rixey & Nachman, 2015; Singh, et al., 2015). If proof-
of-concept, safety, and efficacy are demonstrated in Mus
musculus, it should be possible to apply this approach to
Rattus species.

The GBIRd programme (<http://www.
geneticbiocontrol.org/>) aims to develop multiple gene
drive systems in mice for simultaneous evaluation of
safety and efficacy, while carefully assessing the social,
cultural and policy acceptability of such an approach. Our

staged inclusive approach reflects USA and Australian
Academies of Sciences’ recommendations (NASEM,
2016; AAS, 2017) that we treat as our minimum standards.
The GBIRd partnership aims to provide vital data for
conducting risk assessments, determining efficacy, and
engaging stakeholders and communities in order to inform
and enhance progress, or identify limitations, of future
research. A potential longer-term goal is submission of
an application to a regulatory agency for release of gene
drive constructed mice on a small, biosecure island to test
eradication of the wild, invasive mouse population.

This paper provides an overview of the GBIRd
programme as it has developed to-date, including the
risks and opportunities as they are currently envisioned
and understood. These will certainly evolve, and the
programme must strategically evolve with them.

Genetic Biocontrol of Invasive Rodents programme

The programme’s guiding principles provide context
for decision making:

e Proceed cautiously, with deliberate step-wise
methods and measurable outcomes;

e Engage early and often with the research community,
regulators, communities and other stakeholders;

e Maintain an uncompromising commitment to
biosafety, existing regulations, and protocols as
minimum standards (e.g. NASEM, 2016; AAS,
2017);

e Use, and participate in developing best practices;

e Only operate in countries with appropriate regulatory
capacity; and

e Be transparent with research, assessments, findings,
and conclusions.

1. Governance and Coordination

GBIRd involves seven organisations from Australia,
New Zealand and the USA; three universities (NCSU,
TAMU, UA), three governmental research (CSIRO, LR,
NWRC) and one non-governmental non-profit (IC). Each
has specific roles and responsibilities (Fig. 1) as detailed
in the memorandum of understanding that formalises the
partnership. A steering committee comprised of one or two
representatives from each organisation provides direction
and decision making, and a programme coordinator
facilitates activity. The consortium is inclusive and,
indeed, strengthened by a transparent internal dialogue in
both the scientific positioning (e.g. Gemmell & Tompkins,
2017) and societal/values realm (e.g. Webber, et al., 2015).
GBIRd has 14 component areas and three cross-cutting
themes (Fig. 1) being investigated, as follows.

2. Gene drives

Three gene drives are currently being investigated;
a modified #-complex, a CRISPR/Cas9 and a CRISPR/
Cpfl gene drive. The #t-complex on chromosome 17 in
mice is a natural male-transmitted meiotic drive (Lyon,
2003; Schimenti, 2014). The t-complex impairs sperm not
carrying the ~complex, leading to an increased frequency
of t~-complex carrying sperm fertilising ova. The frequency
of the z-complex in natural populations of house mice is
typically lower than predicted given the often very strong
transmission ratio distortion displayed. This phenomenon
is not completely understood (see Lindholm, et al., 2016),
but may imply that a sex-biasing system based on the
t-complex would require ongoing releases to be effective
(Backus & Gross, 2016). The t-complex haplotype we are
using is free of recessive lethals and has a high rate (>95%)
of inheritance, also called transmission distortion (Kanavy
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Fig. 1 Programme map, showing 14 component areas being investigated by partners of the Genetic Biocontrol of Invasive
Rodents programme. The three components not linked to any organisation are cross-cutting themes.

& Serr, 2017; Piaggio, et al., 2017). The remaining
offspring (<5%) would not carry the gene drive or exhibit
the phenotypic traits of the genes being driven (Piaggio, et
al., 2017).

CRISPR/Cas9 gene drives are capable of >94%
inheritance (Gantz, et al., 2015; Hammond, et al., 2016).
Once inserted within one individual’s genome, a gene
drive can work in one of two ways. A zygotic gene drive
works when that individual’s ova or sperm are fertilised.
If the gene drive cassette is activated in the fertilised egg
(zygote), the guide RNA (gRNA) directs Cas9 to produce
a double-stranded break in the DNA at the target site in the
chromosome lacking the gene drive. This triggers the cell’s
repair mechanism to repair the break using the gene drive-
containing chromosome as a template resulting in self-
replication of the gene drive. Alternatively, in a germline
gene drive, germ cells can be targeted as the stage for self-
replication of the gene drive.

3. Targeted genes

Genes can be targeted for deletion, modification or
insertion of new genes in conjunction with a gene drive
to increase inheritance of specific traits. Investigations
currently focus on the appropriateness of two target genes
(Sry, Sox9) to be inserted and one chromosome to be
deleted (Y-’shredder’), each in coordination with a gene
drive. The Sry gene is found on the Y chromosome and
is considered the master sex-determining gene in most
mammals (Kashimada & Koopman, 2010; Eggers, et
al., 2014). Another key component of the testis pathway
is the autosomal gene Sox9, which acts immediately
downstream of Sry (Eggers, et al., 2014). Both genes
drive the development of male testes in mammals and sex
reversal has been demonstrated in transgenic female (XX)
mice (Koopman, et al., 1991; Vidal, et al., 2001; Eggers,
et al., 2014). A Y-shredder (Adikusuma, et al., 2017)

promotes solely offspring with one (XO) or two X (XX)
chromosomes, i.e. females. Initial developments focus on
t-complex with Sry inserted (#-Sry), and CRISPR/Cas9 and
CRISPR/Cpfl gene drives with Sox9 and Y-shredder.

As of June 2018, partners attempting to incorporate
Sry into a t-complex drive have been challenged by the
large construct size of Sry. If that technological hurdle can
be overcome, these mice are expected to produce >95%
phenotypically male offspring (Kanavy & Serr, 2017,
Piaggio, etal.,2017). The mice currently under development
in Australia are expected to test the functionality of a split
CRISPR/Cas9 gene drive that uses phenotypic coat markers
as genetic ‘cargo’. A ‘split gene drive system’ has the gene
drive in two separate ‘cassettes’ (DiCarlo, et al., 2015).
This design is a safety feature for laboratory testing where
the separation of the cassettes results in drive components
being inherited separately even if a drive carrier were to
escape, thus preventing drive function (since both are
necessary for function). Development of CRISPR/Cpfl
gene drives and incorporating Sox9 and the Y-shredder are
underway.

4. Spatial control of gene drive

Spatially or temporally limiting drive function is one of
the major research challenges for CRISPR gene drives, e.g.
restricting a gene drive to affect only a single island’s rodent
population. Our programme is investigating genome-level
targeting of population-specific locally-fixed alleles as a
potential spatial control mechanism. It is likely that through
the process of invasion, founder effects and population
bottlenecks, certain alleles across the genome have
become fixed in any island population (Britton-Davidian,
et al., 2000; Hartl & Clark, 2006). This pattern of fixation
is likely a unique genomic signature in every genetically
isolated island population. Similar to the molecular
confinement strategy being implemented in the laboratory
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(see Biosafety), population-specific locally-fixed alleles
(and their sequence) could act as unique gRNA targets for a
CRISPR gene drive that will not function outside the island
population. Others are investigating alternative approaches
to temporally and/or spatially contain gene drives and their
relative effectiveness (e.g. Dhole, et al., 2018).

5. Biosafety

Multiple biocontainment strategies accompany all
laboratory work and are part of our staged testing pathway
(following the recommended approach by NASEM,
2016). Recommended containment standards for gene
drives include at least two stringent confinement strategies
wherever possible, in addition to containment (Akbari, et
al., 2015; NASEM, 2016), and our programme exceeds
these standards. For example, the CRISPR gene drive
studies are using physical containment at the currently
required level (PC2) (AAS, 2017) and three containment/
confinement methods; a ‘split gene drive system’ as
explained above (DiCarlo, et al., 2015); coat colour (white
or black) to identify the zygotic homing in offspring — white
mice (Cas9-positive) are less likely to survive in the wild
(Vignieri, et al., 2010); and gRNA exclusively targeting
a synthetic sequence not present in wild mice, providing
molecular confinement to transgenic laboratory mouse
populations. For scaled laboratory trials, CSIRO and
NWRC state-of-the-art facilities provide the opportunity
to safely conduct trials with colonies of mice that could
originate from islands.

6. Safety and efficacy experiments

Experiments demonstrating that constructs work
effectively and efficiently, are species-specific and
safe to the environment are needed. Data needs for risk
assessments and field trial applications have yet to be
determined in conjunction with regulatory agencies, and
this will dictate minimum requirements for experiments.
Experiments will inform risk assessments to reduce
uncertainty surrounding outcomes and probabilities.
Phased testing and experiments are viewed as part of
the development process, and occur at each tier (i.e.
molecular level, individual mice, mouse population,
ecological community). This phased development process
incorporates feedback loops to developers, and evaluates
efficiency, stability, specificity and safety to determine
whether a specific construct proceeds to the next stage (e.g.
molecular to insertion in a mouse or going from individual
mice to a colony). Constructs that pass will go on to more
rigorous testing, and those that don’t will either be dropped
or modified and then re-evaluated. No functional CRISPR
drives have yet been reported for vertebrates. Attempting
development of multiple combinations of gene drives and
gene targets within our programme increases the likelihood
of success, and, if successful, would provide opportunities
for comparative analyses and risk assessments. High-
quality data for modelling and risk analyses will be
necessary.

7. Mate choice

Behavioural barriers to mating success and resulting
gene flow must be considered, as to how (or if) a gene
drive will successfully spread through a population, and
if understood and used correctly may provide significant
advantage. Key characteristics influencing male
reproductive success in mice include aggressive dominance
for securing territories, and a preference among females
for unfamiliar males (Gray & Hurst, 1998; Cunningham,
et al., 2013). Promiscuity of male mice and their ability to
inseminate many females provides males the potential to
disproportionately influence the genetic makeup of future

generations. Experiments in the 1980s introducing Isle of
Eday mice to the Isle of May (57 ha) demonstrate the power
of selecting appropriate stock for facilitating introduced
individuals ‘invading’ another population (Berry, et al.,
1991; Jones, et al., 1995). A Y-chromosome (i.e. male)
linked marker spread across the Isle of May site within six
months and in 18 months only hybrids could be detected
(Berry, etal., 1991; Jones, et al., 1995). The 42 Isle of Eday
males introduced were estimated at <5% of May’s resident
mouse population, demonstrating differential success of
introduced versus resident males (Berry, et al., 1991; Jones,
et al., 1995). We aim to rank the ‘invasability’ of males
from laboratory strains, selected islands and mainlands so
that appropriate stock may be selected for backcrossing in
gene drives and their cargo. Initial trials involve ~complex
carrying laboratory mice (C57BL/6/129 strain), Southeast
Farallon Island, and F1 hybrid Farallon-laboratory mice in
small cages with single males and females, to determine
if mating would occur (Serr & Godwin, 2019). (Note:
Southeast Farallon Island is not considered a potential
site for field trials at this time). Larger arenas were used
to determine mate choice and male competition where
males from different populations would have to compete
for females and resources (Serr & Godwin, 2019).

Behavioural experiments to-date indicate that #~-complex
carrying lab mice can successfully mate with island mice in
captivity (Serr & Godwin, 2019). Other mate competition
results indicate that male F1 hybrid Farallon-laboratory
mice may be able to outcompete male Farallon island mice.

8. Island selection

As part of our staged, stepwise approach, if biosecure
laboratory studies support safety and efficacy in biasing
sex ratios and supressing test populations, the next stage
will involve studies in natural settings under conditions
where dispersal or persistence of the organisms outside
the evaluation area is restricted (NASEM, 2016). We have
identified a suite of ecological criteria for initial selection
of potentially appropriate islands for trials, including 1.
the island is biosecure (i.e. closed to public or infrequent/
controlled visitation; and remote enough (>1 km from
other land masses) to avoid unassisted immigration or
emigration), 2. no significant challenges exist to treatment
using traditional toxicant-based methods to eradicate mice
(e.g. no major non-target species, regulatory environment
allows the use of brodifacoum bait products, single land
manager), 3. M. musculus are the only rodent present
or could be introduced, and 4. the island is reasonably
economical and feasible to visit year-round (see Harvey-
Samuel et al.,, 2019 for a more detailed account and
rationale). By selecting islands where the use of traditional
eradication methods could readily be used to eradicate
all rodents (Howald, et al., 2007) a contingency (i.e. exit
strategy) explicitly exists. However, these ecological
criteria are just a first filter and additional steps would be
required prior to any field trial, including engagement with
stakeholders (e.g. land managers, local communities) and
regulators to determine final approval (Harvey-Samuel et
al., 2019).

9. Population genetic characterisation

Genetic characterisation of mouse populations from
islands selected for potential trials will occur using next-
generation sequencing technologies (e.g. Illumina Mi-
Seq). Analyses of these data will inform the feasibility of
using population-specific fixed allele sequences as gRNA
targets to provide spatial control of any gene drive trialled.
They will also provide baseline assessments of genetic
characteristics of target island populations, and potentially
inform future strategies.
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10. Modelling

Modelling can be used to inform broad strategies, such
as male or female biasing gene drives and, within those
strategies, to identify heritable traits or environmental
conditions that provide disproportionate advantages (Bax
& Thresher, 2009; Backus & Gross, 2016). Modelling is
contemplated at each development stage (i.e. molecular,
individual mouse, mouse population, ecological
community), incorporating data from experiments and
trials, and providing feedback to developers and trial
designs. It aims to predict outcomes, reduce the number
of animals required in experiments and trials and
provide insight on strategies. At the molecular level, for
example, the efficiency and stability of homing and non-
homologous end joining for Cas9 and Cpfl zygotic and
germline homing approaches can be modelled based on
data from experiments informing on likelihood of failure
(Prowse, et al., 2017). Models also consider individual
mouse characteristics and the effects these may have at
the population level. A population model would estimate
the number of gene drive mice with certain characteristics
required for release to a specific island, the optimal
frequency, timing and location of releases, and time until
eradication. The impacts of changes to specific mouse
characteristics (or other variables) can then be estimated.
As data sets accumulate, the accuracy and sophistication
of models will increase. The opportunity exists to leverage
a 30+ year dataset and existing mouse population models,
which will facilitate sophisticated analyses and allow
the development of advanced deployment strategies that
optimise seasonal and climatic variation (Singleton, et
al., 2005; CSIRO, unpub. data). The use of these and
other models will be critical in the development of robust
ecologically-based risk assessments.

11. Risk assessment

There is the possibility that releases of gene drive-
modified organisms will lead to unpredicted and undesirable
side effects. Ecologically-based risk assessments (EBRA)
aim to reduce some types of uncertainty surrounding
outcomes and probabilities (NASEM, 2016; AAS, 2017).
They are used to estimate the probability of immediate and
long-term environmental and public health harms. EBRAs
allow alternative strategies to be compared (e.g. traditional
use of toxicants), incorporate the concerns of relevant
publics, and can be used to identify sources of uncertainty,
making them well-suited to inform research directions
and support public policy decisions about emerging gene
drive technologies. EBRAs provide the ability to trace
cause-and-effect pathways and the ability to quantify the
probability of specific outcomes. We regularly consult with
risk assessment experts leading other gene drive EBRASs
and plan to apply specific tools to identify where, within
our development process, additional studies are required
to reduce uncertainties, complementing regulatory
requirements. The large existing body of work on rodent
eradications, including the potential ecological impacts
from toxicant use (Broome, et al., 2015) and probability of
success of traditional methods (DIISE, 2016), along with
meta-data analyses on the ecological impacts of removing
invasive rodents (Jones, et al., 2016) will facilitate rigorous
EBRAs. Our staged experimental approach prior to any
potential release would culminate in trials within biosecure
simulated natural environments with colonies of mice
imported from the target island(s) with the most efficacious
gene drive mice. This allows simulations of various
ecological scenarios and increases the power of predictive
analyses, resulting in increased levels of certainty around
potential outcomes and ecological impacts.
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12. Social engagement

The emergence of gene drives and other genetic
technologies will force not only technologists, but
conservationists, other environmentalists and the public
to “negotiate with unfamiliar interest groups and perhaps
compromise on deeply held positions if they are going to
succeed in a complex world of contradictory perspectives”
(McShane, etal., 2011, p. 969). We hope to develop guiding
principles to establish dialogue between these disparate
groups to identify and eventually negotiate trade-offs,
things that should not be traded off, and also to “render
explicit the relevant justice dimensions and principles at
play in particular contexts” (Martin, et al., 2015, p. 176).
The programme aims to establish a transparent process
that both encourages public participation and offers a
trustworthy and responsible decision pathway for making
decisions about releases of gene drive organisms.

Specifically, members of our team have developed
a three-part plan for social engagement. First, we will
conduct a stakeholder landscape analysis to understand the
mix of interests, priorities, concerns, and hopes of diverse
stakeholders that surround the programme. Second, we
will convene a stakeholder workshop to create a forum for
discussion, provide feedback to the technical project team,
and strategise the design of community engagements.
Third, we propose to organise community focus groups
near potential island release sites to engage relevant publics
sufficiently early to influence technological innovation
and field trial research (see Chapter 7, NASEM, 2016).
Importantly, the international nature of our partnership will
foster the sharing of best practices — and challenges — of
social engagement across different cultural contexts.

To-date, engagements have occurred with publics,
scientists, conservationists, indigenous groups and other
stakeholders (including those opposing gene drive research,
Borel, 2017; Reese, 2017), but more work is required.

13. Communications and outreach

The investigation requires clear, concise, and
transparent communications to ensure public perceptions
by target audiences are based on facts, and not unduly
influenced by scientifically-unsubstantiated fears and
hyperbole. Communicating to stakeholders, researchers,
communities, and decision-makers interested in this
evaluation is the foundation of the programmatic principle
of transparency. Coordinated external communications
by the partnership’s representatives through media, in
peer-reviewed publications, presentations, and one-on-
one outreach have and will continue to be core to our
mission. Informing stakeholders and decision-makers in
fora such as the IUCN’s World Conservation Congress and
the United Nations’ Convention on Biological Diversity
encourages public discourse about this innovation,
engages thought leaders in making our investigations
more robust, ensures that fact-based concerns can be
addressed while unsubstantiated fears can be allayed, and
helps guide decision-makers in developing policies and
guidelines complementary to the precautionary, stepwise
research guiding principle, even as the technology is being
developed.

14. Ethics

There are considerable potential benefits of this
technology and we are committed to exploring it in
a responsible and inclusive manner. But the question
remains, if the technology works, should it be used? This
key ethical question is best answered once robust EBRAs
have been completed and in the context of rigorous social
and regulatory engagement. The USA and Australian
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Academies of Science recommend that research continue
and decisions to release gene drives continue to be made
on a case-by-case basis following a comprehensive
environmental risk assessment that includes ecological
and evolutionary modelling (NASEM, 2016; AAS,
2017). We have volunteered our programme as a case
study for discussion at various fora, including ethical
deliberations amongst ethicists and peers (e.g. NCSU
Genetic Engineering and Society Center, 2016; Leitschuh,
et al., 2018), on national radio (Barclay, 2017) and for the
USA National Academies of Sciences Engineering, and
Medicine’s report on gene drives (case study 4, NASEM,
2016). Emulating the Target Malaria partnership (<http://
targetmalaria.org/>), an independent ethics advisory board
has been established to provide advice on ethical matters
and identify issues for the partnership’s consideration.

15. Regulatory

Our regulatory engagement strategy is to ensure
transparent and early engagement with the regulatory
agencies responsible for the oversight and review of the
program. Varying regulatory maturity exists around the
world, with Australia and New Zealand having possibly
the most developed and mature biotechnology regulatory
review processes. The USA is revising regulatory guidelines
through the Coordinated Framework for the Regulation of
Biotechnology (Barbero, et al., 2017). Currently, in the
USA it is likely the Food and Drug Administration will
lead regulatory review of GBIRA.

Regulatory data-sharing agreements for registration of
pesticides exist between Australia, New Zealand, and USA,
and we anticipate that this will carry over to review of
biotechnology. The design, execution, and data collection
will be compliant with all three countries’ regulatory
agency requirements or under data sharing agreements.

The regulatory oversight and testing is intended to
demonstrate efficacy and safety of the construct, i.e. does it
work and what are the ecological consequences. Managing
risks associated with its potential release, including capacity
to “shut off”” in vivo in case of unanticipated consequences
is one hallmark of our programme. Testing will take
place in a step-wise manner, laboratory development and
characterisation, laboratory testing, pen trials and field
trials. With the lack of clarity of regulatory pathways at this
time, we are engaging regulators early, and have done so
in Australia, New Zealand and USA to inform and ideally
strengthen regulatory standards, while ensuring open
dialogue and regulatory awareness of GBIRd exists.

16. Intellectual property

A patent for RNA-guided gene drives was filed in
2014 and two competing patents exist over CRISPR gene
editing technology (Egelie, et al.,, 2016; AAS, 2017).
However, there may be little scope for commercialisation
for CRISPR/Cas9 gene drives for conservation and
public health purposes (AAS, 2017). The intent of our
partnership is to safely and effectively develop and assess
this technology in a socially responsible manner that
democratises the science involved with the innovation. Our
partnership is composed of organisations that are dedicated
to the public good potential of this technology. We intend
for intellectual property to be secured in a manner that
prevents unintended use but allows maximum benefit for
communities and environments in need. The mechanisms
with which to do this have not yet been identified.

17. Financial

Budget estimates until completion of experimental
biocontained trials are uncertain until refinement of

constructs to ensure appropriate characteristics is clear.
Technical issues may arise, and data needs for risk
assessments and field trial applications have yet to be
determined in conjunction with regulatory agencies. The
timeline for completion of experimental biocontained
trials is also uncertain as not all funding has been secured,
processes are of uncertain duration in some cases and
requirements for experiments have not yet been determined
in conjunction with regulators. Considering these caveats,
we estimate US$16-22M will be needed over the next 4-5
years to complete experimental biocontained trials.

All programme areas are unfunded or partially funded
at this time. We are actively pursuing opportunities for
complementary funding.

DISCUSSION

Unlike incremental advancements in current technology
or tools, the development of transformative applications
cannot be undertaken within existing rodent eradication
projects on islands or as part of rodent control on mainlands.
Transformative innovations require deliberate intent and
focussed programmes. GBIRd includes interdisciplinary
scientists, varied experience, backgrounds and viewpoints.
An analysis of the hazards associated with a hypothetical
split gene drive is underway. If proof of concept of the
gene drive can be established in laboratory populations,
and suitable target populations can be identified, funding
will be sought to perform a risk assessment building on
the results of the hazard analysis. GBIRd is also engaging
with independent external ethicists to develop best practice
ethical conduct for gene drives. Indeed, as a programme
we have attempted to maintain a balanced approach and
wish to inform future decisions with the best science at that
time. This does not preclude pursuing a pathway to broader
deployment of this type of technology if, indeed, it proves
to be safe, efficacious, and socially accepted.

In addition to impacting biodiversity on islands,
invasive rodents also negatively impact the health of
people and their livestock, and greatly reduce agricultural
productivity, stored food stocks and damage infrastructure.
In the future, these problems may also benefit from the
application of gene drive systems in invasive rodents.
However, the GBIRd programme is currently focussed on
the development and evaluation of gene drives in invasive
rodents on islands to prevent biodiversity loss. We are
committed to a deliberate and step-wise approach following
National Academies’ recommendations (NASEM, 2016;
AAS, 2017).

Eradication is a biological extreme involving all
individuals in a population (Parkes & Panetta, 2009).
Populations hold a diversity of genes that provide
plasticity in behaviours and susceptibilities (e.g. Buckle
& Prescott, 2012; Cunningham, et al., 2013). Eradication
of a population requires that eradication method(s)
overcome this variability (Parkes & Panetta, 2009). That
we are looking to develop an eradication (i.e. complete
and permanent removal of a population), and not a control
(i.e. frequent removal of a portion of a population for
perpetuity) tool, is intentional and strategic. Eradication
provides permanent solutions and for invasive species is
nearly always desirable when it can be achieved (Parkes
& Panetta, 2009). Eradication methods may be used for
control, but not necessarily vice-versa. Our methods must
be robust enough to eradicate populations independent
of their variability but specific enough, or controlled in
some way, that the global population (especially native
populations) are not at risk. The concept of eradication
units is a useful way to think of this (Robertson & Gemmell,
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2004). Are there alleles shared by all individuals (i.e. fixed)
within invasive populations that are not found in the native
population, or only a subset of individuals have? Gene
drive could be contained under either of these scenarios.
GBIRd is attempting to identify island-specific locally-
fixed alleles that would provide molecular confinement
of the gene drive to the target island population. If this
is possible, potential exists for the approach to be scaled
(e.g. where locally-fixed alleles can be identified for
archipelagos, or for invasive but not native populations).
Further, our programme is also researching differential
mating success of males between populations to be able to
select the most effective stock for transmitting a gene drive
and associated genes to a target population.

CRISPR has transformed gene editing and CRISPR
gene drives are providing similar transformational
opportunities for genetic pest management (Webber, et
al., 2015; Harvey-Samuel, et al., 2017). Our partnership
was formed prior to these revolutionary tools, providing a
ready foundation upon which we expanded our partnership
and incorporated these tools, increasing the number of
technical approaches and likelihood of success. CRISPR,
as an editing tool, has also increased the efficacy of
inserting large genetic sequences (e.g. 10kb Sry) and due
to its precision, efficacy and high success rate has often
reduced the number of animals required compared to
previous approaches. We anticipate there will be other
opportunities, technological or otherwise, that emerge
throughout the life of our programme.

CRISPR has been shown to be able to edit DNA in a
range of taxa (NASEM, 2016; AAS, 2017) and a CRISPR
gene drive has advantages when developing a technology
platform, when compared to the #-complex drive which
may not be effective in species other than mice. However,
the #-complex provides options and, being naturally
occurring in mice, may increase social acceptability, or be
technically more appropriate for certain situations. Having
multiple gene drives and target genes or mechanisms
allows for many potential combinations and simultaneous
comparisons in efficacy, safety and acceptability. We
are currently investigating various combinations of
gene drive mechanisms (i.e. -complex, CRISPR/Cas9,
CRISPR/Cpfl) and target genes or deletion mechanisms
(i.e. Sry, Sox9, Y-shredder), providing multiple potential
combinations.

Spatial control and remediation of CRISPR/Cas9 gene
editing and gene drives has been a major concern and is
the focus of significant research. We are keeping abreast
of advances in this field and will look to incorporate
mechanisms developed where appropriate. Recent research
identified CRISPR/Cas9 inhibitors that can block genome
editing, providing a means to spatially, temporally, and
conditionally control Cas9 activity (Pawluk, et al., 2016;
Rauch, et al., 2017). As a nascent field, it is understandable
that not all technological concerns have yet been addressed
(NASEM, 2016; AAS, 2017), but a significant amount of
research is underway to do so.

Few, if any, people are opposed to preventing
extinctions but there is mixed opinion about the methods
by which this is done. Rodent eradication on islands of
any significant size can currently only be implemented
with toxicants, the least publicly accepted of all control
methods (Fitzgerald, 2009). Gene drives hold promise as
putting an additional tool in the practitioner’s toolbox that
could increase the feasibility and scale of conservation
efforts. In contrast to toxicant-based invasive rodent
eradication campaigns characterised by a short duration of
implementation and high fixed costs (Howald, et al., 2007;
Holmes, et al., 2015), gene drive approaches could provide
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an alternative and flexible financial model. Alternative
financial mechanisms such as endowments covering
annual costs instead of single campaigns costing tens
of millions of dollars may be feasible. If the anticipated
species specificity holds true, risks from methods to non-
target species (e.g. raptors, Rueda, et al., 2016) would be
eliminated and the ability for non-specialists to implement
projects would increase. Animal welfare concerns over
the mode of death of rodents and non-target species from
toxicants could be alleviated by gene drives that bias
the sex of invasive populations as no animals would be
killed (Dubois, et al., 2017). This approach could also
facilitate potential future developments with other invasive
mammals beyond rodents, including foxes (Vulpes vulpes)
and rabbits (Oryctolagus cuniculus) in Australia (Kinnear,
et al., 2016; AAS, 2017), brushtail possums (7richosurus
vulpecula), and stoats (Mustela erminea; Owens, 2017) in
New Zealand. New Zealand has set a goal of eradicating
invasive mammal predators from their country (‘Predator
Free New Zealand 2050 — New Zealand, 2016). One
interim 2025 goal in this strategy is to develop a scientific
breakthrough capable of removing at least one small
mammalian predator from New Zealand entirely (New
Zealand, 2016), and gene drive is one of a suite of potential
innovations currently being considered. Globally, invasive
rodents are linked to 30% of all extinctions (Doherty, et al.,
2016), and currently threaten 88% of all insular critically
endangered or endangered terrestrial vertebrates (TIB
Partners, 2014). New, scalable, species-specific tools are
needed to prevent further extinctions. The opportunity that
gene drives as a transformative technology may bring to
invasive species management is significant and worthy of
exploring in a responsible and inclusive manner.
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Abstract Since 1999, the black rat (Rattus rattus) has been eradicated from 14 Italian islands, and eradication is
ongoing on a further five islands. Most projects were funded by the European Union (EU) Life Programme. Over the
years, eradication techniques have been improved and adapted to different situations, including aerial bait distribution
on islands with large inaccessible areas, which otherwise would have relied on a manual bait distribution. A priority
list of eradications on islands, which was compiled ten years ago, has been met to a large extent, as rats have been
successfully eradicated from many islands of great importance to breeding seabirds. Despite some cases of re-invasion
occurring in early projects, advances in biosecurity measures have allowed for eradications on islands where this was
previously considered unfeasible due to a high risk of re-invasion. This paper reports on black rat eradication work
performed on Italian Mediterranean islands with small villages. We show biodiversity benefits of these programmes, but
also qualitatively address socio-economic and health impacts on local communities. Eradication projects have faced new
obstacles, due to recent changes in legislation which complicated the application of rodenticides and made it very difficult

to get permission for aerial distribution of bait on some of the priority islands.

Keywords: biosecurity, cost-effectiveness, invasive alien species, Ratfus rattus, reinvasion, shearwaters

INTRODUCTION

In recent years, a growing awareness about the
importance of the threat posed by alien species on native
ecosystems has driven anincreasing number of interventions
aimed at eliminating or mitigating their impacts. Much of
the effort to restore native ecosystems has been directed
towards islands, which represent ideal environments for
implementing eradication actions, because the impact of
alien species may be especially important (e.g. Manne, et
al., 1999; Baillie, et al., 2004), and their natural isolation
helps to maintain the benefits achieved.

On Italian islands, measures to eradicate rats have
had great success. Since the late 1990s, rats have been
eradicated, or locally controlled on many islands (Capizzi,
et al.,, 2016), with the EU Life programme providing
important financial support, making it possible to achieve
significant conservation objectives.

Rat eradications were carried out over the years on
islands with different characteristics, and experience built
up in selecting context-sensitive materials, techniques and
strategies. Indeed, activities were carried out on islands
small and large, uninhabited or with small residential
areas, flat or with very rough terrain and with significant
differences in the presence of non-target species.

Although there have been successes over the years,
some mistakes have also been made. In our opinion, a
critical review encompassing the activities so far carried
out, along with the results achieved, can help to effectively
plan future eradications.

In this paper, we review the rat eradication actions
carried out in past years as well as those currently
implemented, highlighting the progress, problems and
constraints experienced so far, and analyse the strengths
and weaknesses of the solutions adopted. Our aim is to
show that a review of past experiences can have a positive
influence on planning for future eradication attempts.

Evolution of techniques and targets
Priority list

Since resources for conservation actions are limited,
priority setting is considered a key aspect in defining
conservation strategies (Hughey, et al., 2003; Joseph, et

al., 2009), including those involving invasive alien species
management (e.g. Gallardo & Aldridge, 2013). Capizzi,
et al. (2010) established a priority list of islands for rat
eradication on Italian islands, considering the optimal
allocation of available resources. This prioritisation
considered the number of shearwater pairs and the
monetary costs of rat eradication on each island, as well
as the risk of reinvasion. To date, all the islands in the top
five (and seven in the top ten) were included in eradication
projects performed or still ongoing (Table 1). Furthermore,
recent advances in biosecurity measures have allowed the
carrying out or planning of eradications on islands that
were previously not included on the priority list because
of a high risk of reinvasion, such as Linosa (eradication
ongoing) and Ventotene (eradication ongoing).

Island size

Since our eradication projects began, the number of rat
free islands has increased considerably. This was possible
due to increased experience and confirmation that these
interventions bring substantial benefits to birds (see below).

The first eradications in 1999-2000 were carried out
on islands of a few hectares (Table 2), but since 2005 rats
have been eradicated from islands with an area of over
100 hectares (Zannone, Giannutri, Molara). Since 2012,
islands with over 1,000 hectares have also been attempted
(success declared in 2014 for Montecristo, ongoing actions
on Tavolara and Pianosa).

Field techniques
Bait delivery

In the first eradication programmes, rodenticide
baits were placed inside bait stations, at a relatively high
density (about 10 stations/ha). In subsequent eradications,
involving islands larger than 100 ha (i.e. Giannutri and
Zannone, between 2005 and 2006), bait station density
was reduced to an average of 4/ha. On Zannone, given
its relatively rough terrain, bait distribution, in some
inaccessible areas, was carried out by hand-broadcasting
from a helicopter, using rodenticide bait blocks, which
were secured inside biodegradable dispensers (sections

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 15-20. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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Table 1 List of islands prioritised for rat eradication (from Capizzi, et al., 2010) and status of eradication interventions.
Crosses indicate the presence of the two shearwater species on the various islands.

Scopoli’s Yelkouan
shearwater  shearwater
(Calonectris (Puffinus
diomedea) yelkouan)
Tavolara X X Eradication planned in 2017
2 Palmarola X X Eradication planned in 2018
3 Montecristo X X Eradication in 2012
4 Pianosa Group (La Scola and Pianosa) X E{:I?é(;iﬁ(%% 1i1;)La Scola (2000), and
5 Giannutri X X Eradication in 2005
6 Santa Maria Group (14 islands) X X No action
7 Molara X Eradication in 2009
8 Zannone X X Eradication in 2006
9 Spargi X X No action
10 Soffi Group (four islands) X No action

of bamboo trunk). On larger, mainly inaccessible islands,
aerial distribution was carried out on the whole island. Bait,
in the form of pellets, was distributed using helicopters,
with an automated distributor (bucket) purchased in 2008
and used by all projects since then.

Optimisation of active ingredients

In the first eradication projects (e.g. those in 1999-2000
on small islands), both bromadiolone and brodifacoum
were used, regardless of the presence of non-target
animals. In subsequent years, on larger (> 100 ha) islands
(i.e. Giannutri, Zannone and Molara), we relied solely on
brodifacoum, which was judged, on the basis of published
data, to be the most effective and the most used active
ingredient (e.g. Howald, et al., 2007; Buckle & Eason,
2015). However, when dealing with inhabited islands
with pets (e.g. Linosa and Ventotene, where eradication
is ongoing) and livestock (Pianosa, Tavolara), we chose
to perform a two-stage bait distribution, with a different
active ingredient. In the first phase (first two distributions),
when rat populations were still at a high level, a bait
containing an active ingredient less toxic for non-target
species was used (e.g. bromadiolone or difenacoum, e.g.
Capizzi & Santini, 2007; Buckle & Eason, 2015), thereby
reducing the risks of secondary poisoning for animals that
could eat dead or dying rats. The use of brodifacoum was
limited to the last two applications (second phase), when
the population of rats was expected to have been decimated
by previous baiting campaigns, and therefore the risk of a
poisoned rat (or mouse) being eaten by a non-target species
was much lower.

Biosecurity issues

Rat reinvasion following an eradication programme
is a real threat (Russell & Clout, 2005; Russell & Clout,
2007), wasting a great deal of time and monetary effort. In
recent years, rats have reinvaded some of the islands where
they had been previously eradicated (Table 3). Reinvasion
occurred as rats swam from neighbouring islands or the
mainland (maximum distance of reinvaded islands: 320 m,
average distance: 218.6 = 102.7 m). In the case of Molara,
the hypothesis of an unsuccessful eradication was not
supported by evidence, as genetic analyses have shown
that the reinvading rats were different from the eradicated
ones (Ragionieri, et al., 2013). The distance of Molara from
other neighbouring islands and the mainland (1,400 m),
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plus the simultaneous appearance of rabbits, suggests
that they have been transported by boat. However, recent
progress in the understanding of biosecurity measures, i.¢. a
better understanding of rat swimming abilities as well as of
effective quarantine measures (Russell, et al., 2008; Oppel,
et al., 2011), allowed us to plan and complete eradication
programmes on islands where there is a boat service and
on islands with small villages. Therefore, in 2016, rat
eradication was achieved on Linosa, which has a small
village of about 500 people, and has just started (January
2018) on Ventotene, which has about 700 residents. If the
Ventotene rat eradication is successful, it will be the largest
inhabited island in the Mediterranean cleared of rats.

Ecological and socio-economic benefits
Benefits for shearwaters

The detrimental impact of rats on nesting shearwaters
has been well documented on several islands, both oceanic
and Mediterranean. In the Mediterranean, observed
population declines of burrowing seabirds such as
Scopoli’s shearwater (Calonectris diomedea), yelkouan
shearwater (Puffinus yelkouan), Balearic shearwater (P,
mauretanicus) and storm petrel (Hydrobates pelagicus)
was mainly attributed to alien predators, especially rats
(e.g. Penloup, et al., 1997; Martin, et al., 2000; Igual, et al.,
2006; Baccetti, et al., 2009). Detailed surveys on Italian
islands (for survey methods see Baccetti, et al., 2009)
corroborated the evidence, showing a large difference in
terms of breeding success between islands with or without
rats; the latter included both islands where rats had never
been present and where they had been eradicated (Capizzi,
et al.,, 2016, Fig. 1). Pooled data from both Scopoli’s
shearwater and yelkouan shearwater indicated that breeding
pairs on islands without rats had much higher breeding
success (0.78+0.17, n=15) than those breeding on islands
with rats (0.14+0.25, n=11). Rat removal also affected the
size of shearwater colonies. At La Scola, ten years after rat
eradication, the colony of Scopoli’s shearwater increased
from 60-100 pairs in 2001 to 150-250 pairs in 2010. At
Zannone, after rat eradication (2007) there was an increase
in the Scopoli’s shearwater colony from 27 pairs in 2007
to 80 pairs in 2016.

The completed rat eradications have rendered over
1,500 harat-free, and ongoing or planned projects will likely
increase this surface area to 4,500 ha (Fig. 2). Currently,
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Table 2 Summary table showing the Italian islands where rat eradication was completed in the period 1999-2017, and
those where the intervention is scheduled in coming months, with details on the islands, the interventions and project
details. Success (i.e. successful eradication) was established two years after the last sign of rats.

Year Island Region Area Distance Active Bait Responsible Outcome
(ha) (m) ingredient method (funding)
1999  Isolotto Tuscany 6.5 320  Bromadiolone, bait station National Park  successful,
di Porto brodifacoum reinvaded
Ercole
1999  Isola dei Tuscany 1.3 300 Bromadiolone, bait station National Park  successful,
Topi brodifacoum reinvaded
1999  Peraiola Tuscany 1 30  Bromadiolone, bait station National Park  successful
brodifacoum
1999  Palmaiola Tuscany 7.2 2950 Bromadiolone, bait station National Park  successful
brodifacoum
1999  Gemini Tuscany 1.9 48 Bromadiolone, Dbait station National Park  successful,
Alta brodifacoum reinvaded
1999  Gemini Tuscany 1.6 120 Bromadiolone, bait station National Park  successful,
Bassa brodifacoum reinvaded
2001 La Scola Tuscany 1.6 242  Bromadiolone, bait station National Park  successful,
brodifacoum new incursions
(3) promptly
eradicated
2006  Giannutri Tuscany 2394 11,471 Brodifacoum bait station National Park  successful
2007  Zannone Latium 1047 5,700  Brodifacoum bait station  Circeo successful
National Park
2008 Molara Sardinia 3479 1,400 Brodifacoum aerial MPA successful,
reinvaded in
2010
2008  Proratora Sardinia 4.5 200  Brodifacoum bait station MPA successful,
immediately
reinvaded,
eradicated
2010, reinvaded
in 2010
2010 Isola Piana Sardinia  13.6 551 Brodifacoum bait station MPA successful
2010 Isola dei Sardinia 2.2 300  Brodifacoum bait station MPA successful,
Cavalli new incursions
(2) promptly
eradicated
2012  Montecristo Tuscany 1071 29,410  Brodifacoum  aerial National Park  successful
2016— Linosa Sicily 545.1 43,000 Difenacoum & bait station Sicily Region  to be confirmed
2017 brodifacoum (LIFE)
2017  Pianosa Tuscany 1026 13,300  Bromadiolone  bait station National Park  to be confirmed
& brodifacoum
2017  Tavolara Sardinia 602.0 1,150  Brodifacoum  aerial Municipality of started in
Olbia (LIFE) autumn 2017
2018 Palmarola  Latium 125.1 7,300  Brodifacoum  bait station Latium Region started in
(LIFE) January 2018
2018  Ventotene  Latium 143.6 43,000 Bromadiolone bait station Latium Region started in
& brodifacoum (LIFE) January 2018

Distance = from mainland or other islands in metres. National Park = National Park of Tuscan Archipelago (LIFE).
MPA = Marine Protected Area of Tavolara — Punta Coda Cavallo
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Fig. 1 Boxplot showing mean and standard deviation of
breeding success (in terms of percent chick survival) of
both shearwater species on ltalian islands with (n=11)
and without (n=15) rats.

15% of the Italian population of shearwater pairs (both
Calonectris diomedea and Puffinus yelkouan computed as
the geometric mean of minimum and maximum estimates,
data from Baccetti, et al., 2009, updated when necessary)
have been released from rat predation (Fig. 3). Increased
benefits to the Italian population will occur with ongoing
and planned eradications (i.e. Linosa for Scopoli’s
shearwater and Tavolara for yelkouan shearwater).

Socioeconomic and public health issues

Islands where rats have been eradicated are uninhabited
or host just a few houses. Recently, the possibility of
conducting rat eradication programmes on islands with
small villages (Linosa, 500 residents, and Ventotene,
700) also provides significant socio-economic and
health benefits for residents and tourists (see below). As
an example, in Ventotene (120 ha, 700 inhabitants, rat
eradication funded within Life PonDerat project), we ran
a preliminary survey (performed through interviews to
residents, which is still ongoing) to estimate the economic
benefits when removing rats. First, in terms of prevented
management costs, we estimated the current yearly
quantity of rodenticides used to protect crops from rat
damage at about 100 kg, corresponding to a yearly overall
cost of about €5000. Also, the municipality runs its own
pest control activities in public areas, hiring the service of
a pest control company at an annual cost of about €3000.
Second, rat eradication brings biodiversity benefits. As bait
is generally used improperly, by using the most toxic active
ingredients (usually brodifacoum) and by distributing baits
indiscriminately, the risk to non-target species is apparent.
Eradication would reduce these non-target effects. Third,
direct damage costs are prevented because a certain
amount of crop damage still occurs despite the current use
of rodenticides which would also be prevented if rats were
eradicated.

Lastly, rat eradication brings health benefits. For
example, we recorded a 15.5% prevalence of Leishmania
infantum in Rattus rattus from Montecristo, an island far
from the mainland without carnivores (except the sporadic
presence of dogs), leading us to identify rats as possible
reservoirs and vectors of this protozoan (Zanet, et al.,
2014). On inhabited islands (e.g. Ventotene and Linosa),
it is likely that rat removal will bring health benefits by
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Fig. 2 Results of rat eradications on Italian islands in terms
of pest free area and native species recovery since 1999
in five-year intervals a) total island surface area (ha)
freed of rats, b) number of pairs of yelkouan shearwater
(Puffinus yelkouan) and of c¢) Scopoli’s shearwater
(Calonectris diomedea) released from rat predation. The
graphs also include eradications where the outcome
is still to be confirmed, as well as those planned in the
coming months.

reducing the impact of rodent borne diseases, although
social costs associated with rodent-borne diseases are
difficult to quantify (e.g. World Bank, 2010). On Ventotene,
the challenge is to obtain an overall estimate of the benefits
of eradication, both ecological and socio-economic
(Garcia-Llorente, et al., 2008).

Therefore, the associated economic benefits should
also be considered when evaluating the cost-effectiveness
of these conservation efforts, as they may confer an added
value that can help with public acceptance of this type of
project.

Impact on non-target species

Conservationists, researchers and land managers can
look pragmatically at the possible loss of individual non-
target species, by comparing them with the increased
benefits to native species and ecosystems (e.g. Ogden &
Gilbert, 2009; Capizzi, et al., 2010; Gillespie & Bennett,



Capizzi, et al.: Black rats on ltalian islands
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Fig. 3 Percentage of the ltalian population of yelkouan
shearwater (a) and Scopoli’s shearwater (b) nesting
pairs released from rat predation.

2017). However, minimal impacts on non-target species are
often crucial to the acceptance of the project by the general
public and are a significant factor in obtaining authorisation
from public authorities. Indeed, much of the concerns of
the public and public authorities were around the impact
on non-target species, which has been demonstrated to be
almost negligible (Capizzi, et al., 2016). In a few cases, the
actual non-target impact involved species that, following
rat removal, would have become extinct anyway, i.e. a few
pairs of nocturnal raptors (barn owl, Tyto alba). We did not
observe any impact on other rat predators, such as snakes
(green whip snake, Hierophis viridiflavus and the asp viper,
Vipera aspis), or birds of prey (kestrel, Falco tinnunculus
and peregrine falcon, Falco peregrinus).

In most cases, populations of lizards (both Podarcis
sicula and P. muralis) and native geckos have increased
since rat eradication. The populations of wild or feral
ungulates (mouflons and goats, in most cases alien species
themselves) did not experience significant impacts, despite
some losses of goats on Montecristo. Finally, no impact on
pets (dogs and cats), poultry or livestock has been recorded
so far.

Unsolved problems and lessons learnt
Authorisation and legal aspects

Limitations resulting from the application of EU
Biocide Regulation 528/2012 represent a major obstacle
to running eradication programmes, even though this
Regulation explicitly accommodates a derogation on the
use of rodenticides (Article 43), including aspects relating
to the protection of the environment. Italian authorities
interpreted the European regulation on biocides to mean
that they should only be distributed inside bait stations,
thus implicitly forbidding aerial distribution. This has led
to legal disputes during the eradication on Montecristo,
which were resolved but will cause problems for many
eradications to come. For instance, the derogation for aerial
distribution on Tavolara (which hosts the largest colony of
Puffinus yelkouan in the world) was only obtained more
than one year after the original request, thereby risking
the loss of funding and compromising the outcome of the
project.

Dealing with stakeholders

It is well known that communication and information
aspects are very important in projects involving the
suppression or removal of invasive species to favour
native species or ecosystems (e.g. Larson, et al., 2011;
Adriaens, et al., 2015). In the case of island communities,
the main issue is that, if not properly communicated,
actions may be perceived as an intrusion by outsiders. On-
site meetings with island inhabitants do not always receive
good feedback. In our experience, ensuring a constant
presence in the area and establishing positive relationships
with locals are paramount to raising public awareness on
relevant conservation topics, as well as gaining project
acceptance. Public approval is indeed a key factor for
rat eradication success on islands (Epanchin-Niell, et al.,
2010).

It is also vital to establish a constructive dialogue
with port authorities and ship owners, to allow boats and
harbours to be monitored, so that rats cannot be transported
with the possibility of them being distributed across the
island. This is especially important on islands served by
regular ship visits, such as those hosting small villages
(e.g. projects ongoing on Linosa and Ventotene).

Learning from failures

As mentioned above, the analysis of recolonisations
following eradications has allowed us to conclude that
islands closely neighbouring other rat-inhabited islands
present a high risk of re-invasion after a successful
eradication operation. The case of La Scola Island is
representative, with three reinvasions in about fifteen
years. The eradication of rats from the nearby (320 m)
island of Pianosa will solve the problem permanently.
Rat eradication on Molara represents a different case of
reinvasion. The island was reinvaded a few months after
an apparently successful rat eradication, but invading
rats were genetically different from the eradicated rats
(Ragionieri, et al., 2013). We strongly suspect that this
recolonisation event represents a case of sabotage, possibly
caused by the hostility of some people towards the project:
the simultaneous appearance of rabbits on the island
corroborated this hypothesis. This confirms the importance
of properly addressing community opinions (Genovesi &
Bertolino, 2001) and trying to highlight critical issues that
may otherwise compromise the outcome of the project. To
avoid the voluntary release of rats on rat-free islands, it
is crucial to implement long term biosecurity and provide
the necessary human resources for continuous awareness-
raising.
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Control of house mice preying on adult albatrosses at Midway Atoll
National Wildlife Refuge
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'Mid-Columbia River NWRC, 64 Maple St., Burbank, Washington 99323 USA. *US Fish and Wildlife Service, Marine
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’National Wildlife Refuge Association, Washington, DC 20036, USA. ‘US Fish and Wildlife Service, Pacific Region One,
National Wildlife Refuges, 911 NE 11th Avenue, Portland, Oregon 97232. °Island Conservation, 2100 Delaware Ave,
Santa Cruz, CA, 95060, USA.

Abstract Sand Island, Midway Atoll National Wildlife Refuge (MANWR), is home to 21% of all nesting black-footed
albatross (Phoebastria nigripes) and 47% of all nesting Laysan albatross (P. immutabilis) worldwide. During the 2015—
2016 nesting season predation and disturbance by non-native house mice (Mus musculus), here documented for the first
time, resulted in 70 abandoned nests, 42 adult birds killed and 480 wounded. In the following nesting season the affected
area increased, resulting in 242 dead adults, 1,218 injured birds and 994 abandoned nests. Mouse predation activities
triggered a mouse control response to reduce mouse densities in the affected areas using multi-catch live traps, kill
traps, and limited use of anticoagulant rodenticides in bait stations. In 20162017 we applied a pelleted cholecalciferol
rodenticide, AGRID, (Bell Laboratories, Madison, WI), at a rate of 20 kg/ha in all affected areas. The purpose of this study
was to evaluate the efficacy of using AGRID, to reduce mouse density and rate of mouse attacks on nesting albatrosses on
Sand Island. Mouse attacks decreased and mouse abundance was reduced following rodenticide applications in the plots
treated in December but changes in attack rates in the plots treated in January were not detectable and mouse abundance
increased subsequent to treatment. The plots in the December treatments were much larger than those used in January
and rainfall rate increased after December. A minimum size of treatment area may be necessary to achieve a reduction in
injury rates in albatrosses. No deleterious effects were observed in non-target organisms. The casualties resulting from
mouse predation (mostly Laysan albatross) represent a small proportion of the 360,000 pairs nesting on Sand Island.
However, the risk to adult breeding albatrosses representing such a large fraction of the global population prompted the
United States Fish & Wildlife Service to prioritise mouse control efforts.

Keywords: cholecalciferol, non-target species, Pacific, rodent, seabirds, tropical

INTRODUCTION

Midway Atoll National Wildlife Refuge (MANWR) is
home to over three million birds representing 29 species
including species of conservation concern and the largest
albatross breeding colony in the world. MANWR supports
36% of the earth’s black-footed albatross (Phoebastria
nigripes) and 73% of all Laysan albatross (P. immutabilis).
Of the three islands that make up the refuge, Sand Island is
the largest and provides habitat to approximately 360,000
breeding pairs of Laysan albatross, making it a globally
significant colony. House mice (Mus musculus) were
introduced to Sand Island more than 75 years ago and
persisted after black rats (Rattus rattus) were eradicated in
1996. Until recently, these non-native mammals appeared
to co-exist with the refuge’s large seabird populations
without harm.

This changed in December 2015 when, shortly after
the initiation of the albatross breeding season, severe
wounds were discovered on the dorsa of several incubating
albatrosses on Sand Island and images from motion-
sensing cameras revealed that the source of the wounds
were mice (Fig. 1). This was the first time house mice
had been observed attacking adult albatrosses and the
first documentation of mice preying on albatross in the
Northern hemisphere. House mice had not been considered
a threat to seabird populations until 2001 when they were
found preying on albatross chicks as well as other seabird
species at two sites in the Southern hemisphere (Cuthbert
& Hilton, 2004; Angel, et al., 2009; Jones & Ryan, 2009).

The discovery of attacks by mice on Sand Island
caused immediate concern for wildlife managers at
the refuge. Adult mortality has the strongest effect on
population growth rates in species such as albatrosses
with low fecundity, longevity, high age at first breeding,
and prolonged parental care. The loss of the breeding adult
is compounded by the loss of its egg or chick, and also

reduces the fecundity of its surviving mate, as it often takes
more than a year for a widowed bird to find a new mate. In
response to the attacks first discovered in December 2015,
emergency control efforts were immediately initiated at a
5 m grid resolution over attack areas using a combination
of available methods; live traps, kill traps, and difethialone
rodenticide applied in bait stations near structures.

When albatrosses returned to Sand Island in the autumn
of 2016, surveys were initiated to look for signs of mouse
attack and it quickly became clear that mice were attacking
the albatross again. Moreover, the rate at which birds
were being killed or injured suggested that the 20162017
outbreak might be much greater than during the previous
year. This time, however, United States Fish & Wildlife
Service (USFWS) staff had a plan and were prepared to
address the situation. Research had suggested that AGRID,
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Fig. 1 Introduced house mouse attacking adult Laysan
albatross as it incubates. As captured by a Reconyx trail
camera.

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 21-25. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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(Bell Laboratories, Madison, WI), a cholecalciferol
rodenticide, might provide an effective tool for reducing
the number of mice in areas where they were attacking
albatross, thereby reducing the impacts to the nesting
birds. A plan was developed for applying the rodenticide
in affected areas and also for measuring the effects of the
treatments on both mice and nesting albatross.

In this paper we describe the mouse predation on
albatross that occurred on Sand Island during the 2016—
2017 breeding season and the actions taken to abate the
threat they imposed on the albatross population there:
specifically, a broadcast application of AGRID; in the areas
in which we observed mouse predation on “albatrosses.
We also describe the monitoring that was undertaken
to measure both the direct effects of the rodenticide on
the mouse population and the indirect effects that this
treatment had on reducing albatross death, injury, and nest
abandonment.

MATERIALS AND METHODS
Study area

MANWR is located at the north-west end of the
Hawaiian Islands archipelago, 1,930km from Honolulu,
Hawaii at 28.208° N; -177.379° W. One of the oldest
atoll formations in the world, MANWR consists of three
islands within an 8 km diameter fringing reef. MANWR is
classified as a tropical wet/dry savannah with an average
annual rainfall of 1,104 mm (43.5 in). MANWR has had
a relatively continuous human presence since 1904 when
a station was built to support the construction of a trans-
Pacific telegraph cable. From 1941 until 1997, Midway
Atoll was used by the United States Military during which
time both black rats and house mice were introduced. As
a consequence, the atoll’s ecosystems are highly altered.
In 2015 there were 190 species of plants observed, 24
(13%) native and 166 (87%) non-native (Starr & Starr,
2015). The largest, and only, mouse infested island is Sand
at 460 ha. MANWR currently supports a resident human
community of 50 people along with an operational runway,
Henderson Airfield. In 1988 the natural habitats of Midway
Atoll began to be managed as part of the National Wildlife
Refuge system. Its conservation importance is reflected in
its designation as a UNESCO World Heritage Site and its
inclusion within the Papahanaumokuakea Marine National
Monument.

Baiting methods

During 2016-2017, AGRID, (Bell Laboratories,
Madison, WI), a cholecalciferol rodenticide, was hand-
broadcast in all affected areas to reduce mouse populations
more effectively and with less disturbance to other wildlife
species compared to trapping. AGRID, pellets contain
0.075% cholecalciferol (non- antlcoagulant) which acts by
disrupting calcium (Ca) homeostasis through increasing
Ca absorption from the small intestine, mobilisation of Ca
from the bones into the blood stream, and decreasing Ca
excretion by the kidneys (Marshall, 1984). Cholecalciferol
has been proven to be toxic and effective at controlling
rodents, yet relatively safe to non-target species when used
according to label specifications. Due to cholecalciferol’s
unique mode of action, target specificity, no taste aversion,
and delayed toxic effect, it has been successfully used in
commensal and agriculture field rodent control situations
(Hix, et al., 2012). These attributes make it ideal for use as
an interim control measure in the event that eradication is
subsequently preferred and approved. The registered use of
AGRID,; in the United States has only been for agriculture
purposes in the past. The USFWS collaborated with Bell
Laboratories, Inc. to develop a supplemental label to be
attached to AGRID3 Pelleted Bait (EPA REG. NO. 12455-
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117-3240). This supplemental label specifically for use by
USFWS to control house mice on MANWR was approved
by the Environmental Protection Agency for use in a
wildland setting.

We hand-broadcast AGRID, pelleted bait along a 5 m
grid (one application within each 25 m? square grid cell)
over every mouse attack area on Sand Island, as well as a
10 m buffer zone on the periphery of the area, on December
17-18, 2016. Previous experimental bait uptake trials
using the protocol described in Pott, et al., (2015), in which
we applied placebo bait at 40 kg/ha, marked pellets, and
measured pellets taken over a four-day period, led to the
selection of 20 kg/ha as an effective application rate under
average conditions and 35 kg/ha when mouse density
was very high. Following bait application, we surveyed
treatment areas to document any sick or injured non-target
species or instances of non-target species foraging on bait
pellets. We repeated the application at the same rate of 20
kg/ha on 20 January 2017. Over the course of the season
from 17 December 2016 to 20 January 2017 we applied
721 kg of AGRID, to the treatment areas. Areas receiving
only a single application included the control plot and
impact areas identified after the December application
such as Plots 4 and 5. Each application took approximately
440 person-hours to complete.

Non-targets

In order to reduce house mouse predation on incubating
albatrosses while minimising the effects (mortality and
disturbance) to non-target species, including Laysan ducks
and migratory shorebirds, managers treated albatross attack
areas where dead adults or abandoned nests were found on
Sand Island, MANWR, with AGRID,. AGRID, was chosen
specifically because of its minimal potent1al effects on non-
target species, specifically endangered Laysan ducks (4nas
laysanensis; listed under the United States Endangered
Species Act of 1973) and shorebirds which are protected
under the Migratory Bird Treaty Act, particularly bristle-
thighed curlews (Numenius tahitiensis), Pacific golden
plovers (Pluvialis fulva), and ruddy turnstones (Arenaria
interpres). These species were present in large numbers on
Sand Island, MANWR, during the mouse attacks and are
known to have ingested rodenticide pellets or insects that
have consumed bait at other sites where rodent eradication
has been implemented. Eason, et al. (2000) documented
that mallard ducks fed cholecalciferol at a rate of 2,000
milligrams/kilogram were not affected and concluded that
ducks would have to consume 2,000 g (4.4 Ibs) of bait with
this concentration to receive a lethal dose. Smaller Laysan
ducks may consume some bait; however, it is unlikely the
ducks would consume enough to cause injury and would
need to ingest more than twice their body weight in pellets
to experience lethal effects.

Study design and monitoring methods

Starting in December 2016, when most albatrosses had
laid their eggs, observers trained to detect mouse-injured
albatrosses again searched for, documented, and mapped
birds showing signs of mouse attack as well as areas that
had an unusually high occurrence of abandoned eggs in
nest cups across Sand Island. To avoid double counting,
they marked dead adult albatrosses. Nests belonging to
injured birds (typically bite wounds, sometimes resulting
in severe infection) and abandoned eggs were also marked
every three days in the intensive monitoring area (Plot
1). Once the majority of mouse attack areas had been
identified, three baiting plots (Plots 1 [16,493 m?], 2
[15,119 m?], and 3 [11,740 m?]) and a control [6,031 m?]
that was not treated with rodenticide were established and
monitored for changes in mouse abundance in all plots
prior to rodenticide applications on 17 December 2016
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and for two weeks afterwards. Two additional baiting
plots (Plots 4 [1,900 m?] and 5 [4,725 m?]) were added
later and monitored for dead adults and abandoned eggs
one day before and once at six days and once at 10 days
after a second bait application that began on 18 January
2017. The plots were all of different sizes because we
chose entire discrete areas in which dead albatrosses and
abandoned nests were found to label as attack areas. The
control area was smaller than the treatment plots because
our priority was to implement a management action as
quickly as possible in as much of the colony as possible.
General surveillance for signs of mouse attacks continued
after hatching in early February and throughout the rest of
the chick rearing period.

All nests in Plot 1 were monitored to determine
reproductive success, defined as number of nests with
an incubating adult present at the beginning of February
divided by the total number of nests with eggs present at
the start of the study. The reproductive success in Plot 1 was
compared to data from plots unaffected by mouse predation
that were part of a long-term albatross demography project
being conducted at MANWR for the same time interval.

We measured mouse relative abundance in all five plots
and the control area two days before rodenticide treatment,
one day a week later and one day two weeks after
application. We used six multi-catch mouse traps (Trapper
24/7 Bell Laboratories) per treatment area, baited with
peanut butter, and summed the number of mice captured
over one night for each plot. The traps were centred within
the plot ca.10 m from each other. To detect any change in
number of mice at each plot, we conducted a one-tailed,
paired t-test comparing the mean number of captures prior
to bait application with the number of captures two weeks
post-treatment (o = 0.05). In addition, for Plots 1, 2, 3 and
the control area we walked a 150 m transect and counted all
mice seen within 2.5 m of the path on either side between
7:30 and 10:00 p.m. the night immediately before the bait
application and then one night one week after broadcast
and one night two weeks after the broadcast.

We used weather data measured daily at Henderson
Airfield weather station located on Sand Island and
available from the U.S. National Climate Data Center,
<(https://www7.ncdc.noaa.gov/CDO/cdopoemain.cmd?d
atasetabbv=DS3505&countryabbv=&georegionabbv=&r
esolution=40>) to evaluate fluctuations in mouse relative
abundance over time in the context of rainfall and aid in
our interpretation of results.

# Impact Point

[ impact Area
Road
Structure
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Fig. 2 Areas in which mouse attacks (dead adults,
wounded adults, abandoned eggs) were detected in the
2016-2017 albatross breeding season.
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December 2016 through January 2017.
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RESULTS

Over the course ofthe 2015-2016 breeding season, mice
killed at least 42 adult albatross, wounded an additional 480
birds, and resulted in 70 abandoned nests in three distinct
areas, totalling 1.65 ha of Sand Island. During the breeding
season of 2016-17 mouse predation was first observed
on 4 December, 2016. Numbers of injured and dead adult
albatross and abandoned nests increased dramatically
in comparison with the previous breeding season. The
number of affected areas in the colony increased from three
to 50 and the total affected area increased from 1.65 ha to
11 ha (Fig. 2). Albatrosses nest on all of the 460 ha of Sand
Island except where they are excluded by active runway
paving or structures, so the area affected is still a relatively
small proportion of all the albatrosses at Midway. All areas
where albatross mortality was detected in 2015-2016 also
had mouse predation in 2016-2017. By mid-February
there were 242 dead adults, 1218 injured birds, and 994
abandoned nests. This represented a 7-fold increase in
mortality, more than double the rate of injury and a more
than 10-fold rate of nest abandonment compared to the
previous year. The majority of birds found injured and dead
were Laysan albatrosses; few black-footed albatrosses were
affected. Six carcasses recovered fresh from the area were
sent to the USGS Wildlife Health Laboratory in Honolulu
in January 2016. Analysis of the specimens revealed that
the birds were in excellent body condition with no cause of
death evident other than the large wounds on their necks,
backs or flanks. Study of the wound sites confirmed the
rodent bites occurred before death.

There were no confirmed instances of mouse predation
after February 6, 2017, about the time that most eggs started
hatching. Most identified mouse attack areas were baited
twice before predation stopped in February (Fig. 3). There
were no observations of any non-target organism such as
shorebirds or Laysan ducks interacting with bait pellets in
the field or being found sick or dead in the baited areas.

The number of newly deceased adults and abandoned
nests diminished after both bait applications in Plot 1 (Fig.
4) where we were able to conduct more intensive mortality
and nest abandonment monitoring every three days. In
contrast, during December, the number of abandoned
eggs more than doubled in the control area from 10 to 23
but no dead adults were recorded in that area. In January,
Plot 4 showed a decrease in the number of abandoned
nests after the AGRID, application but Plot 5 continued
to have relatively steady counts of newly dead adults and
abandoned nests (Fig. 5). Reproductive success (number of
eggs in early February / number of eggs in mid-December)
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Fig. 4 Absolute counts of new detections of abandoned
eggs and dead adults surveyed approximately every

three days in Plot 1 throughout the incubation period of
breeding Laysan albatrosses at Midway.
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Fig. 6 Number of mice trapped in 6 multi-catch traps per
plot, one day before and one and two weeks subsequent
to applications of cholecalciferol rodent bait in Plots 1-5,
and a control site at Sand Island during December 2016
and January 2017. Only 1 application was done in areas
4 and 5.

in Plot 1 was six percent lower than in the unaffected long-
term demography plots.

After the December rodenticide application, the number
of mice trapped in Plots 1, 2, and 3 dropped (Fig. 6) (Plot 1
#5)=2.46 P=0.03; Plot 2 #(5)=0.8 P=0.23; Plot 3 #(5) =
2.18 P =0.04). Over the same time period the control site
showed an increase in mice trapped (#(5) =-2.63 P=0.02).
Trapping in Plots 4 and 5, done a month later in January,
showed a different pattern with mouse numbers increasing
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Fig. 7 Total mice counted at night on a 150 m transect
(2.5 m to each side) prior to and one and two weeks
after application of cholecalciferol bait in Plots 1-3 and a
control site on Sand Island during December 2016.

after treatment (Plot 4 #(5) =-0.99 P = 0.18; Plot 5 #(5) =
-1.66 P =0.08). Mouse detections on the 150 m transect in
Plots 1, 2, and 3 showed a decline after the application of
AGRID, while detections remained much the same in the
control plot (Fig. 7).

DISCUSSION

The exposure of a non-negligible proportion of the
world’s Laysan and black-footed albatrosses to a threat
of adult mortality stimulated the management team at
MANWR to seek short-term and long-term solutions.
The application of a pelleted cholecalciferol rodenticide,
AGRID,, in a wildland setting at MANWR, where
many non-target species are present, shows promise as
a management tool to limit house mouse predation on
breeding seabirds without causing harm to the non-target
shorebird and duck species that inhabit Sand Island.
AGRID, measurably reduced mouse predation on nesting
albatross in the areas where injured and dead albatrosses
and abandoned nests were being detected.

While this study was limited in scope and sample size
due to the prioritisation of rodent management for the
purposes of protecting nesting albatrosses, the larger plots
studied during the December application of rodenticide
showed decreases in the attacks by mice on albatross as
well as some reduction in mouse abundance. The results
from the January trial were less promising, showing
an increase in mouse density and ambiguous effects on
albatross mortality and nest abandonment counts.

There were two differences between the December and
January trials that might explain the contrasting outcomes.
First, the plots baited in December were much larger in
area than the plots baited in January. In a food-limited
environment, mice may have been attracted by the bait
into the smaller plots elevating the mouse density thus
offsetting mortality and mouse population reduction. In an
experimental application of cholecalciferol over a much
larger area of 100 ha in New Zealand Hix, et al. (2012)
observed a 100% reduction of mouse numbers. Second,
rainfall increased dramatically over the two months of
the study. The increase in rain between December and
January might have increased the amount of natural rodent
foods within the study area while also leading to higher
rates of pellet degradation due to the moister conditions,
thus reducing bait availability. There was no control plot
established in the January trials so changes in mouse
behaviour or abundance cannot be evaluated but Plot 1
continued to show a decrease in mouse attacks throughout
the January trial period leading to the possible conclusion
that the results in Plots 4 and 5 were due to the smaller plot
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size. During future efforts to control rodent populations
in targeted areas using a broadcast of rodenticide, control
areas of at least 1.2 ha should be considered to ensure
sufficient coverage to compensate for edge effects.

The decision to apply AGRID, prior to the albatross
breeding season in any particular year may be informed by
the likelihood that conditions will trigger mouse predation.
Hypotheses about the conditions on Sand Island that may
have triggered the emergence of house mouse attacks
include population fluctuations of mice and a shift in mouse
behaviour due to habitat changes and food availability.
Golden crownbeard, Verbesina encelioides, an introduced
sunflower-relative, was once dominant across the island
with coverage now reduced to less than one percent due to
control measures ongoing since 2011. We have no evidence
that Verbesina is consumed by mice, and it is considered a
poisonous plant to ungulates (Keeler, et al., 1992) and is
allelopathic, thus inhibiting all other vegetation (Inderjit,
et al., 2000). Verbesina distribution and density was much
reduced several years before mice were documented killing
albatrosses at Midway. Changes in seasonality of rainfall
patterns observed during the 2015-16 and 2016—17 El Nifio
event may have shifted the timing of normal population
fluctuations in the mouse population of Sand Island, in
which drying conditions reduce forage and subsequently
cause mass-starvation. In 2015-16 and 2016-17 this
crash occurred just as albatrosses began the vulnerable
incubation period when the adult birds are reluctant to leave
their eggs. Rodent populations are well known to fluctuate
with rainfall (Jaksic, et al., 1997) and climate change may
increase the frequency of El Niflo—Southern Oscillation
events (Timmermann, et al., 1999), exacerbating the risk
to albatrosses in the future. The question of whether there
was cultural transmission of albatross predation behaviour
in the mice at Sand Island remains open. During 2016—17
the behaviour arose almost simultaneously over much of
the island so it seems unlikely.

Preparations for a proposed mouse eradication attempt
at Sand Island, MANWR, are underway and the proposed
toxicant is brodifacoum. AGRID,, being a cholecalciferol-
based rodenticide may be advantageous for control
operations prior to a possible eradication to reduce the
chance of mice developing aversion or resistance to the
type of bait products and toxicants that might be used in an
actual eradication operation.
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Eradicating black rats from the Chagos — working towards
the whole archipelago
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Abstract The Chagos Archipelago comprises some 58 islands covering 5,000 ha in the centre of the Indian Ocean. Black
rats (Rattus rattus) were introduced about 230 years ago and have likely had a severe impact on the native terrestrial
fauna, which is dominated by seabirds and land crabs. Most of the archipelago’s terrestrial land mass is vegetated with
old coconut plantations, with over 75% of the native forest cleared for coconut from 26 of the largest islands. Likely as a
result of this colonisation and clearance, at least 30 islands have rats present (95.3% of the Chagos landmass) along with
feral cats (Felis catus) on 62%, which suppresses the recovery of native fauna and flora. Efforts at rat eradication include
the failed attempt on Eagle Island (252 ha) in the northern Chagos Archipelago in 2006 and the recent success of a ground-
based eradication on Ile Vache Marine in 2014, where two applications of brodifacoum poison were hand-spread at a rate
of 18 kg/ha. Two islets on the nearby Salomon atoll were also cleared of black rats during the same operation with single
bait applications. The 2014 operation was successful on what are regarded as difficult islands for rat eradication, being
‘wet’ tropical islands with land crabs and coconut plantations present, and has engendered confidence to proceed with
additional rat eradications on other northern Chagos islands.

Keywords: atoll, Birgus, Chagos, eradication, hand-broadcast, Rattus, seabirds, tropical

INTRODUCTION

Invasive species have caused 75% of terrestrial e
vertebrate extinctions on islands (McCreless, et al., 2016) N =

and of these species’ rats are probably the most pervasive,
having been introduced to more than 85% of oceanic
islands and archipelagos (Harper & Bunbury, 2015). Rats
have been responsible for some 40-60% of all bird and ,
reptile extinctions (Howald, et al., 2007). Rats prey upon ) A
and compete with animals and can consume all parts of :
plants, which disrupts ecosystem function and can cause
direct or indirect cascades of collapse, through interruption
of pollination and nutrient pathways, seed predation, and in
some cases leading to forest collapse (Towns, et al., 2006;
Athens, 2009; Towns, 2009; Hilton & Cuthbert, 2010).

Black rats (Rattus rattus) have been present on the
Chagos Archipelago, in the mid-Indian Ocean, since the
late 1700s when the archipelago was settled (Wenban-
Smith & Carter, 2016). Diego Garcia is in the southern
Chagos Archipelago and is the largest (~2,900 ha) and only
inhabited island, with a transient population associated with i
a military base. It has rats and cats (Felis catus) present
and there are no current plans for rat eradication. In the
northern Chagos Archipelago (~2,100 ha total combined
area), 26 of the 55 islands are known or suspected to “
have black rats present (Carr & Harper, 2015). These rat-
infested islands comprise some 1,700 ha in combined total
land area or some 47% of the islands in the group. Only
4.7% of the entire Chagos terrestrial space is regarded as
mammalian predator free and seabird population density is 0
approximately 20 times higher on rat-free islands (Hilton Fitt Bank
& Cuthbert, 2010). (Fig. 1).

INDIAN OCEAN
Low-lying, remote and geologically young (49 mMYA, e, Dl st
Duncan & Hargraves, 1990), the Chagos Archipelago has }}
not had the speciation that has developed on similarly
isolated elevated archipelagos such as Hawaii and the r = = . Ly
Mascarene Islands. The atolls of the Chagos Archipelago
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are largely formed from marine sand deposits with some
raised rock formations. Many islands had their native
forest removed during settlement and replaced with a
dense monoculture of coconut palms (Cocos nucifera). As
several seabird species preferentially nest in native trees,
this destruction of nesting habitat was probably the first
major impact on the previously large seabird colonies
that existed there (Carr, 2013). This was followed by

Fig. 1 Map of the Chagos Archipelago showing location of
islands mentioned in the text.

direct persecution by man and other introduced predators;
principally this was rats, cats, dogs and pigs. By the start
of the 1900s, the vast seabird colonies now indicated by
guano deposits had disappeared (Carr, 2011).

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 26-30. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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On less anthropogenic-impacted islands the architecture
of the native oceanic rain forest allows arboreal nesting by
lesser noddy (Anous tenuirostris) and red-footed booby
(Sula sula), whereas the open areas are used by species
such as brown booby (Sula leucogaster), brown noddy
(Anous stolidus), sooty tern (Onychoprion fuscatus)
and the tropical shearwater (Puffinus bailloni). Two
introduced birds, the domestic chicken (Gallus gallus),
and Madagascan fody (Foudia madagascariensis) are
the only land birds resident in the northern Chagos, the
former found on only a few islands. Fodies are found on
most of the vegetated islands. Land crabs are the dominant
invertebrates, with the coconut crab (Birgus latro) being
the most obvious. Smaller hermit crab species, the
burrowing land crab (Cardisoma carniflex) and other land
crab species are present (Stoddart, 1971a; PC pers. obs.).
There is a reviving population of green turtles (Chelonia
mydas) and hawksbill turtles (Eretmochelys imbricata) that
nest on some islands (Mortimer & Day, 2009). No native
mammals, including bats, exist on the islands.

Rat eradication planning

The Chagos Conservation Trust is championing the
eradication of rats from the archipelago, to provide an
environment for populations of existing native species
to recover and to restore the ecosystem to a state prior to
rat invasion (<https://chagos-trust.org/about/vision-and-
mission>). This endeavour is in concert with The British
Indian Ocean Territory Interim Conservation Management
Framework of 2014 (<https://biot.gov.io/biot-interim-
conservation-management-framework-september-2014.
pdf>), which has an overarching vision: “To maintain and,
where possible, enhance the biodiversity and ecological
integrity of the British Indian Ocean Territory (BIOT)”.

All eradication attempts require comprehensive
planning before implementation and this was particularly
true for a rat eradication programme on a highly isolated
tropical island, which presented a novel suite of problems.
Invasive mammal eradication work in the Chagos
Archipelago faces both logistical and ecological challenges
due to the archipelago’s remoteness and inaccessibility,
along with the wet climate and the vegetation composition
with the significant component of coconut ‘chaos’. Ile
Vache Marine was selected for the initial rat eradication
because it was: deemed a realistic and manageable size for
a start-up operation; the risk of reinvasion was considered
negligible due to its distance from other islands; there were
no susceptible non-target species; it nestled in amongst
five confirmed or proposed IUCN classified Important Bird
Areas (Carr, 2011); there was some anecdotal evidence that
shearwaters had once bred on the island and, if successful,
the probability of re-colonisation by marine avifauna was
likely.

fle Vache Marine (12.4 ha, 2 m elevation) is situated
on the southern rim of the Peros Banhos atoll (05°25> S,
71°49 E, Fig. 1). It is a typical tropical low-lying oceanic
coralline island and the vegetation comprises a shoreline
perimeter of Scaevola taccada on the exposed southern
coast with introduced coconut and the occasional Guettarda
speciosa and Morinda citrifolia on the coast facing the
atoll. The mean annual rainfall for the Peros Banhos
atoll (data from 1950-1966) is approximately 4,000 mm,
distributed bi-modally, with a slightly drier perlod through
the austral winter (Stoddart, 1971b). Tle Vache Marine was
never inhabited, but was visited until 1974 for coconut
harvesting. The plantation workers would have come
from Ile du Coin (126 ha), some 6 km distant, the former
plantation headquarters and likely source of rats. In 2014
there were very limited numbers of seabirds present.

Eradicating rats from Chagos

Previous rat eradication attempts in the Chagos

There was an attempt to eradicate black rats from Eagle
Island (252 ha) in 2006. A team of 11 established 2,864
bait stations on a 30 m x 30 m grid of cut tracks starting
in early February. The bait stations were loaded with
Talon™ wax blocks (0.05 g/kg brodifacoum with bitrex)
that was maintained in the stations until the team departed
in late April (Meier, 20006). Later checks revealed that the
operation had failed.

The ile Vache Marine eradication served two purposes.
Firstly, it was an opportunity to undertake a rat eradication
operation, albeit small, as proof that the method could be
successful in the northern Chagos islands and engender
confidence in the technique as a management tool for
biodiversity gains in the region. Secondly, it added fle
Vache Marine to a string of rat-free islands in eastern
Peros Banhos, which were situated amongst Important
Bird Areas and within an area designated as a Strict Nature
Reserve under BIOT Law.

Rat eradications on tropical islands have a higher
failure rate than temperate islands for a variety of reasons,
including the presence of coconuts, land crabs as bait
competitors, and on ‘wet’ tropical islands, in particular
(Russell & Holmes, 2015; Holmes, et al., 2015). Ground-
based operations also have had a higher failure rate than
aerial bait applications but are usually cheaper to undertake
on small islands, with less logistical and technical input
required. Hence, for the rat eradications on the northern
Chagos a ground-based eradication was planned for cost
and logistical reasons but needed to be very cognisant of
the risk factors associated with the islands. A successful
outcome for the eradication operation in the face of these
impediments would promote confidence in the technique
for tropical islands with similar characteristics.

As an adjunct to the planned eradications, an additional
bait trial was carried out on Diego Garcia in order to
measure bait-take by rats at a measured rat population
density and refine bait application rates for future rat
eradications on Chagos atolls (Harper & Carr, 2015).

METHODS
fle Vache Marine rat eradication, Peros Banhos atoll

Parallel lines were cut at 25 m intervals across the
island in June 2014. This was undertaken by volunteers
from the British Forces stationed on Diego Garcia. The
timing was important, in that it needed to be done long
enough before the operation so that any disturbance did
not affect rat behaviour but not too early as re-growth was
rapid, particularly in S. faccada thickets.

August was chosen as the month for bait application
as it was one of the driest months of the year (Stoddart,
1971b) and when a vessel was available. The eradication
operation staff assembled the equipment and supplies
in Diego Garcia on 31 July 2014 prior to departure on 1
August. The team, GH, PC and members of the British
Forces on Diego Garcia, landed on fle Vache Marine early
on 2 August to allow passage over the coral reef at high
tide. The cut lines were checked and, where required, were
either re-cut or additional lines slotted in between existing
lines. Sites for bait throwing were marked at 25 m along
the cut lines and black plastic bait stations (Protecta LP,
Bell Labs, USA) laid at these sites for post-broadcast bait
deployment. The bait stations were raised 40 mm off the
ground with wooden blocks to reduce interference by
hermit crabs. By the end of the first day there was a 25 m
x 25 m grid of 154 sites across the entire island. The island
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size was also reconfirmed at 12 ha by walking the coast of
the island with a GPS unit (Garmin 628S).

Bait application trials and eradications on other Indian
Ocean islands showed that bait could be spread at a rate
of >15 kg/ha and be available to all rats for four nights
(Merton, et al., 2002, Harper & van Dinther, 2014). Bait
was spread on Ile Vache Marine on 3—4 August. Pollard
pellet bait (Bell Labs 25W) was hand spread at a rate of
18 kg/ha by GH and PC. This involved hand-throwing bait
at each of the grid sites. Bait (280 g) was thrown in four
directions at right angles to each other, such that it reached
about 10-12 m, along with 280 g spread at the throwing
point. Bait spreading by the two operators began at each
end of the island and lines were traversed such that the
operators were converging on each other. Bait coverage
was almost completed on the first day, except for a strip
of about 2 ha in the centre of the island. This was covered
the next morning and a little additional bait was spread
above the high tide mark around the coast of the island
where hermit crabs were abundant. All the equipment and
empty poison bait containers were removed by the end of
the morning. The team departed for Diego Garcia shortly
thereafter.

A second bait application was undertaken 11 days later.
This was to ensure all rats had access to bait, particularly
if breeding was occurring and suckling mothers or young
animals may have been missed in the first bait application.
The island was revisited on 14—15 August and poison bait
pellets (Pestoff 20R) were hand laid at a rate of 18 kg/ha.
Differing bait types were used for the two applications
as ship rats have been observed with distinct preferences
for one or other bait, thus circumventing possible bait
avoidance (Harper & van Dinther, 2014). Several recently
dead rats were located during the second bait application,
suggesting rats had readily consumed the poison bait laid
in the first application. The bait stations were also then
loaded with wax-based poison baits (Ditrac™ 0.005%
w/w brodifacoum, Bell Labs) at a rate of three bait blocks
(150 g) secured inside each station. This was to ensure
that if heavy rain degraded the bait post-departure, or any
rats missed the hand-laid bait, then poison bait was still
available for several weeks after the operation. The team
departed fle Vache Marine on 15 August at midday. It did
not rain during either of the bait deployments.

Bird counts on ile Vache Marine had been undertaken
by PC since 2009. Counts in 2014 revealed fewer than
five pairs of brown noddy and white tern (Gygis alba)
and ten pairs of great crested terns (Thalasseus bergii),
were breeding on the island. About 15 pairs of the one
introduced passerine, the Madagascar fody (Foudia
madagascariensis) were present.

In April 2015, the bait stations were removed by PC
and a Connect Chagos graduate (a Zoological Society/CCT

Table 1 Initial checks of ile Vache Marine for rat sign.

project with funding from the UK FCO) during a different
expedition.

The eradication phase of fles du Sel and Jacobin,
Salomon Islands atoll

Additional poison bait intended as a contingency for
the Ile Vache Marine operation was deployed on two
islets, Tles du Sel (2.2 ha) and ile Jacobin (1.6 ha), in the
Salomon atoll, some 25 km east of the Peros Banhos.
These two islands were selected for their small size and
their relative isolation from other islands. This meant there
was a lower probability of re-invasion by rats than other
islands in the area and a single application of the remaining
bait was deemed practical. On arrival, a quick survey was
carried out immediately before each operation to assess
the likelihood of success. Both islands were dominated
by coconut, with varying amounts of native forest present,
with few other factors that would limit the probability of
success, as identified by Holmes, et al. (2015). Of note was
the lack of large seeds or seedlings of native trees.

Bait was deployed on ile du Sel and ile Jacobin on
16 August 2014. The islands were circumnavigated and
waypoints marked at 25 m intervals on each side of the
islands using a GPS unit (Garmin 6285). The operators (GH
& PC) then walked from the first waypoint on one side to
the corresponding waypoint on the opposite side of each
island without cutting the vegetation. Pellet bait (Pestoff
20R) was broadcast at 25 m intervals, using the same
method as on {le Vache Marine. Bait was spread at a higher
rate of 20 kg/ha on ile du Sel and 25 kg/ha on ile Jacobin
as it was a single application. The difference in application
rate was due to slightly more bait remaining after the first
island was treated.

There were opportunities for post-eradication
monitoring on ile Vache Marine by PC as part of other
expeditions. The first check was made seven months later
in April 2015 with a Connect Chagos graduate during
daylight, and during an overnight stay, and no sign of
rats was seen. A second daytime check was made by PC
in February 2016 and again no rat sign was recorded but
signs of vegetative recovery were noted (Table 1). An
opportunity for both GH and PC to undertake a more
comprehensive survey of the island became available over
9-10 April 2017, when 45 rat snap-traps and wax tags were
deployed over a 24-hour period. In addition, coconuts were
cut open and placed on the ground near the campsite and
searches were made for gnawed seeds/coconuts, rat tracks/
caches etc. Additional searches were conducted at night by
torchlight to detect rats.

During the same expedition, surveys were made at ile
du Sel and fle Jacobin on 15 April and 15 rat detection
devices (snap traps, wax tags, secured portions of coconut
flesh) were deployed overnight on each island. Searches

Date Event Results Responsible
24— Rodent survey including: No sign of rat presence P Carr
25/03/2015 a. 50 x snap-traps deployed overnight C Narina

b. Check for rat gnawing on fallen fruit and flowers J Schlayer

c. Check for rat excrement

d. Daytime visual inspection of island

e. Nocturnal inspection of island (overnight stay)
09/02/2016 Rodent survey including: No sign of rat presence. P Carr

a. Check for rat gnawing on fallen fruit and flowers

b. Check for rat excrement
c. Daytime visual inspection of island

Obvious signs of native tree
seed germination especially
Guittarda speciosa and
extensive flowering of
Scaevola taccada
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were made for signs of rats similar to the operation on Ile
Vache Marine. The islands were revisited the following
morning and detection devices recovered and further
searches made.

Diego Garcia bait trial

Two 1 ha plots were set out 200 m apart in disused
coconut plantation forest some 2 km west of the small
township on western Diego Garcia. The plots were
divided into a 5 x 5 grid at 25 m intervals. Within the
plots an internal trapping grid of 15 Victor snap-traps was
established on an interval of 25 m % 12.5 m. The internal
grid was centrally located so that there was a 25 m buffer
from the plot perimeter.

Poison bait (Pestoff 25R pellets, Animal Control
Products, NZ) was hand-spread on both 1 ha plots at a rate
of 15 kg/ha on 7 August 2014. The bait had been dyed with
Rhodamine-B, which fluoresces under UV light. After one
night to allow rats to access the bait the snap-traps were
baited with coconut and peanut butter and set. Trapped
rats were collected morning and evening for the next
three days. The rats were dissected and their gut cavities
examined under UV light for evidence that the dyed bait
had been consumed.

To give a simple estimate of rat population density, the
number of rats caught was divided by the effective trapping
area (ETA). To estimate ETA for rats, a boundary strip was
added to the edge of the trapping grids (Dice, 1938). The
width of the boundary strip was set by adding the average
radius (15 m) of a home range of ship rats from mangrove
forest on Aldabra Atoll and forest on Juan de Nova and
Europa (Harper, et al., 2015, Ringler, et al., 2014).

RESULTS
Rat eradications in northern Chagos Islands

None of the various indicators used to detect rats during
the overnight stay on ile Vache Marine on 9-10 April
2017 showed that rats remained on the island. Prior to the
eradication rats had been seen on every previous inspection
and were easily trapped both diurnally and nocturnally.
Moreover, there had been an increase in breeding pairs
of seabird species for pre- and post-eradication counts,
including a significant increase in numbers of white tern
(T,=-2.32,d.f. = 6, p=0.03), which are vulnerable to rats,
and great crested terns (T,=-4.73, d.f. =3, p = 0.009).

Similarly, none of the indicators for detecting rats on
fles du Sel and Jacobin showed sign of any rats. Many
seeds of the large native tree Intsia bijuga had germinated
and there was a carpet of 300 mm high seedlings on the
forest floor of both islands, along with many untouched
seeds. These large seeds appear to be a favoured food of
rats, as the seeds and seedlings are rarely found on rat-
infested islands.

Diego Garcia bait trial

Sixty rats were removed from traps over the three days;
30 from each plot. There was significant interference with,
and removal of, trapped rats by land crabs so this is highly
likely to be a minimum number of rats trapped. Of the 60
rats, 59 (98.3%) had eaten dyed bait. The one rat that had
not consumed bait was an adult female that was trapped
in the first morning after the bait application, so bait had
been available for a little over 36 hours. Some bait was still
present on the last day of trapping.

Of the trapped rats, only two were juveniles (both
female) and there was a slight sex bias towards males
(32:28). Several adult male rats were in poor condition,

Eradicating rats from Chagos

whilst some rats were in good condition with substantial
amounts of mesenteric fat. Of the 26 adult female rats
trapped, two were pregnant.

The trapping grids within the bait grids were 25 m in
diameter and adding a 15 m boundary strip gave a total
radius of the ETA of 40 m, for an area of 0.5 ha. At least 30
rats were caught on each trapping grid, which translates to
a minimum population density of 60 rats/ha.

DISCUSSION

Rats were eradicated on three small ‘wet tropical’ islands
in the northern Chagos with two hand-spread application
rates of 18 kg/ha each on the larger Ile Vache Marine and
single applications of 20 and 25 kg/ha respectively, on the
smaller islets Iles du Sel and Jacobin.

Of particular interest was the success of the rat
eradications on the very small islets, considering that
only one bait application, albeit at a higher initial rate but
cumulatively less than on Ile Vache Marine, was made on
each. Best practice suggests two applications, although it
is generally acknowledged that the second application acts
as an insurance policy against unforeseen confounding
factors, such as heavy rain ruining bait (Keitt, et al., 2015),
and because rats can breed year-round in the wet tropics
(Russell & Holmes, 2015). In this case the small size of
the islands, selection of the driest period of year and well
planned rapid bait deployment by a small team is likely
to have assisted with operational success as the factors
associated with eradication failure on tropical islands were
reduced (Holmes, et al., 2015).

Of crucial importance were the parallel and well-cut
lines cut in the thick vegetation on fle Vache Marine, such
that there were no gaps in bait coverage due to converging
tracks. The bait application took 1.5 days, at a rate of about
5 ha/person/day. The bait applications began at both ends
of the island simultaneously and a gap in bait coverage was
left for one night in both cases, which did not affect the
operational success. It is not known whether the bait was
degraded by any heavy rain in the days immediately after
bait deployment as the team left the area shortly after both
applications. Although there were several land crab species,
including hermit crabs, present on the island, coconut crabs
that can outcompete rats for bait were absent.

It can be concluded that rats can be eradicated from
small Chagos Archipelago islands with a minimum toxic
bait application of 20 kg/ha, and the trials on Diego Garcia
indicate that a 15 kg/ha application rate is too low. This
suggests that on similar small islands at least, single
applications of poison can successfully remove rats and
should be considered in appropriate circumstances. A
single bait application has advantages in reduced logistics,
cost and possible impact on the environment. Where
possible, further bait trials will be undertaken on islands in
the northern Chagos Archipelago, to gain more confidence
with the amount of bait and bait presentation required.
These trials are of particular importance on islands largely
dominated by coconut crabs, and with burrowing crab
species present (Holmes, et al., 2015; GH & PC, pers.
obs.) and where mangrove or Pemphis acidula is present at
periodically flooded sites (Harper, et al., 2015).

This operation has provided evidence that rats can be
eradicated from small wet tropical islands that contain
large populations of land crabs and coconut forest that has
previously been deemed difficult to achieve (Holmes, et
al., 2015). We demonstrate that careful assessment and
planning prior to the operation can result in a successful
outcome (Keitt, et al., 2015). Given the success of ground-
based rat eradication operations on the three small islands
in the Chagos Archipelago, an eradication is being planned
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for larger islands in the near future, such as ile Yéyé (61
ha), which is the only remaining rat-infested island in
the eastern Peros Banhos Strict Nature Reserve. If this is
successful a larger operation to eradicate rats from all of
the northern Chagos Archipelago is likely to be pursued.
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Abstract The world is facing a biodiversity crisis. Nowhere is that more apparent than on oceanic islands where invasive
species are a major threat for island biodiversity. Rats are one of the most detrimental of these and have been the target
of numerous eradication programmes; a well-established conservation tool for island systems. For at-risk native species
inhabiting large, populated islands, where rat eradication is not an option, control of rat populations has been conducted but
this requires continuous management and therefore its long-term viability (and that of the at-risk native species which the
project aims to protect) can be uncertain. Large-scale rat management areas or ‘mainland islands’ have been successfully
developed in New Zealand. However, large-scale management is a long-term investment with huge financial implications
and committing to such an investment can be met with reluctance. This reluctance, and its subsequent hindrance to
decision-making, can be caused by uncertainty relating to species conservation outcomes, and the multiple objectives
of stakeholders. We address the issue of uncertainty and the importance of communication between all stakeholder
parties in relation to the Mauritius olive white-eye (Zosterops chloronothos), a critically endangered passerine endemic
to Mauritius and highly threatened by invasive rats. Specifically, we illustrate how the combination of scientific research
and communication, knowledge exchange, and stakeholder workshops, can address some of the barriers of decision-
making, helping to bridge the research-management gap, and enable the timely expansion of existing rat management for

the benefit of this highly threatened bird.

Keywords: mainland islands, Mauritius, rat control, uncertainty, Zosterops chloronothos

INTRODUCTION

The world is facing a biodiversity crisis and nowhere
is that more apparent than on oceanic islands where
invasive species are a major threat (Jones & Merton, 2012;
Rodrigues, et al., 2014). Recent research has identified
islands as conservation priority areas for evolutionary
distinct and globally endangered (EDGE) species,
increasing the importance of conservation for island
endemics from areas such as Hawaii, New Zealand, the
Mascarenes and the West Indies where there are high
extinction rates (Diamond, 1989; Jetz, et al., 2014). A
major cause of extinction for island birds has been invasive
species and rats are the most detrimental; having reached
around 90% of all islands they have been identified as a
massive threat to ecosystems (Atkinson, 1985; Towns, et
al., 2006; Blackburn, et al., 2014).

The eradication of invasive rats from islands is a
well-established conservation tool with 474 successful
eradications of Rattus rattus and R.norvegicus (black rat
and brown rat) between 1951 and 2014 (Towns & Broome,
2003; DIISE, 2015). However, for species inhabiting large,
populated islands, where eradication is not an option,
localised rat control has to be conducted. However, this is
not a long-term solution for many species of conservation
interest as the areas of control can be too small to create
viable populations and rat reinvasion rates can be too high.
An alternative are large-scale rat management areas or
‘mainland islands’ which have been successfully developed
in New Zealand (Saunders & Norton, 2001; Butler, et al.,
2014). However, large-scale management is a long-term
investment with huge financial implications and in a world
of limited resources and accountability, committing to
such an investment can be met with reluctance (Cullen, et
al., 2001; Burns, et al., 2012; McCarthy, 2014; Smith, et
al., 2015). This reluctance, caused by uncertainty, could
hinder decision-making and result in projects maintaining

inadequate small-scale management which does not ensure
species survival.

Here we address this issue of outcome uncertainty
and the importance of communication between scientists,
project managers and stakeholders concerning the
Mauritius olive white-eye (Zosterops chloronothos), a
critically endangered passerine endemic to Mauritius and
highly threatened by invasive rats (Maggs, et al., 2015;
Birdlife International, 2016). The olive white-eye is part of
an ancient Indian Ocean white-eye lineage and is in the top
10% of the EDGE bird species list based on their high level
of endemism and evolutionary distinctiveness (Warren, et
al., 20006; Jetz, et al., 2014). Research has identified rats
(black and brown) as a major limiting factor for olive white-
eye, preying on nests and causing an estimated annual
population decline of 14%; however, rat management
can mitigate this threat and ensure population persistence
(Maggs, et al., 2015). Based on these findings, small-scale
management has been implemented over remnant olive
white-eye breeding territories around the Combo region of
the Black River Gorges National Park (BRGNP), Mauritius
(Fig. 1; Ferriére, et al., 2016). However, small-scale rat
management is not adequate enough to enable olive white-
eye population viability in the long-term, highlighting the
need for large-scale management in the form of a mainland
island (Maggs, 2017).

Here we illustrate how a collaborative approach to
conservation management can aid decision-making through
communication between scientists, managers, and project
stakeholders which can facilitate scaling up small-scale rat
control to the implementation of a mainland island. For
highly threatened species, such as the olive white-eye, this
approach ensures the timely implementation of evidence-
based decisions and bridges the gap between research and
management.

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 31-35. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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Mauritius

[ BRGNP

Fig. 1 Mauritius, illustrating the location of the Combo
region (black rectangle) within the Black River Gorges
National Park (BRGNP).

METHODS

To combat uncertainty, two tools were used; knowledge
exchange and stakeholder workshops, in combination with
scientific research, to break down some of the barriers to
decision-making.

Knowledge exchange

When scaling-up invasive species management there
are many logistical and financial considerations. For
conservation programmes which have never established
such large-scale management, accounting for these
considerations and identifying limitations is difficult.
Methods and costings of mainland islands have been
published (Clapperton & Day, 2001; Gillies, 2002; Gillies,
et al., 2006; Scofield, et al., 2011; Burns, et al., 2012;
Norbury, et al., 2014; Carter, et al., 2016), but detailed
information regularly remains in undocumented individual
staff experiences or when data is gathered it remains in
inaccessible forms and grey literature. This compounds
information inaccessibility resulting in personnel within
programmes making decisions based on limited experience
rather than evidence (Sutherland, et al., 2004; Pullin &
Knight, 2005; Kapos, et al., 2008). Gaining first-hand
experience can enable a nuanced understanding of both
short and long-term management, which for robust and
realistic costing is vital.

To identify the considerations which should be made
and gain first-hand information a knowledge exchange
was conducted with rat control/eradication experts and
conservation managers in the field across New Zealand
during April-May 2015. These individuals were identified
either through the Hihi Recovery Group, which works
closely with numerous mainland island managers, or
identifying people through published literature. Using
a ‘boundary organisation’ approach (Cook, et al., 2013;
Cvitanovic, et al., 2015) scientific researchers facilitated
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knowledge exchange between experts across New Zealand
and project managers in Mauritius. Grey literature and
expert knowledge were gathered, identifying potential
management techniques and the demands and practicalities
involved which aided scientific research.

The sites visited across New Zealand varied in
management type and size but all targeted invasive rat
species (black and brown). Meetings with the experts and
managers were standardised by discussing the same topics,
these included:

e Management history. Have other management
techniques been previously used, if so, what was the
scale of the management and why did it change?

e [dentifying mainland island area. What process was
used to identify locations, what were the constraints
and benefits considered, how were topography and
river courses tackled and what was the conservation
objective of the mainland island?

e Management technique. What rat management
technique is currently used, over what area, and how
long has it been in place, is there a buffer zone, how
many staff and volunteers work on the site, have
additional techniques been trialled and if so what
were the outcomes?

e Maintenance. How often are the traps/stations/fence
checked or re-baited, how long does this take and
how many staff members does this require, what
maintenance demands are there, how often does
equipment need replacing and how do weather
conditions impact the management and work load?

e Management efficiency. Is rat abundance or presence
monitored in the management site, if so, what is the
rate of rat incursions or rat abundance and is there
a response protocol and if so how quickly is this
implemented?

Stakeholder workshops

Improving knowledge exchange between decision—
makers and scientists is fundamental to support sustainable
evidence-based management. However, despite evidence
being available, in some cases decisions can still remain
hindered due to multiple objectives from a mix of
stakeholders with differing priorities, values or conflicting
interests (Conroy, et al., 2002). Science can help overcome
these obstacles by providing tools to inform decisions and
aid stakeholders to make informed trade-offs if required.

An approach termed ‘interdependency’ recognises that
all participants in knowledge exchange can contribute,
emphasising the need for a two-way exchange between
scientists and decision-makers (Contandriopoulos, et
al., 2010; Cvitanovic, et al., 2015). This can increase
understanding and stakeholder communication through
access to the best scientific information, enabling
science-based decision-making (Meek, et al., 2015). This
process supports collaboration and bridges the research-
implementation gap (Knight, et al., 2008), but requires the
roles of participants to be outlined from the start to ensure
clarity throughout the workshop process; identifying
expert advisors, decision-makers or workshop facilitators
to mediate between stakeholders.

To ensure collaboration between scientific researchers
and decision-makers and avoid conflicting interests,
a stakeholder workshop was held in the case of the
olive white-eye. During this workshop there were three
main objectives to be considered by decision-makers
when tackling development from small-scale localised
management to a large-scale mainland island: should
a mainland island be established, what size it should be
to enable population viability and management cost-
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effectiveness. The workshop was facilitated by scientific
researchers, from the Zoological Society of London
(ZSL) and University College London (UCL), who
provided expert advice on these three objectives; this was
accompanied by field staff providing first-hand information
on the status of the species and the current management
in place from the Mauritian Wildlife Foundation (MWF)
(Ferriére, et al., 2016).

Scientific research on the olive white-eye has
successfully developed decision-making tools identifying
the mainland island area required to ensure population
persistence and management cost-effectiveness (Maggs,
2017). These decision-making tools outline scenarios and
assist in identifying informed, evidence-based management
for the remnant olive white-eye population, ensuring
population persistence and clear financial and logistical
requirements over 50 years (see Maggs, 2017 for details).
Using these tools, discussions were held between the
expert advisors (scientiﬁc researchers and field staff) and
the key decision-makers (project managers, organisation
directors, project funders and government officials) where
the scientific evidence was discussed, expert opinion
shared and questions raised through open dialogue and in a
transparent environment.

RESULTS
Knowledge exchange

In total, over four weeks, 30 individuals participated
in the knowledge exchange including managers and
volunteers from eight mainland island sites and experts
from additional conservation companies, central
government (Department of Conservation) and specialist
groups across New Zealand (Fig. 2). The rat management
techniques identified across these sites and discussed
included trapping, ground-based poisoning, self-resetting
traps and predator-proof fencing. The information gathered
through the knowledge exchange was vital for the detailed
long-term budgeting of a mainland island in Mauritius
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Fig. 2 The distribution of the mainland islands visited during
a knowledge exchange in April and May 2015 and the
organisations who participated: Hihi Recovery Group,
Biodiversity Restoration Specialists, (1) Shakespear
Open Sanctuary (Auckland Council), (2) Tawharanui
Open Sanctuary (Auckland Council), (3) Sanctuary
Mountain Maungatautari, (4) Boundary Stream Mainland
Island (Department of Conservation), (5) Rotokare Scenic
Reserve Trust, (6) Bushy Park Sanctuary, (7) Zealandia,
(8) Rotoiti Nature Recovery Project (Department of
Conservation).

Bridging the research-management gap

under each of the four management techniques, providing
detail into the equipment and materials required and labour
demands. This first-hand information was combined with
existing literature and fed directly into scientific research
conducting cost-effectiveness analysis for the four rat
management techniques, accounting for the costs over
50 years. By accurately budgeting each management
technique over 50 years the long-term cost-effectiveness of
the four rat management techniques against olive white-eye
population quasi-extinction risk were robustly illustrated;
which acts as the effectiveness score of the rat management
techniques (Table 1; see Maggs, 2017 for full details).

Stakeholder workshop

Eighteen delegates from six organisations participated
in the stakeholder workshop; these included project
management (MWF), organisation directors (MWF and
Durrell Wildlife Conservation Trust), scientific researchers
(ZSL and UCL), project funders (Chester Zoo) and
government officials (National Parks and Conservation
Service).

The olive white-eye is a priority species for
conservation in Mauritius and it was decided, based on
the scientific findings presented, that a mainland island
should be established, aiming for the minimum area
identified by Maggs (2017) of 275 ha; required at a low
population density to ensure a 99% chance of population
persistence over 50 years. Using the cost-effectiveness
analysis conducted by Maggs (2017), and presented at
the workshop, the rat management technique decided
upon was Goodnature®A24 self-resetting traps based
on their cost-effectiveness, specifically, their low labour
requirements and competitive financial costs (Maggs,
2017). Although a relatively new technique, their long-
term costs, maintenance and replacements, were accounted
for based on manufacturer recommendations; the same
long-term costs were accounted for all of the techniques
discussed.

Trapping was considered too labour intensive even
though it was highly cost-effective when considering
equipment costs alone. Poison was ruled out based on the
potential environmental impacts and the overall high cost
of poison and associated labour. Predator-proof fencing
was not considered as an option based on the huge initial
setup cost and the long-term financial commitment, also
the habitat loss associated with installing a predator-proof
fence (at least 8m of forest would need to be cleared both
sides of the fence to prevent mammals jumping over (Day,
2004); with highly threatened flora species within the
BRGNP this cannot be justified at this time). Fencing is
the most cost-effective technique when creating a mainland
island over vast areas and could maintain zero rat densities,
which the other techniques cannot achieve, but complete
rat removal is not required for olive white-eye viability,
merely reduced rat densities. The techniques combined
were not discussed but could be in an additional option to
consider in the future.

As well as the rat management technique it was also
identified that the mainland island would have to take a
‘multi-species/multi-threat’ approach, targeting a number
of invasive species until the impact of individual species is
known in order to avoid the ‘surprise factor’ of secondary
unexpected and undesired results (Alterio, et al., 1999;
Saunders & Norton, 2001; Caut, et al., 2009; Carter, et al.,
2016). This would involve targeting small Indian mongoose
(Urva auropunctata), feral cats (Felis domesticus) and
potentially crab eating macaques (Macaca fascicularis)
as well as rats. This level of predator control would also
benefit other highly threatened endemic species such as the
Mauritius cuckoo-shrike (Coracina typica), echo parakeet
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Table 1 The minimum area required for a mainland island to ensure a 99% chance of population persistence for the
Mauritius olive white-eye over 50 years, the total cost of establishing and running a mainland island over 50 years,
the establishment costs alone and the average annual costs; comparing trapping, ground based poisoning, self-

resetting traps and predator-proof fencing (Maggs, 2017).

Area (ha) Total Cost Establishment Annual

(£ millions) Costs (£) costs (£)

Trapping 275 2.9 186,700 37,908
Poisoning 300 7.9 40,925 157,913
Self-resetting traps 275 3.8 130,315 37,505
Predator-proof fencing 275 5.7 1,766,472 80,196

(Psittacula eques) and Mauritius pink pigeon (Nesoenas
mayeri), which are found within the same regions.

Finally, it was suggested that, if possible, the site of
a mainland island should be combined with existing
conservation management areas (CMAs), which have
been established on mainland Mauritius in the BRGNP to
protect native vegetation communities by removing exotic
flora (Cheke & Hume, 2008). The control of rats would
encourage habitat regeneration and resources could be
combined for both invasive fauna and flora control.

DISCUSSION

This case study aimed to illustrate how a collaborative
approach to conservation management, through
knowledge exchange and stakeholder workshops, can aid
communication and decision-making. In this case, it was
used to guide the timely expansion of rat management
from existing small-scale control (32 ha) to a mainland
island (275 ha), relatively quickly and effectively, which
is vital for highly threatened and declining species, such as
the olive white-eye.

A mainland island has never been established in
Mauritius. The rat management techniques used for
the olive white-eye have been limited to localised snap-
trapping and ground-based poisoning (Maggs, et al.,
2015). In the past, feasibility studies have been conducted
for various techniques, including predator-proof fencing,
but taking the step from localised to landscape scale
management was not taken due to resource limitations and
long-term financial and logistical uncertainty (Day, 2004).

Here we have tackled the barriers of logistical and
financial uncertainty and decision-making through a
‘co-production’ approach with full cooperation between
scientific researchers and decision-makers (Cvitanovic,
et al., 2015; van Kerkhoff & Lebel, 2015). Conducting
knowledge exchange allowed project managers to gain
first-hand information and fill knowledge gaps from
leading experts in the field of invasive species management.
Incorporating this into a robust analysis of the financial
and logistical requirements of a mainland island helped to
minimise uncertainty, justify expenditure and identify the
long-term financial support required from funders (Maggs,
2017). A stakeholder workshop then allowed scientific
research to be fed directly back to all involved, successfully
highlighting project priorities and enabling all participants
to come to a unified decision on future management goals
for the olive white-eye; guiding science-based conservation
while maintaining transparency among stakeholders.

Through this collaborative approach, in just three
years, long-term management goals have been identified
to establish the first mainland island in Mauritius to protect
the olive white-eye and ensure long-term population
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viability. Implementation of a mainland island within the
national park has started in the Brise Fer CMA with the
introduction of olive white-eye planned for 2021 if rat
management can maintain adequately low rat densities
over a prolonged period. The area of the mainland island
will be increased with growth in capacity, aiming to reach
the full mainland island size (275 ha) within 5-10 years.
Without these processes, project decisions could have
taken years longer to reach the same point if field trials were
required (to test all potential rat management techniques),
accurate long-term financial requirements were not known,
open discussion was not had or scientific research was not
fed back to decision-makers; delays which would have
detrimental impacts on highly threatened and declining
species like the olive white-eye.

The methods discussed here address ways to approach
existing challenges, reduce uncertainty and enable
evidence-based decision-making. The approaches taken,
although case-specific, provide methods for researchers
and managers to adopt and apply to different scenarios
depending on the decision-making barriers and uncertainty
being faced; bridging both the knowledge-action boundary
and the research-management divide (Roux, et al., 2006;
Cook, etal.,2013), which is rarely achieved in conservation.
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Abstract Acrial baiting from helicopters with a bait-sowing bucket and GPS to ensure coverage with anticoagulant
toxins in cereal-based baits can reliably eradicate rodents on islands. Current best practice for temperate islands is to bait
in winter when the rodents are not breeding, rodent numbers are lowest so competition for toxic baits is lowest, natural
food is likely to be scarce, and many non-target species are absent from the island. However, short winter day lengths
at high latitudes restrict the time helicopters can fly and poor weather in winter may increase risks of failure. This paper
notes precedents from cool temperate islands where baiting was not conducted in winter and then uses the extensive data
on mice on Marion Island to explore whether current recommendations for winter baiting based on breeding and natural
food availability are important risk factors in determining time of year to bait. Marion Island mice do not breed between
early May and late September, mouse densities reach a maximum in May and minimum in November, but the biomass
of main natural food (invertebrates) does not fluctuate greatly over the year. This means the per capita food availability is
least in autumn and increases through winter to most in spring and summer. The weight of the stomach contents of mice
is also highest in winter. Based on this per capita food parameter, mice are likely to be most hungry between about March
and May suggesting baiting would be more effective in this period (perhaps towards the end of it when breeding stops)
than in the more traditional winter season.

Keywords: food availability, rodent abundance, seasonality

INTRODUCTION

Successful attempts to eradicate one or more (up
to four) species of rodent by sowing toxic baits from
an aircraft have been made on at least 166 islands in 13
countries (DIISE, 2018; J. Parkes, unpubl. data) since
the first use of this method in 1985 against Norway rats
(Rattus norvegicus) on Whale Island (143 ha) in New
Zealand (Imber, et al., 2000). Most of these islands are at
latitudes with temperate climates (n = 96) biased by the
large sample from New Zealand, or in tropical latitudes (n
= 64) biased by those in the Montebello Group of islands
in Western Australia. Few islands are at latitudes with cold
climates similar to Marion Island (n = 6). Aerial baiting
is currently the only practical option to eradicate rodents
on large or topographically difficult islands and has a
high success rate when modern best practice is followed
(Parkes, et al., 2011; Parkes, 2016). The cost of operational
failure is high, especially for large, remote islands, both in
the money invested (Holmes, et al., 2016) and if failures
discourage risk-averse funders from attempting further
projects. Therefore, careful planning and application of
best practice based on precedence and analysis of the
particular constraints and risks for each project is essential.

Pest eradications achieved by reduction of the target
population to zero by a sequence of removal events (e.g. by
shooting, trapping or by deployment and re-baiting of bait
stations) provide information (e.g. catch per unit effort, kill
locations, trends in rates of bait-take across seasons and
years) as the population is reduced (e.g. Thomas & Taylor,
2002). Under this strategy, the ‘start rules’ are not critical
as managers can (and should) adapt actions as information
accrues during the project, e.g. to allow a change in tactics
to account for animals that might avoid one control method
(Parkes, et al., 2010). In these projects knowing when to
stop and declare success is the more critical issue — at least
in terms of efficiency and risk management (Ramsey, et
al., 2011).

In contrast, the use of aerial baiting provides little
information on likely success or failure from the control
itself, other than bait coverage if GPS technology is
used. Under this strategy everything has to ‘go right on
the day’ and ‘start rules’ with meticulous planning are
critical (Cromarty, et al., 2002; Springer, 2016). One
key ‘start rule’ is to identify the optimal time of year (or
at least avoid sub-optimal times) to conduct the baiting.

Broome, et al. (2014) suggest that winter to early spring is
the preferred time of year to aerially bait rodents on New
Zealand’s temperate islands because it is supposed that (a)
rodents are often not breeding and so young individuals
that might not be exposed to bait because of possible lack
of dependence or subordinate behaviours are at lowest
levels of abundance, (b) rodent densities are likely to be
lowest and so competition for baits least, (c) natural foods
are likely to be least abundant, the rodents most hungry and
so 100% are likely to eat the baits, and (d) some potential
non-target animals such as seabirds are not present in this
season. Most rodent eradication projects have followed this
advice by baiting in winter for temperate islands. However,
these factors are not always mutually independent (least
food and fewest rodents), and other factors (weather or
logistics) may constrain decisions. The parameter around
food availability we are really seeking is the time of year
when there is least per capita food, which may or may not
be when there is least food or fewest rodents and may or
may not be what drives any breeding season. Managers are
probably wise to stick with precedence and bait in winter
or early spring (or during dry seasons in the tropics) in
the absence of any data on the seasonality of food, rodent
dynamics or breeding seasonality.

However, for a variety of reasons a few rodent
eradications on cool temperate islands using aerial baiting
have been conducted in the summer. Mice (Mus musculus)
were eradicated on Enderby Island (710 ha at 50°S) in
January 1993 because that was when the primary target
species, the rabbits (Oryctolagus cuniculus), were not
breeding (Torr, 2002). Norway rats and house mice were
eradicated on the subantarctic island of South Georgia
(103,000 ha and 4,900 ha, respectively, at 54°S) between
late February and late May (mostly in March—April) in
phases between 2011, 2013 and 2015 because weather
conditions and persistent snow cover made a winter
operation impossible (Anon., 2016; Martin & Richardson,
2017). Timing and other operational details of aerial baiting
on several islands in the French Southern Territories appear
to have been determined by the timing of the supply ship,
the Marion Dufrense. Rabbits and ship rats (Rattus rattus),
but not mice were eradicated from Saint Paul Island (900 ha
at 38°S) in January—February (Micol & Jouventin, 2002).
Attempts to eradicate rodents from some of the islands in
the Golfe du Morbihan in the Kerguelen group (49°S) have

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 36-39. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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been made during summer months when the supply ship
visits the region. Ship rats and mice were eradicated from
fle Chateau (220 ha) (Anon., 2006) and ship rats but not
mice from fle Australia (2337 ha). Attempts to eradicate
mice on ile Stoll (60 ha) and ship rats and mice on ile
Moules (500 ha) failed (Anon., 2006; DIISE, 2018).

So, maybe we are unnecessarily constraining ourselves
to times of year with the worst weather and shortest days
on islands at high latitudes by baiting in winter. This paper
explores this seasonality question by describing the process
used to inform decision-makers of a proposed eradication
of mice on Marion Island, a place where the long history of
research by South African scientists has provided most of
the information to answer the question.

RESULTS AND DISCUSSION
Marion Island

Marion Island (29,000 ha) and the adjacent Prince
Edward Island are South Africa’s only offshore islands.
They lie on the sub-Antarctic convergence at 46°54'S in
the south Indian Ocean. Apart from a meteorological
station on Marion Island, the islands are uninhabited.
Marion is an active volcano rising to 1,230 m a.s.l. (Fig.
1). The climate is cool, wet and temperate with only a few
degrees secasonal variation between coldest and warmest
months (mean annual temperature is 6.4°C and mean
annual precipitation is about 200 cm). The physical and
biotic characters of Marion Island are described in detail in
Chown & Froneman (2008) and the impacts and history of
the introduced flora and fauna by Angel & Cooper (2011)
and Greve, et al. (2017).

Mice were introduced accidentally some 200 years
ago, probably with sealers, and are having a significant
impact on the native biota (Angel & Cooper, 2011; Dilley,
et al.,, 2016) such that the South African government is
considering whether they might be eradicated (Parkes,
2016). Cats (Felis catus) were introduced in 1948 in an
attempt to control mice at the meteorological station but
soon spread as feral animals over the island, killing mice
as primary prey and an estimated 450,000 seabirds per year
(Dilley, et al., 2017). The cats were eradicated between
1977 and 1991 (Bester, et al., 2002).

Breeding season

Mice can breed all year if high quality food is available,
e.g. during beech (Nothofagus spp.) mast events in New
Zealand winters (Ruscoe, et al., 2005). However, mice

Fig. 1 Vegetated lava (foreground) and swamp habitat

(middle background),
Parkes, April 2016).
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Fig. 2 Monthly pregnancy rates of adult mice, Marion Island
in 1991/92 (after Matthewson, et al. (1994) black bars)
and 1992/93 (after Avenant & Smith (2004) grey bars).

have a distinct breeding season on Marion Island with
no pregnant animals present between early May and late
September (Fig. 2). However, this is not a universal rule on
all cool temperate islands as 16% of mice sampled during
August/September 2012 on Steeple Jason Island (51°S in
the Falkland Islands) were pregnant (Rexer-Huber, et al.,
2013).

Density of mice and competition for bait

This breeding season is reflected in the monthly
abundance of mice on Marion Island with increasing
numbers from the start of breeding in late spring and
declining numbers once breeding ends in late autumn (Fig.
3), resulting in lowest densities (at the favoured habitats)
at the start of the breeding season (43/ha) in spring and
highest (242/ha) in early winter before the decline (Avenant
& Smith, 2004).

Baiting during low rodent densities is recommended by
Broome, et al. (2014) in part to ensure there are plenty of
baits such that all mice, irrespective of their social status,
have access to baits. Bait sowing rates in high-density
rodent populations of 8 kg/ha in an initial sowing followed
by a second sowing of 6 kg/ha about eight days later would
result in 7,000 baits/ha — or even in the highest density
mouse habitats of Marion Island of 23 baits per mouse.
This seems more than adequate to overcome any potential
between-mouse competition given each bait contains a
lethal dose.
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Fig. 3 Seasonal abundance of mice (minimum number

known to be alive/ha) averaged across three main
habitat types, Marion Island (after Ferreira, et al., 2006).
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Fig. 4 Seasonal biomass of main invertebrate prey of
mice (after Gleeson & van Rensburg (1982)). Total
invertebrate biomass (top solid line), weevils (dotted
line), moth larvae (dashed line), spiders (lower broken
line).

Seasonal variation in per capita natural food

The decades of detailed research conducted on Marion
Island (Chown & Froneman (2008) have included studies
on the seasonal diet of mice and on the seasonal biomass
of their prey. Invertebrates form the bulk of mice diet
(depending on habitat) with the larvae and adults of the
flightless keystone moth (Pringleophaga marioni) (between
13 and 64% by volume) and weevils (Ectemnorhinus spp.)
(between 11 and 32% by volume) being the most important,
followed by earthworms (Microscolex kerguelarum)
(between 1 and 9% by volume). Plant material, mostly
grass and sedge seeds was important, between 16 and 48%
by volume (Smith, et al., 2002).

There appears to be only small seasonal variation in
the abundance of the main invertebrate fauna favoured
by mice (Fig. 4) and Avenant & Smith (2004) found no
significant summer—winter differences in invertebrate
biomass in the habitat most favoured by mice — apart from
spiders which were actually more abundant in winter.
The preferred prey for mice, larvae, pupae and adults of
Pringleophaga marioni, has a long-life cycle of between
two and five years (Haupt, et al., 2014) so the absence of
seasonal fluctuations is not unexpected given also the small
seasonal differences in climate on Marion Island (le Roux
& McGeoch, 2008).

The absence of strong seasonal changes in invertebrate
prey abundance mean that there is least food per mouse
when mouse density is at a maximum, i.e. between March
and May, and most food per mouse over winter and spring.
For example, the per capita food availability is an order
of magnitude lower in early winter when mice are at
maximum densities than in early summer when they are at
lowest densities. The weight of stomach contents of mice
also increases during winter to reflect this (Fig. 5), and
mice begin to scavenge or prey upon other mice in autumn
and winter (Smith, et al., 2002).

Seasonal absence of non-target species

Most cool temperate islands have a mix of permanent
resident bird and seasonally present nesting or moulting
seabirds. Unacceptable risks to the former from toxic
baiting and secondary poisoning have to be mitigated, e.g.
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Fig. 5 Monthly changes in the weight of stomach contents
adjusted for body weights of Marion Island mice (after
Matthewson, et al. (1994) reported in Smith, et al.
(2002)).

by holding individuals in safe captivity (Rexer-Huber &
Parker, 2011), but risks to the latter have to be accepted
(e.g. as on Macquarie Island; Parkes, 2016; Springer, 2016)
or avoided by baiting when the birds are least common on
the island. Marion Island has only two terrestrial birds
at risk — the kelp gull (Larus dominicanus) and lesser
sheathbill (Chionis minor) while among the 26 nesting
seabird species only three (sub-Antarctic skua (Catharacta
antarctica), southern giant petrel (Macronectes giganteus)
and northern giant petrel (M. hallii) are at low to modest
risk if the baiting was conducted in mid-winter (Parkes,
2016; Springer, 2016).

CONCLUSIONS

Optimal timing of aerial baiting on Marion Island
depends on whether the non-breeding season is more or
less important than the period with minimum per capita
food availability for the mice. Neither hypothesis has
been tested. If the latter is most important then a March—
May baiting is indicated, but if the former then a May—
September baiting is indicated — May at least being a month
of overlap. Of course, an earlier timing in late summer is
better than a later one in winter, when short days, snow and
gales limit flying time.

It is not clear whether the lack of large changes in
seasonal abundance and biomass of invertebrates seen on
Marion Island is normal for all cool temperate islands.
Most studies on other islands lack the year-round data
on changes in invertebrate biomass available for Marion
Island. However, mice on other cool temperate islands
also show a lack of strong seasonality in the occurrence
of invertebrates (the bulk of their diet) in_their diet, e.g.
on Macquarie Island (Copson, 1986) and Ile Guillou (Le
Roux et al., 2002). This suggests the multi-year life cycles
of the invertebrate species on Marion Island may also apply
on similar islands and the per capita food supply depends
on seasonal changes in mouse density rather than on food
abundance. Therefore, mice are likely to be hungriest
when they are at maximum densities and not during the
winter when they are likely to be least hungry and perhaps
less likely to eat artificial food such as baits. An aerial
baiting project between March and May is indicated on
this condition. Of course, the other considerations mooted
by Broome, et al. (2014) might constrain such a choice, as
might weather, day length, logistics of ship and helicopter
availability as with other projects noted in the introduction.

However, there are several caveats. First, the
comparisons between mouse and food abundance are
derived across several studies over several decades. This
may not be a problem except that the whole ecosystem
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around mice on Marion Island is highly dynamic. Second,
the biomass of invertebrates has collapsed by about 90%
since the mid-1970s (Table 1 in Parkes, 2016 and references
therein), despite which mouse densities have increased
(between 1990 and 2002; Ferreira, et al. (2006) and well
after cats were eradicated; the climate is warming (le Roux
& McGeoch, 2008); and mice are switching their primary
prey from moths to weevils and earthworms (Chown &
Smith, 1993) and learning to eat albatross chicks (Dilley,
et al., 2016).

Finally, if natural food availability is a problem
limiting bait acceptance by rodents (i.e. the proportion of
a population that eat the bait) as suspected for some recent
failures on tropical islands (Parkes, et al., 2011; Keitt, et
al., 2014), and such food competition cannot be predicted
or avoided, then one solution is to increase the palatability
of the bait relative to natural foods by adding lures or
attractants.
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Abstract House mice (Mus musculus) were introduced to South Africa’s sub-Antarctic Marion Island, the larger of the
two Prince Edward Islands, by sealers in the early 19th century. Over the last two centuries they have greatly reduced the
abundance of native invertebrates. Domestic cats (Felis catus) taken to the island in 1948 to control mice at the South
African weather station soon turned feral, killing large numbers of breeding seabirds. An eradication programme finally
removed cats from the island by 1991, in what is still the largest island area cleared of cats at 290 km?. Removal of the
cats, coupled with the warmer and drier climate on the island over the last half century, has seen increasing densities of
mice accumulating each summer. As resources run out in late summer, the mice seek alternative food sources. Marion is
home to globally important seabird populations and since the early 2000s mice have resorted to attacking seabird chicks.
Since 2015 c. 5% of summer-breeding albatross fledglings have been killed each year, as well as some winter-breeding
petrel and albatross chicks. As a Special Nature Reserve, the Prince Edward Islands are afforded the highest degree of
protection under South African environmental legislation. A recent feasibility plan suggests that mice can be eradicated
using aerial baiting. The South African Department of Environmental Affairs is planning to mount an eradication attempt
in the winter of 2021, following a partnership with the Royal Society for the Protection of Birds to eradicate mice on
Gough Island in the winter of 2020. The eradication programme on Marion Island will be spearheaded by the South
African Working for Water programme — Africa’s biggest conservation programme focusing on the control of invasive

species —which is already driving eradication projects against nine other invasive species on Marion Island.

Keywords: albatross, climate change, eradication, Felis catus, invasive species, Mus musculus, petrel, predation

INTRODUCTION

In the late 18th and early 19th century humans
travelled far and wide in the southern oceans to exploit
marine wildlife (Trathan & Reid, 2009). An unfortunate
consequence of this travel was the deliberate or incidental
introduction of alien animal and plant species to distant
environments, causing extensive changes in biological
communities (Mooney & Cleland, 2001). The effects of
invasive species on biodiversity have been described as
“immense, insidious and usually irreversible” (IUCN,
2000). Island ecosystems are highly susceptible to change
and introduced species are the main cause of species
extinctions on islands (Manne, et al., 1999; Chapin, et al.,
2000).

Many seabirds nest on isolated islands that lack land
mammals and consequently one of the major threats to
oceanic seabird species is the introduction of mammalian
predators such as rats (Rattus spp.), domestic cats (Felis
catus) and house mice (Mus musculus) onto their breeding
islands (Croxall, et al., 2012). The devastating impact of
rats on seabird populations breeding on oceanic islands
has been well documented (Atkinson, 1985; Jones, et
al., 2008). However, mice have been introduced to even
more oceanic islands than have rats and, although their
impacts on sub-Antarctic island biota are legion (Angel,
et al., 2009), until recently they were considered to have
little impact on seabird populations (Wanless, et al., 2007;
Jones, et al., 2008).

Sub-Antarctic Marion Island (290 km?, 46°54'S,
37°45°E) is the larger of the two South African Prince
Edward Islands which lie ¢.2,300 km south-east of
Cape Town in the south-western Indian Ocean (Fig. 1).
As a Special Nature Reserve, established in 1995, the
Prince Edward Islands are afforded the highest degree of
protection under South African environmental legislation
(de Villiers & Cooper, 2008). They also have been a
Wetland of International Importance in terms of the Ramsar
Convention since 2007 (de Villiers, et al., 2011) and are
surrounded by a large (180,000 km?) Marine Protected
Area, declared in 2013, that reaches in places to the edges
of South Africa’s Exclusive Economic Zone (Lombard, et
al., 2007; Nel & Omardien, 2008).A revised management
plan adopted in 2014 guides and controls activities at the
island group, including biosecurity protocols to avoid alien
introductions (DST-NRF Centre of Excellence for Invasion
Biology, 2014).

The Prince Edward Islands currently support breeding
populations of 29 species of birds, all but two of which
probably breed on Marion Island (Ryan & Bester, 2008;
Peter Ryan, FitzPatrick Institute unpubl. data; Table 1).
Eight bird species of the order Procellariiformes that breed
on Marion are listed by the International Agreement on the
Conservation of Albatrosses and Petrels, to which South
Africa is a founding signatory (Cooper, et al., 2006).These
four albatross and four petrel (Macronectes and Procellaria)

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 40-46. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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Fig. 1 South Africa’s Prince Edward Islands (46°54°S,
37°45°E) lie 2,300 km south-east of Cape Town in
the south-western Indian Ocean. Marion Island has
introduced house mice, but Prince Edward Island, 22 km
to the north-east, remains free of introduced mammals.

species are at risk at sea to bycatch by commercial fisheries,
especially longlining, and are considered threatened
or near threatened at regional (Taylor, et al., 2015) and
global (BirdLife International, 2017) levels. Marion Island
supports about 25% of the world’s breeding population of
wandering albatrosses Diomedea exulans (globally and
regionally Vulnerable), 12% of sooty (Phoebetria fusca)
and 7% of grey-headed (Thalassarche chrysostoma)
albatrosses (both globally and regionally Endangered)
and smaller percentages of light-mantled albatrosses (P,
palpebrata) (globally and regionally Near Threatened)
and grey petrels (Procellaria cinerea) (globally Near
Threatened and regionally Vulnerable).

We show that these five ACAP-listed species, along
with the regionally Near Threatened great-winged
petrel (Pterodroma macroptera), are at serious risk to
predation from introduced mice on Marion Island. Mice
were accidentally introduced to Marion Island during
the sealing era sometime before 1818 and were the sole
introduced mammal until 1948 when five domestic cats
were introduced to control mice at the newly-established
weather station (Watkins & Cooper, 1986). However, even
in the 1950s, little was known about the potential harmful
effects of invasive species on islands. Rand (1954) was the
biologist on the Eighth South African Expedition to Marion
Island over 1951/52 and noted how “a few domestic cats
have gone feral and prey on the smaller petrels or mice
that are widespread over the coastal plain” (p. 178) and
“mice often burrow into the [albatross] nest cone but do
no appreciable damage” (p. 189). Unfortunately, the cats
preferred to eat the island’s native birds, especially the
burrow-nesting petrels, and by the 1970s more than 2,000
cats were killing some 450,000 birds each year (van Aarde,
1980). As a result, at least one species, the common diving
petrel (Pelecanoides urinatrix), disappeared from the
island and all the other burrowing petrels became far less

common than at nearby predator-free Prince Edward Island.
A sustained eradication programme that commenced in the
mid-1970s had finally eradicated cats from the island by
1991 (Bester, et al., 2002), in what until recently was the
largest island area cleared of cats.

We give an overview of the adverse impacts of mice
on Marion Island’s biota and ecosystem and discuss the
mouse eradication attempt planned for the austral winter
0f 2020.

A syndrome of adverse factors

House mice have been present on Marion Island
for nearly 200 years (Berry, et al., 1978), significantly
disrupting terrestrial ecosystem functioning (Chown &
Smith, 1993). The mice may be seen as part of a syndrome
of interacting factors (Parkes, 2016) having adverse
impacts on native invertebrates, plants and seabirds (e.g.
Phiri, et al., 2009; Angel & Cooper, 2011). The mice have
changed the state of Marion Island’s ecosystems compared
with the near-pristine condition of neighbouring Prince
Edward Island (45 km?, see Fig. 1).

For more than 30 years the burrowing petrel
populations on Marion Island were impacted by cats (top
predators) and mice (mesopredators). Whereas mice target
eggs and chicks (Fugler, et al., 1987; Dilley, et al., 2015;
Dilley, et al., 2018), reducing reproductive success, cat
predation was far more detrimental because they killed
chicks and adults, affecting both reproduction and adult
survival (Le Corre, 2008). Removal of the top predator
on Marion Island has benefited adult survival but may
have triggered a ‘mesopredator release’ effect (Zavaleta,
et al., 2001; Le Corre, 2008), whereby mouse numbers
expanded, increasing their impact on petrel populations
(Rayner, et al., 2007). The dramatic decrease in burrowing
petrel populations at Marion Island caused by the cats is
again presumed to have adversely affected key ecological
processes driven by burrowing petrels such as soil turn-
over and marine nutrient imports (Caut, et al., 2012).

Mouse numbers cycle seasonally on Marion Island,
linked partly to changes in the abundance of invertebrates
and seeds. Mouse densities are highest in autumn, when
breeding ceases, and are lowest in early summer, before
breeding resumes. Invertebrate biomass also changes
seasonally, but not to the same extent, so that the per capita
food supply (from macro invertebrates as the primary food
of the mice) was estimated to be 3.4 kg/ha and 3.6 kg/ha
in early summer but only 0.4 kg/ha and 0.2 kg/ha in early
winter in the Biotic and Mire habitats favoured by mice,
respectively (Avenant & Smith, 2003).

Peak mouse densities occur in April-May, and have
increased between 1990 and 2008, driven in part by a
warmer, drier climate (Ferreira, et al., 2006; le Roux &
McGeoch, 2008; McClelland, et al., 2018). By comparison,
invertebrate biomass has decreased >80% since the late
1970s (McClelland, et al., 2018). Since 2015, there has
been a marked increase in the frequency of mice attacking
surface-breeding seabird chicks (Dilley, et al., 2016a) and
if invertebrate biomass continues to decline, the impact of
mouse predation on Marion’s seabird chicks is likely to
become even more serious.

Overview of mice attacking seabirds at Marion Island

The first signs of mouse attacks on seabirds at Marion
Island were recorded in 2003, when wandering albatross
chicks were observed with rump wounds typical of those
inflicted by mice on Tristan albatross (D. dabbenena)
chicks on Gough Island (Jones & Ryan, 2010; Table 2).
The first attacks on summer-breeding albatross chicks were
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Table 1 Estimated risk of local extirpation of bird species currently known or thought to breed on Marion Island if the mice

are not eradicated.

Estimated numbers Known or Estimated years

Species of bref:ding considered to local
pairs vulnerable to extirpation
predation
Grey-backed storm petrel Garrodia nereis* 21 yes possibly locally
extirpated
Black-bellied storm petrel Fregetta tropica* 71 yes possibly locally
extirpated

Grey petrel Procellaria cinerea 8002 yes 30
Cape petrel Daption capense <52 yes 30
Kerguelen petrel Lugensa brevirostris 5,000? yes 50
South Georgian diving petrel Pelecanoides georgicus 1,000! yes 50
Common diving petrel Pelecanoides urinatrix 50-100? yes 50
Great-winged petrel Pterodroma macroptera 14,0002 yes 50-100
Light-mantled albatross Phoebetria palpebrata 300° yes 50-100
Sooty albatross Phoebetria fusca 1,465° yes 50-100
Grey-headed albatross Thalassarche chrysostoma 7,900! yes 50-100
Wandering albatross Diomedea exulans 1,800! yes 50-100
Fairy prion Pachyptila turtur 1,000! yes 50-100
Salvin’s prion Pachyptila salvini 150,000? yes 50-100
Blue petrel Halobaena caerulea 145,000¢ yes 50-100
Soft-plumaged petrel Pterodroma mollis 5,000! yes 50-100
White-chinned petrel Procellaria aequinoctialis 24,000° yes 50-100
Antarctic tern Sterna vittata 25! yes 50-100
Kerguelen tern Sterna virgata 50! yes 50-100
Southern giant petrel Macronectes giganteus 1,750 uncertain
Northern giant petrel Macronectes halli 400! uncertain
Crozet shag Leucocarbo melanogenis 270" uncertain
Brown skua Catharacta antarctica 300¢ uncertain
Kelp gull Larus dominicanus 100! uncertain
Lesser sheathbill Chionis minor 700! uncertain
King penguin Aptenodytes patagonicus 220,000! no
Gentoo penguin Pygoscelis papua 900! no
Macaroni penguin Eudyptes chrysolophus 370,000! no
Southern rockhopper penguin Eudyptes chrysocome 67,000 no

*Current breeding not proven but suspected

Data sources: 'Ryan & Bester (2008); 2FitzPatrick unpubl. data; 3Schoombie et al., (2016); “Dilley et al., (2017); °Ryan et al., (2012);

®Ryan et al., (2009)

recorded in April 2009 when sooty albatross fledglings
at two colonies were found ‘scalped’ with raw, bleeding
crowns and necks (Jones & Ryan, 2010; Fig. 2). Mice were
suspected of being responsible for these wounds (Jones
& Ryan, 2010), even though summer-breeding albatross
chicks are seldom attacked by mice on Gough Island
(Cuthbert, et al., 2013). Another sooty albatross fledgling
was attacked in 2010 at one of the colonies where scalpings
occurred in 2009 (Ben Dilley, FitzPatrick Institute unpubl.
data), but no further attacks were recorded until 2015,
when mice attacked large chicks of all three albatross
species that fledge in autumn: grey-headed (Fig. 3), sooty
and light-mantled albatrosses (Dilley, et al., 2016a, Table
2). Filming at night confirmed that mice were responsible
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for these wounds, with most affected chicks dying within a
few days of being attacked (Dilley, et al., 2016a). Attacks
started independently in small pockets all around the
island’s 70 km coastline, separated by distances hundreds
of times greater than mouse home ranges (Wanless, et al.,
2008; Dilley, et al., 2016a; Fig. 2). In 2015, three of the
six mouse-injured wandering albatross chicks had head
wounds (‘scalpings’, see Fig. 4). In 2016, 2017 and 2018
mouse attacks continued on summer-breeding albatross
fledglings, indicating that the sudden increase in 2015 was
not a one-off event.

With cats having been eradicated from Marion Island
by 1991, we expected burrowing petrel populations to
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Fig. 2 Marion Island showing the locations of albatross
breeding colonies (sooty albatross = dark grey shade;
light-mantled albatross = light grey shade; all grey-
headed albatross colonies are along Grey-headed
Albatross Ridge and Rook’s Peninsula) and mouse-
attack sites from 2009-2015 (adapted from Dilley, et al.,
2016a). Contour lines indicate 100 m.

have recovered by two decades later. Initial indications
were positive; following the removal of cats there were
marked increases in the breeding success of burrowing
petrels, especially great-winged petrels that breed in winter
when cat predation pressure was most severe (Cooper &
Fourie, 1991; Cooper, et al., 1995). However, the post-
cat recovery of burrowing petrel numbers on Marion
has been much slower than anticipated, especially for
smaller species (Dilley, et al., 2016b). Of the nine species
of burrowing petrels breeding on Marion Island, the two
smallest species (black-bellied (Fregetta tropica) and
grey-backed storm petrels (Garrodia nereis)) are now very
uncommon and are likely locally extirpated on the island
due to mice (Dilley, et al., 2016b). Recent evidence from a
repeat survey of burrow densities (Dilley, et al., 2016b) and
from analyses of brown skua Catharacta antarctica prey
remains (Cerfonteyn & Ryan, 2016) both suggest there has
been little or no recovery of burrowing petrel populations
at Marion since cats were eradicated.

Predation by mice is the most likely explanation for the
limited recovery of Marion’s petrel populations (Dilley,
et al.,, 2016b). Recent evidence from breeding success
studies shows that mice are suppressing the recovery of
burrowing petrel populations, especially those that breed
in winter, through predation on eggs and chicks (Dilley,
et al., 2018). Winter breeders had lower breeding success
than did summer breeders, with most fatalities being of
small chicks <14 days old. Mice were filmed attacking
and killing chicks of two winter-breeding species:

Fig. 3 Grey-headed albatross chicks showing distinctive
‘scalping’ wounds inflicted by mice on Marion Island in
2015 (photo Ben Dilley).

grey petrel (three of 18 nests filmed; <https://youtu.be/
Ogld6a2cmXQ>) and great-winged petrel (one of 19;
<https://youtu.be/D9vPoFsjvgs>, Dilley, et al., 2018).
Grey petrel chicks, which had the highest mortality rate,
hatch in early winter when mouse densities are still fairly
high, but food availability is low, resulting in the lowest
seasonal per capita food availability for mice (Dilley, et
al., 2018). Most grey petrel mortalities occurred when
chicks were <7 days old, and were likely due to mouse
predation (Dilley, et al.,2018).

We conclude that mice are currently suppressing
the recovery of burrowing petrel populations on Marion
Island, especially those that breed in winter, through
predation on eggs and chicks. The widespread increase
in mouse predation on albatross chicks at Marion in 2015
is also a cause for concern. Left uncontrolled, it is feared
that 18 of the 28 species breeding on Marion Island may
be vulnerable to local extirpation (see Table 1), should the
mice not be eradicated.

PLAN OF ACTION

The Prince Edward Islands are recognised as a Special
Nature Reserve, which affords the highest degree of
protection under South African environmental legislation,
and the islands’ management plan aims to eradicate alien
plants and animals as far as possible (DST-NRF Centre of
Excellence for Invasion Biology, 2014). As summarised
above, the structure of Marion Island’s terrestrial ecosystem
has been radically transformed by introduced mice, which
are now threatening the island’s globally important seabird

Table 2 Summary of mouse attacks on surface-nesting seabirds breeding on Marion Island (from Dilley, et al.,

2016a and FitzPatrick Institute unpubl. data).

Year of first attack Maximum number attacked % of annual production

Species

Wandering albatross 2003
Sooty albatross 2009
Light-mantled albatross 2015
Grey-headed albatross 2015

6 0.8%
45 4.3%
1 4.0%
102 4.6%
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Fig. 4 A Wandering albatross chick being scalped by a
mouse on Marion Island in the winter of 2015 (photo
Stefan Schoombie).

populations. Given the island’s importance as a breeding
site for threatened albatrosses and other seabird species
that are being killed by mice, there is an urgent need to
eradicate mice from the island. A detailed feasibility plan
(Parkes, 2016) suggests that mice can be eradicated using
acrial baiting. This follows the now well-established
approach of using helicopters fitted with GPS guidance
systems and under slung bait-distribution buckets to spread
brodifacoum-laced pellets across the entire island over a
relatively short period, to ensure that all rodents have
access to the poison bait. Such operations, pioneered on
New Zealand’s offshore islands, have a good track record
in recent years with 21 of 22 operations around the world
targeting mice being successful in the last decade (DIISE,
2015). However, the operation on Marion Island will be
an order of magnitude larger than any previous island
eradication targeting mice only (cf. Springer, 2016; Martin
& Richardson, 2017). This will require the deployment of
poison bait with a high level of accuracy given the small
home ranges of mice relative to rats (Parkes, 2016).

The South African Department of Environmental
Affairs is planning to mount an eradication attempt
on Marion Island in the austral winter of 2021. This is
timed to follow a planned eradication of mice on Gough
Island led by the United Kingdom’s Royal Society for the
Protection of Birds in the winter of 2020. Gough Island,
part of the UK Overseas Territory of St Helena, Ascension
and Tristan da Cunha, is one of the world’s most important
seabird breeding islands. It is the site where mice were first
appreciated to pose a significant risk to breeding seabirds
(Cuthbert & Hilton 2004; Wanless, et al., 2007), and
experiences very high levels of chick mortality in several
species, including the Tristan albatross (globally Critically
Endangered), Atlantic petrel (Pterodroma incerta)
(Endangered) and Macgillivray’s prion (Pachyptila
macgillivrayi) (Endangered) (Davies, et al., 2015; Dilley,
etal., 2015). Despite these impacts, the island still supports
some 12 million breeding seabirds of 22 species and is
regarded as a top-priority island for rodent eradication
world-wide (Hilton & Cuthbert, 2010).

At 65 km?, Gough will be the largest island where an
eradication has been attempted targeting mice alone (mice
were eradicated from 129 km? Macquarie Island (Australia),
but they occurred at lower densities than on Marion due to
the presence of black rats (R. rattus) on the island (Springer
2016; <http://www.parks.tas.gov.au/?base=13013>).
Planning for the Gough Island eradication has involved
more than a decade of research to ensure the highest
probability of success (e.g. Angel & Cooper, 2006; Brown,
2007; Parkes, 2008; Wanless, et al., 2009; Cuthbert, et
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al., 2011a; Cuthbert, et al., 2011b; Cuthbert, et al., 2014;
Cuthbert, et al., 2016). At 290 km?, Marion Island is almost
five times larger than Gough Island, but the terrain is less
rugged, and the presence of a largely un-vegetated interior
above 800 m with few, if any, mice in winter makes an
eradication attempt at Marion less challenging in some
regards (Parkes, 2016). The intention is to commence the
operation during early winter, when mouse numbers are
falling due to lack of food and cold conditions, increasing the
likelihood of all animals consuming bait (see Parkes, 2019,
for further details on the crucial decision of ‘when to bait’
on Marion). Mice also cease breeding on Marion from late
May to August, reducing the chances of semi-independent
young in the den failing to encounter bait (Parkes, 2016).
Winter also coincides with the period of lowest numbers of
brown skuas and giant petrels (Macronectes spp.) present
on the island, which might be killed accidentally by either
primary or secondary poisoning.

Mitigation plans will be needed to reduce the impacts
on resident scavenging species (Wanless, et al., 2010).
At this stage, the intention is to keep approximately 100
lesser sheathbills (Chionis minor) in captivity during the
eradication attempt, given the moderate level of mortality of
snowy sheathbills (C. albus) during the rodent eradication
at South Georgia (Martin & Richardson, 2017). The Prince
Edward Islands are home to an endemic subspecies of
sheathbill C. m. marionensis, but nearby Prince Edward
Island houses a substantial population of this subspecies and
could be used to re-establish birds on Marion Island. Kelp
gulls (Larus dominicanus) also are resident scavengers at
Marion Island, but they may be less susceptible to non-
target poisoning (Martin & Richardson, 2017). Given the
small population size (Table 1) and difficulty of catching
and maintaining captive birds, there is currently no plan
to mitigate impacts on this species. Gulls are thought to
move freely between Marion and Prince Edward Island,
so immigration should aid the recovery of the Marion
population after the eradication.

The eradication on Marion Island was stimulated by
the donation of US$100,000 and the three helicopters
used in the South Georgia rodent eradication by the
Mamont Foundation to the South African Department of
Environmental Affairs in early 2017. South Africa has
a weather station on Gough Island, and will assist this
eradication effort through the provision of accommodation
(including possible refurbishments on the island), the
hosting of the eradication team from its Cape Town
harbour, and assistance with transportation. In return,
the equipment used and expertise developed during the
Gough eradication will be transferred to South Africa for
use in the planned Marion eradication. The programme
on Marion Island will be spearheaded by the Department
of Environmental Affairs’ Working for Water programme
— Africa’s biggest conservation programme focusing
on the control of invasive species. Working for Water
is already managing eradication projects against eight
invasive vascular plant species on Marion Island, and the
possible eradication of one introduced invertebrate, the
rough woodlouse (Porcellio scaber), is being assessed (D.
Muir). The South African Government is budgeting for
this programme (with an initial budget of about US$2.2
million). It will seek to raise co-funding, including through
a crowd-funding initiative being led by BirdLife South
Africa, a non-governmental organisation.

Eradicating rodents from islands is an effective, long-
term conservation management action, provided robust
biosecurity measures are put in place to minimise the
likelihood of any reintroductions. The South African
National Antarctic Programme has imposed stringent
quarantine measures on all vessels and materials going to
the Prince Edward Islands (and Gough Island) since the
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early 1990s. These include fumigation of the resupply
vessel prior to each voyage, use of rat guards on all
hawsers when in harbour, placement of rodenticide baits
at strategic points throughout the ship, and inspection of
all cargo before being opened ashore (DST-NRF Centre of
Excellence for Invasion Biology, 2014).
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Abstract Invasive rodents are present on approximately 80% of the world’s islands and constitute one of the most serious
threats to island biodiversity and ecosystem functioning. The eradication of rodents is central to island conservation
efforts and the aerial broadcast of rodenticide bait is the preferred dispersal method. To improve the efficiency of rodent
eradication campaigns, the generation of accurate and real-time bait density maps is required. Creating maps to estimate
the spatial dispersion of bait on the ground has been carried out using traditional GIS methodologies, which are based
on limiting assumptions and are time intensive. To improve accuracy and expedite the evaluation of aerial operations,
we developed an algorithm for the numerical estimation of rodenticide density (NERD). The NERD algorithm performs
calculations with increased accuracy, displaying results almost in real-time. NERD describes the relationship between bait
density, the mass flow rate of rodenticide through the bait bucket, and helicopter speed and produces maps of bait density
on the ground. NERD also facilitates the planning of helicopter flight paths and allows for the instant identification of
areas with low or high bait density. During the recent and successful rodent eradication campaign on Banco Chinchorro in
Mekxico, carried out during 2015, NERD results were used to enable dynamic decision-making in the field and to ensure

the efficient use of resources.

Keywords: aerial dispersal, bait density, invasive species, rodenticide

INTRODUCTION

Island ecosystems are vulnerable to the threat posed by
invasive species due to the combination of high levels of
endemism and isolation, coupled with smaller population
sizes (Loope & Mueller-Dombois, 1989; D’Antonio
& Dudley, 1995; Reaser, et al., 2007). Invasive rodent
species such as Rattus rattus are particularly harmful to
island ecosystems. Worldwide, invasive rodents are found
on more than 80% of the world’s islands and their high
potential for dispersal indicates that this number is on the
rise (Russell, et al., 2008; Harris, et al., 2012). The presence
of invasive rodents on islands can lead to rapid population
decreases of both flora and fauna and the extirpation
of endemic species (Towns, et al., 2006; Medina, et al.,
2011) as invasive rodent species begin to dominate
communities (Angel, et al., 2009; Towns, et al., 2013).
Island biodiversity is not only affected by the presence of
invasive rodents; in cases where rodent invasion is severe,
key island ecosystem functions and services are often lost
(e.g., Towns, et al., 2006). Island ecosystems are unable to
recover while rodents are present; as such, the first step to
restore ecological functioning and island biodiversity is the
eradication of invasive rodent species via the dispersal of
rodenticide (Towns & Broome, 2003; Harris, et al., 2012).

The aerial-based dispersal methods of rodenticide bait
via helicopter are preferable to ground-based methods in
many circumstances (Towns & Broome, 2003; Broome,
et al., 2014). Aerial bait dispersal strategies are designed
to cover large areas rapidly, reduce the complications
associated with complex topography, and target potential
refuge sites (Towns & Broome, 2003; Howald, et al.,
2007). The evaluation of the effectiveness of aerial
rodenticide dispersal is informed by bait density maps that
show the spatial variation of bait on the ground (Broome,
et al., 2014). Traditionally, bait density maps have been
created with in situ measurements or from GPS helicopter
trajectories although there are challenges associated with
both methods. To obtain in situ measurements, quadrat
bait density sampling is carried out on the ground and
requires a substantial investment of both time and human
resources. The effectiveness of this method depends on the
topography, accessibility, and climate of the island at the
time of sampling, in addition to existing time constraints

and available manpower. In contrast, the spatial estimation
of bait density from recorded GPS helicopter trajectories is
time intensive and can be imprecise as it is based on several
untested assumptions, the principal one being that the bait
density remains constant within the treated polygon.

We have developed a method for the numerical
estimation of rodenticide density (NERD) that improves
upon the aforementioned methods. NERD creates bait
density maps using GPS helicopter trajectories but is not
constrained by the assumptions of traditional GIS analysis.
NERD does not assume that bait density is constant within
the treated polygon nor is it time intensive. Results from
NERD are both automatic and instantaneous, allowing for
modifications to helicopter flight plans during an ongoing
eradication. During helicopter refuelling, GPS data from
the helicopter are downloaded into NERD and bait density
maps are returned in minutes.

The NERD algorithm combines two models. The first
model estimates the mass flow rate as a function of the bait
bucket aperture diameter and the second model describes
the bait density profile perpendicular to the flight path of
the helicopter. By combining the two models, bait density
on the ground is estimated as a function of the aperture
diameter of the bait bucket and the speed of the helicopter.

In this paper, we present the first field implementation of
NERD on the island of Banco Chinchorro, Mexico, a small
false atoll in which rodents were most likely introduced
during the 19" century (Samaniego, et al., 2017).

METHODS
Study site

Banco Chinchorro is comprised of four flat keys
that create a false atoll measuring 0.5-539 ha, located
in the Caribbean Sea approximately 35 km off the coast
of Quintana Roo, Mexico, and is classified as both a
Biosphere Reserve and Ramsar site (CONANP, 2000;
2006; Samaniego, et al., 2017). Banco Chinchorro presents
a wet tropical climate and is primarily covered with
mangrove vegetation, composed of Rhizophora mangle,

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 47-50. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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Laguncularia racemosa, Avicennia germinans, and
Conocarpus erectus, and has tropical trees such as Thrinax
radiata, Bursera simaruba, and Tournefortia gnaphalodes
(Samaniego, et al., 2017). The island provides habitat
for a number of crab species, the American crocodile
(Crocodylus acutus) and the seabird Fregata magnificens
(Samaniego, et al., 2017). Prior to eradication efforts, the
invasive rodent (Rattus rattus) occurred at densities from
6.5-47.9 rats/ha on Cayo Centro to 25.3-102.5 rats/ha on
Cayo Norte Major (Samaniego, et al., 2017). The extensive
mangrove presence on Banco Chinchorro and the presence
of the C. acutus makes ground-based evaluation methods
of bait density both hazardous and ineffectual.

Relationship between density, mass flow rate, and
helicopter speed

The combination of the two models comprising NERD
is presented. Here, we show that the function a(x,y) used to
represent superficial bait density (kg/m?) complies with the
following equation

W ,
2 _ m
f_ E o (x)dx = =
where m is the bait flow (kg/s), s is the speed of the
helicopter (m/s) and w is the swath width (m).

We set the origin of a Cartesian coordinate system on
the middle point of the bottom side of a rectangle with base
w and height 3y. This way, the bottom side is found at y =0,
the top side at y = dy, the left side at x = —%, and the right
side at x = +3. The rectangle represents one dispersion
cell.

After the helicopter completes a pass, in each point
(x,y) of the dispersion cell, a superficial bait density is
obtained o(x,y). In instances where two or more dispersions
cells overlap, we simply add the density from each cell
to get the total density on the overlap. The definition
of the superficial bait density of mass m indicates that
a(x,y) = ;. Rewriting the superficial density substituting
dA4 by dydx and integrating along the dispersion cell, it
follows that

A
sm=[: f:y o (x,y)dydx. (1)

Assuming superficial density is uniform with respect to the
helicopter’s flight path, represented in Fig. 1, equation (1)
becomes

am +=

H=lioi @

The left-hand side of the equation represents the linear bait
density, which is related with the mass flow of bait from
the bucket and the speed of the helicopter. A helicopter
equipped with a dispersion bucket with a constant mass
flow rate,

. Am
m=T ()
&t
flies from the point (0,0) to the point (0,0y) with a speed
of
dy

s=% @
5t
Combining equations (3) and (4), the linear bait density
dm m
»-s O

is obtained.

Finally, setting equations (2) and (5) equal to each other,
we obtain

j:;a (x)dx ==, (6)

=
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Fig. 1 Hypothetical island with bait swaths. Each vertical
band represents one bait swath. Each shaded rectangle
represents one dispersion cell. Shade intensity
corresponds to bait density, with darker shades indicating
higher densities.

Equation (6) relates the bait density on the ground
with the mass flow rate and the speed of the helicopter. In
order to get an explicit form of ¢, a model is fitted to cross-
density profiles, such as the ones shown in Fig. 2.

Simplified relationship between density, mass flow
rate, and helicopter speed

The required bait density for the successful eradication
of an invasive species on an island is determined by
evaluating the ecosystems present and the biology of the
target species. Once this density has been determined,
NERD can be used to estimate the aperture of the bait
bucket needed for the eradication operation in question
and to plan helicopter flight paths. During the planning
phase of an eradication campaign, prior to arriving on the
island, a simplified relationship between density, mass
flow rate, and helicopter speed is used where bait density
is assumed to be constant along and across the flight path
of the helicopter.

Assuming density is independent of x, i.e. ¢ does not
change perpendicular to the flight path, equation (6) can be
easily solved to obtain
_ m
o= (7)

To write equation (7) as a function of the aperture diameter
of the bait bucket, we express the mass flow rate of bait as
a function of the aperture diameter, m(d). To do this, the
bait in the bucket was weighed and the time required to
empty the bucket was measured and repeated using several
aperture diameters (Fig. 3).

The resulting three-dimensional model,
o(d,s) = 29 (®)

5w
is shown in Fig. 4.

An implementation of this model can be found at <http://
github.com/IslasGECl/nerd>.
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Fig. 2 Bait density profile perpendicular to the flight path of
the helicopter during a test flight in Oxnard, CA in 2013.
Each black dot shows the bait density measured within
a quadrat.

RESULTS AND DISCUSSION

NERD was used to plan and carry out the 2015
eradication campaign on Cayo Centro of Banco Chinchorro.
Given the desired helicopter speed, NERD was used to
determine the aperture of the bait bucket and the flight
paths of the helicopter required to achieve the desired
bait density within the target polygon. The results of the
2015 rodent eradication campaign on Banco Chinchorro
are detailed by Samaniego et al. (2017). During the course
of the eradication campaign, NERD was operated by two
people and generated an updated bait density map multiple
times each day providing instantaneous visualisations of
the current state of bait application over the island, such
as the map shown in Fig. 5. These visualizations provided
feedback in real time, allowing for helicopter course
corrections and promoting the efficient use of rodenticide
bait.

Fig. 5 shows the final bait density map estimated with
NERD for the eradication campaign. From this map, it is
apparent that all terrestrial areas of Banco Chinchorro were
estimated to be covered with at least 60 kg/ha of rodenticide,
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Fig. 3 Mass flow rate (kg/s) as a function of aperture
diameter 4 (mm). Each dot represents a calibration
event and the black curve is the quadratic model fitted
to the data.
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Fig. 4 Surface bait density o (kg/ha) as a function of aperture
diameter d (mm) and speed s (km/hr). The horizontal
axis shows the aperture diameter of the bait bucket and
the vertical axis shows the speed of the helicopter. The
resulting bait density on the ground is shown in white
superimposed numbers and in the second vertical
grayscale axis.

which was the target bait density for this campaign. The
colormap of Fig. 5 indicates bait density on the ground
(kg/ha), with warmer colours corresponding to lower bait
densities. The large red polygons that appear on the map
represent inland lagoons, which were not covered with
rodenticide bait excepting a few swaths that correspond
to the presence of sandbars within the lagoons. Around
these lagoons, manual bait placement was carried out by
a team of field operatives. The maps generated by NERD
were also used by this team to ensure even bait coverage
and avoid excess bait application. Overall, few areas in
Fig. 5 show bait densities near 100 kg/ha, indicating that
helicopter flight paths were rarely redundant. Furthermore,
any small isolated areas of low bait density were always
surrounded by areas with target bait densities of at least
60 kg/ha.

100

Bait density on ground (kg/ha)

AT mil
L

: ' 0
Fig. 5 Estimated bait density (kg/ha) resulting from the
aerial operation of the rodent eradication campaign in
Banco Chinchorro, Mexico, during 2015.The shade
bar on the right indicates predicted bait density on the
ground (kg/ha), with lighter shades indicating lower
densities. The large white polygons show the location of
inland lagoons.
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The information provided by NERD was indispensable
to the eradication campaign on Banco Chinchorro and
allowed for immediate decisions to be made regarding not
only the aerial dispersal of rodenticide bait, but also for
the manual placement of bait on the ground. Until now,
efforts to generate bait density maps have been inefficient
and results were often not available until after the end of an
eradication campaign. NERD provides information in real
time, enabling dynamic decision making in the field and
ensuring the efficient use of resources.
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Abstract Invasive black rats (Rattus rattus) were successfully eradicated during 2012 from Pinzon Island in the Galapagos
archipelago using the rodenticide brodifacoum. Potential exposure to brodifacoum in Pinzon tortoises (Chelonoidis
ephippium), Pinzon lava lizards (Microlophus duncanensis) and Galapagos hawks (Buteo galapagoensis) was mitigated
by captive holding of subpopulations. This was successful for all species during and shortly after baiting, however
mortality of Galapagos hawks occurred post-release, likely due to the persistence of residual brodifacoum in lava lizards.
Since 2013, Pinzon tortoise hatchlings are surviving in-situ for the first time in at least 120 years and the eradication of
black rats is expected to have significant benefits for at least 15 other island-endemic species.

Keywords: brodifacoum, endemic species, eradication, Ratfus rattus, restoration

INTRODUCTION

Islands are centres of endemism and endangerment,
with about one-fifth of the world’s threatened amphibians,
one-quarter of the threatened mammals and more than
one-third of the threatened birds being endemic to islands
(Fonseca, et al., 2006). Invasive non-native species are
major extinction drivers, with predators like rodents being
particularly damaging (Bellard, et al., 2016; Doherty, et al.,
2016). Four rodent species (Rattus rattus, R. norvegicus,
R. exulans, Mus musculus) have been introduced to
islands holding 88% of all insular critically endangered
or endangered terrestrial vertebrates (TIB Partners, 2014).
Invasive rodents cause population declines and extinctions
of insular flora and fauna and interrupt ecosystem
processes with negative cascading effects (Fukami, et
al., 2006; Towns, et al., 2006; Jones, et al., 2008; Kurle,
et al,, 2008). To recover endangered populations and
restore ecosystem processes, invasive rodents on islands
are increasingly targeted for eradication, with at least 650
eradication attempts of introduced Rattus spp. populations
to date (Russell & Holmes, 2015). Eradication of invasive
mammals from islands results in positive responses by
native species with few exceptions (Jones, et al., 2016).

Pinzon Island (1,815 ha), in the Galapagos archipelago,
is uninhabited and is entirely within the Galapagos National
Park. Pinzon endemics include three reptiles (Pinzon
Island tortoise (Chelonoidis ephippium), Pinzon lava
lizard (Microlophus duncanensis), Pinzon leaf-toed gecko
(Phyllodactylus duncanensis)), six land snails (Bulimulus
duncanus, B. eschariferus ventrosus, B. pinzonensis, B.
pinzonopsis, B. prepinguis, Bulimulus sp. undescribed),
and six insects in the orders Homoptera and Hemiptera.
Thirteen species considered threatened by the IUCN are
present, such as marine iguanas (Amblyrhynchus cristatus),
Galapagos hawk (Buteo galapagoensis), land snails and
the cactus Opuntia galapageia, along with several species
of unassessed conservation status (IUCN, 2015).

The island was most heavily used by whalers harvesting
tortoises in the early to mid-1800s and it is during this period

that black rats (R. rattus) were most likely introduced, with
specimens first collected in 1891 (Patton, et al., 1975).
Black rats are the only invasive mammals that successfully
populated the island. On visiting Pinzon Island in 1903,
Rolland Beck noted “We... captured altogether nearly
thirty live tortoises.... We were much chagrined, however,
at finding no very small specimens, but soon came to the
conclusion that the large rats, of recent introduction, and
now common everywhere on the island, eat the young
as soon as they are hatched” (Beck, 1903 p. 174). Heavy
predation by black rats on eggs and hatchlings saw a halt of
recruitment into the tortoise population for over a century,
leaving fewer than 65 old tortoises that had survived
human harvesting efforts (MacFarland, et al., 1974; Jensen,
et al., 2015). In response, a ‘head-starting’ programme
was initiated nearly 50 years ago. This entailed collecting
eggs or recently hatched individuals from nests on-island,
transporting them to the Galapagos National Park’s centre
on Santa Cruz Island where hatchlings were reared ex-situ
until 4-5 years old, at which time they were repatriated
back to Pinzon Island (Jensen, et al., 2015). Elsewhere in
the Galapagos Archipelago, invasive black rats have been
implicated in the extinction of native rodents, declines
and extirpations of sea- and land-bird populations and
other fauna (Cruz & Cruz, 1987; Steadman, et al., 1991;
Dowler, et al., 2000). By consuming seeds and seedlings
they impede vegetation regeneration and alter forest
dynamics, affecting entire ecosystems (Clark, 1981).
Impacts on invertebrates have not been quantified in the
Galapagos Archipelago but likely occur based on reports
from elsewhere (e.g. Towns, et al., 2006).

Conservationists attempted to eradicate black rats from
Pinzon Island in 1988 utilising rodenticide bait dumps
(coumatetralyl powder combined with rice in paper bags)
and hand broadcast of baits containing brodifacoum and
coumatetralyl (Cayot, et al., 1996; Harper & Carrion,
2011). The project was unsuccessful, although rodents were
not detected for nine months after the operation (Cayot, et

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 51-56. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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al., 1996). This rodent suppression resulted in recruitment
of Pinzon tortoises, anecdotal reports of increases in
the abundance of juvenile marine iguanas, populations
of Pinzon lava lizards and Galapagos doves (Zenaida
galapagoensis), and decreases in populations of short-eared
owl (4sio flammeus galapagoensis) and Galapagos hawks
(Mufioz, 1990; Cayot, et al., 1994; Cayot, et al., 1996).
A cessation of predation of Pinzon tortoise hatchlings by
black rats was recorded, however an 80% predation rate by
native Galapagos hawks occurred for two years after the
eradication attempt (Morillo Manrique, 1992). Ambitious
for its time, this failed eradication attempt set back rodent
eradications in the archipelago for the next three decades,
with the exception of attempts on just a few small (<20 ha)
islands (Harper & Carrion, 2011).

Large-scale feral pig (Sus scrofa), goat (Capra hircus)
and donkey (Equus asinus) eradications were implemented
in the Galapagos Archipelago throughout the late 1990s
and 2000s (Cruz, et al., 2005; Carrion, et al., 2007;
Carrion, et al., 2011) renewing interest in large-scale
rodent eradications. In 2007, an international workshop
laid out a plan for developing capacity and confidence to
eventually eradicate rodents from inhabited Floreana Island
(17,253 ha) with complexity and scale being increased at
each step (CDF & GNPS, 2007). Later in 2007, North
Seymour Island (184 ha) was hand baited with wax blocks
containing brodifacoum, successfully eradicating black
rats (Harper, et al., 2011). In 2011, the first aerial broadcast
of brodifacoum baits in South America eradicated
rodents from Rabida and 11 other islands totalling 705
ha (Campbell, et al., 2013). Pinzon (1,815 ha) and Plaza
Sur (12 ha) islands were originally considered within the
group of islands to be targeted along with Rabida but their
operations were delayed to allow trials to be conducted for
increasing certainty of non-target risks to tortoises and for
pilot mitigation strategies for Galapagos hawk (Campbell,
et al., 2013). As part of the Rabida project, 20 Galapagos
hawks were kept in captivity and released once the risk of
mortality from rodenticide poisoning was considered past
(Campbell, et al., 2013).

Here we describe the successful eradication of invasive
black rats from Pinzon Island and the measures taken to
mitigate negative impacts of rodenticide bait application
on non-target wildlife.

METHODS
Site description

Pinzon Island, located in the centre of the Galapagos
Archipelago, has a maximum elevation of 458 m and
approximately 18 km of rocky coastline with steep cliffs on
the southern and north-western coasts. Large lava blocks
dominate the slopes of Pinzon. There are two craters at the
centre of the island. The vegetation is xerophytic and there
are no permanent bodies of water. Two small islets, each
of approximately 0.4 ha in size, lie close inshore. Pinzon
has no terrestrial visitor sites and is more than 10 km from
any other island with invasive rodents, making unassisted
reinvasion highly unlikely.

Baseline genetic sampling of rodents from Pinzon

In 2011, black rats were trapped, euthanised and
samples taken (n=89) for future genetic analyses in case
rodents were detected after the eradication attempt. If
this occurred, as island populations of black rats can be
differentiated in the Galapagos (Willows-Munro, et al.,
2016), genetic samples from the pre- and post-eradication
attempt could be compared to help determine whether
reintroduction or eradication failure occurred (Abdelkrim,
etal., 2007).
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Bait application

As with previous rodent eradications in the archipelago,
bait application was timed for the last three months of
the dry season (October—December), when rat breeding
ceases and their numbers are at a minimum, after a typical
six-month dry-spell (Clark, 1980). Bait type used was
‘Brodifacoum 25D Conservation’ (Bell Laboratories,
Madison WI). Baits were 2.5 g compacted crushed grain
pellets of 13 mm diameter, containing 25 pg (25 ppm)
of brodifacoum per kg of bait, blue dye and pyranine
biomarker, a non-toxic, odourless and tasteless dye that
fluoresces green under UV light. Bait was applied in two
aerial applications 23 days apart at an average rate of 6.72
kg/ha for the first application (15-17 November, 2012)
and 4.85 kg/ha for the second application (8-9 December,
2012; Fig. 1). Pre-eradication trials in 2010 had determined
that target application rates of 6 kg/ha followed by 3 kg/ha
ensured bait was available in all habitats for at least four
days. It had been planned to have bait applications 7-10

Pinzon Rat Eradication
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Fig.1 Bait density (kg/ha) maps of Pinzon Island from (A)
first, and (B) second bait applications. Circles indicate
where baits in paper bags were applied (bola baiting
points).
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days apart, however a pregnant rat was reported after the
first bait application, prompting a decision to extend the
duration between applications to maximise the probability
that all rats would be exposed to bait (Keitt, et al., 2015).

An experienced pilot flew the helicopter (Eurocopter
AS350-B2, France) guided by GPS, pre-programmed flight
lines and light-bar (Tracmap flight unit, New Zealand). The
helicopter was fitted with a custom agricultural style bait
spreader bucket (CSI Helicopters, New Zealand) that was
used to spread bait systematically over Pinzon Island (Fig.
1). Pre-programmed flight-lines 40 m apart provided a 100%
overlap for inland areas, as previous bucket calibration
indicated the bucket had an 80 m effective baiting swath
width. Interior flight-lines ran coast-to-coast, with lines
starting and ceasing 40 m inside of the coast to minimise the
amount of bait entering the marine environment. Interior
flight-lines were flown approximately north—south on the
first application and east—west on the second. Two flight-
lines were flown around the coast. The ‘outer’ coastal swath
was flown along the coastline with a deflector attached to
the bucket, providing 40 m unidirectional sowing towards
the inland, to minimise bait entering the ocean. The inner
coastal swath was carried out with the standard bucket, 60
m inland from the coast, thereby achieving a 50% overlap
with the outer coastal swath. Sections of cliff over 50" slope
on the southern side of the island were treated as a separate
block to achieve twice the bait application rate of the
interior, which is considered best practice (Broome, et al.,
2014). GPS tracks were inspected periodically throughout
each application. Any gaps identified in bait coverage were
then baited in subsequent flights the same day.

Hand-baiting was conducted around the on-island
camp, temporary hawk aviaries and one islet. The second
islet was baited by hand from the helicopter using paper
bags with 10 baits in each to achieve target application
rates. Any areas along the coast that may not have received
bait due to extreme steepness, overhangs, and deep cut
gullies were also hand baited with bait in paper bags. Bait
availability plots (25 m X 1 m; n=10) were used to monitor
bait persistence after each aerial application at points from
the coast to the highlands on the northern side of the island.
Plots contained the number of pellets that corresponded to
the bait application rate for each application. Each bait
pellet was marked with a pin flag, which was removed as
pellets were consumed. Plots were checked daily between
the first and second applications and for 13 days following
the second application.

Two boats acted as a floating base during helicopter
baiting operations. One boat, fitted with a helicopter
landing platform, also acted as the helicopter refuelling
station. The second boat was fitted with a wooden platform
from which bait was loaded into the bait spreader bucket as
the helicopter hovered to one side.

Non-target species

Brodifacoum is the most commonly used toxicant for
rodent eradications on islands and has the highest success
rate (DIISE, 2016). Although an effective rodenticide,
brodifacoum is highly toxic to mammals and birds, is
known to persist in tissue containing vitamin K epoxide
reductase (Eason, et al., 2002) and therefore presents risks
to non-target wildlife through primary and secondary
pathways of exposure (Broome, et al., 2015). Reptiles are
considered to be less susceptible to brodifacoum (Weir,
et al., 2015) but may also present a secondary exposure
pathway to their predators.

An a priori non-target risk assessment which included
Pinzon wildlife was conducted in 2010 (Campbell,
2010). A revised assessment (Fisher & Campbell, 2012)

incorporated a suite of new information from the 2011
rodent eradications, and captive feeding trials used to
assess risk of brodifacoum exposure in giant tortoises, lava
lizards, geckos and snakes (Fisher, 2011a; Fisher, 2011b).
Lava lizard samples were taken from Rabida Island before
and after bait application to assess the incidence and
persistence of residual brodifacoum in lava lizards but all
these samples perished when a freezer was unplugged.
Population-level impacts of brodifacoum applications
were assessed for lava lizards and land birds using a
before-after control-impact study design on Rabida,
Bartolome, Bainbridge #3 and Beagle Sur islands, with
Pinzon acting as a control. Based heavily upon the 2012
non-target risk assessment the Galapagos National Park
Directorate and other partners determined that mitigation
actions should be conducted for Pinzon tortoise, Galapagos
hawk, Pinzon lava lizard, lava gull (Larus fuliginosus) and
endemic land snails. Mitigation plans were developed
for each taxon (Cunninghame, 2012; Cunninghame, et
al., 2012; Oberg & Campbell, 2012; Parent & Campbell,
2012) except tortoises. Mitigation plans for lava gulls and
land snails were not implemented. Lava gulls were not
present on Pinzon Island during operations, and in searches
undertaken before bait application all snails found were
estivating so would not be exposed to bait.

Fifteen adult Pinzon tortoises were brought into
captivity two years prior to baiting operations, housed on
Santa Cruz Island and returned in good health two years
after the rodent eradication was complete. Forty Pinzon
lava lizards were taken into captivity prior to baiting and
were maintained in enclosures on Pinzon Island. Termite
larvae were provided as food every other day. Ten days after
the second application the potential for bait consumption
by lava lizards, as determined by bait degradation plots,
was determined to be minimal and all surviving individuals
were released near their capture sites.

Sixty hawks were taken into captivity on Pinzon Island,
most prior to baiting operations, held in purpose-built
aviaries and maintained on diets of goat meat, day-old
chicks and (prior to baiting) rats. All hawks were ringed
and genetic samples taken for future study. Four additional
hawks were captured, ringed, and treated with injectable
(intramuscular) vitamin K, however due to limited aviary
space they were released. Three hawks were identified,
but never captured. Captive hawks were released 12—-14
days after the second aerial application of bait. Telemetry
transmitters were fitted to 32 hawks before release.

Confirmation of eradication

Efficacy of rat detection methods was demonstrated
prior to the eradication. Corrugated plastic chew cards with
peanut butter (Oberg, et al., 2014), visual sightings, and
signs of activity (prints, faeces, gnawed seed pods) readily
indicated rodent presence across Pinzon Island. In January
2015 (25 months after the second bait application), these
same methods were used to confirm black rat eradication
with 1,140 chew cards deployed for at least 54 days, spaced
at 25 m intervals along a trail network covering the island.

RESULTS

Baiting operations successfully applied bait across the
island at the desired rates, as determined by helicopter GPS,
baiting rate and effective swath width being overlaid on
island maps (Fig. 1). Monitoring conducted more than two
years after bait applications did not detect invasive rodents
on Pinzon Island. None of the 1,140 chew cards deployed
had rodent sign, while nearly 100% of chew cards placed
pre-eradication did. Seed pods of Acacia spp. were intact
and showed no sign of rodent damage across the island.
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Based on this evidence we conclude that black rats were
eradicated from Pinzon Island.

Bait availability plots indicated that after the first
application (6.3 kg/ha) the average remaining density
across all plots was above 2 kg/ha until day three (2.07
+ 1.75 kg/ha) and did not drop below 1 kg/ha until day
12 (0.9 £ 1.04 kg/ha). One plot had no bait available on
day four; tortoises were observed consuming the baits.
When the second application occurred, the average bait
density remaining was approximately 0.5 + 1.14 kg/ha.
Bait availability plots for the second application (4.2 +
1.19 kg/ha), indicated average availability remained above
2 kg/ha until day seven (2.7 + 1.64 kg/ha), and less than 1
kg/ha remaining at day 12 (0.99 + 1.67 kg/ha). Individual
plots went to zero within two days due to Pinzon tortoises
consuming bait.

Consumption of bait by Pinzon lava lizards and Pinzon
tortoises was observed at higher rates than anticipated
and evidenced by faeces containing blue dye, however
no mortality in these species was observed in the wild.
Additionally, mitigation efforts were successful at
maintaining a separate population of Pinzon lava lizards
and Pinzon tortoises as insurance in the case of any
unexpected mortality in wild populations. Two lava lizards
escaped captivity and five captive lizards died (survival
rate of 87%).

All captive Galapagos hawks survived captivity and
were released in healthy condition. Between 12 and 170
days after release, mortality of 22 tracked Galapagos
hawks was recorded (Rueda, et al., 2016). Necropsy of
four of these birds showed signs of anticoagulant toxicosis,
with 379 ppb brodifacoum measured in one hawk liver
(Rueda, et al., 2016). Monitoring of live-caught Pinzon
lava lizards also showed residual brodifacoum in liver, for
at least 850 days after bait application (Rueda, et al., 2016).
The fate of 28 released hawks remains unknown, but they
likely died. The remaining Pinzon Island Galapagos hawk
population (n=10) was recaptured, placed into captivity in
June 2013 and treated with Vitamin K , while toxicological
monitoring of Pinzon lava lizards continued (Rueda, et
al., 2016). These captive Galapagos hawks from Pinzon
Island, representing 15% of the original population, were
released when risk was considered acceptable in July
and August 2016 with telemetry and GPS transmitters.
Within three months of release, Galapagos hawks from
Pinzon Island had nests with eggs. As of April 2018, nine
nesting attempts have resulted in five healthy chicks, two
nest failures, one unknown outcome and one pending (P.
Castano, unpublished data 2018). These and related events
will be reported in greater detail elsewhere. Galapagos
hawks continue to be monitored on Pinzon Island, as does
toxicological monitoring in Pinzon lava lizards.

The eradication of black rats and actions taken to
mitigate non-target impacts on Pinzon Island cost an
estimated $1,501,000 (2013 US dollars). Cost breakdown
estimates include planning ($101,000), implementation
($909,000), non-target species management ($101,000)
and indirect costs ($390,000) (Holmes, et al., 2015).

DISCUSSION

Recovery of native and endemic species due to the
successful eradication of invasive black rats from Pinzon
is already evident, with ongoing monitoring expected
to reveal further biodiversity gains. Pinzon tortoise
hatchlings are now surviving in the wild for the first time
in over 120 years (Tapia Aguilera, et al., 2015). With
natural recruitment now occurring the Pinzon tortoise
head-starting may soon no longer be required (Jensen,
et al., 2015). Land-bird surveys in early 2018 found two
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species (cactus finch Geospiza scandens, Galapagos rail
Laterallus spilonota) never before recorded from the island
(Fessl, et al., unpublished data 2018). Endemic land snails
also appear to be on the increase, indeed a new species
of land snail was discovered two years post-eradication
in permanent snail monitoring plots on the island and is
currently being described (C. Parent, unpublished data
2015). With a major threat now removed, threatened land
snails and other species may now be eligible for down-
listing from the [UCN Red List. Similarly, on Rabida Island,
two years after invasive Norway rats (Ratfus norvegicus)
were eradicated, two island endemic land snails that were
considered extinct for over 100 years were rediscovered
(Campbell, et al., 2013; C. Parent, unpublished data 2012).
Also, on Rabida Island, a leaf-toed gecko was found post-
eradication in late 2012 (Campbell, et al., 2013). The only
known geckos from Rabida were recorded from subfossils
estimated at more than 5,700 years old, which were
classified to genus only (Steadman, et al., 1991). Although
the specimen was identified at the time as the archipelago
endemic Phyllodactylus galapagensis (W. Tapia Aguilera
pers. comm. 2013), a recently proposed taxonomic split
divides P. galapagensis into four species by major islands,
including Pinzon (Torres-Carvajal, et al., 2014). Future
analyses including samples of geckos from Rabida Island
may also see a unique species identified for that island.

Eradication of black rats from Pinzon Island was
arguably a cost-effective conservation action at US$827
/ ha, resulting in the removal of a significant threat
for at least 15 Pinzon Island endemic species, several
archipelago endemic species and 12 IUCN threatened
species. The negative impact of this conservation action
on Pinzon’s population of Galapagos hawks is expected
to be short-term, with breeding already underway on the
island. However, without additional mitigation actions this
population may have been lost due to secondary poisoning,
potentially requiring a translocation to re-establish
Galapagos hawks on Pinzon Island. Longer-term impacts
will only be discovered in time.

The persistence of brodifacoum residues in Pinzon
lava lizards for at least 850 days was unexpected (Rueda,
et al., 2016) and, as it was unknown at the time, was not
considered within a priori risk assessments. Ingestion
of lizards carrying residual brodifacoum for prolonged
periods was likely a significant contributor to unpredicted
and unexpectedly high mortality of released Galapagos
hawks (Rueda, et al., 2016). The use of a prescribed
duration for captive holding was, in hindsight, an error.
Future mitigation efforts should use biological criteria
(e.g. bait availability, sentinel animals) relevant to the
pathways being managed to determine when captive
held or translocated non-target species be released after
brodifacoum bait has been used for rodent eradication.

Pinzon is currently the largest island in the Galapagos
to be freed of invasive rodents, and the fourth-largest island
globally to be eradicated of black rats (behind Macquarie,
Rangitoto and Australia Islands; DIISE, 2016). Continuing
on, as suggested in the original roadmap (CDF & GNPS,
2007), the next island in the Galapagos archipelago
being targeted for rodent eradication is Floreana Island,
nearly an order of magnitude larger than Pinzon, with
160 human inhabitants, pets, livestock, surface water and
a suite of wildlife species that are expected to require
mitigation actions (Island Conservation, 2013). Floreana
Island represents significant challenges but also major
opportunities for incorporating social well-being targets
in invasive species eradication projects, as well as
biodiversity targets to benefit 55 ITUCN threatened species
and creating the conditions for the reintroduction of 13
species extirpated by invasive species.
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Removing non-native invasive rodents from islands
is a proven approach to protecting endemic biodiversity
(Jones, et al., 2016), and anticoagulant rodenticides are
currently the most reliably effective method to achieve
this. Until alternative rodent-specific methods become
available (Campbell, et al., 2015), practitioners will have
to become increasingly skilled at mitigating risks to non-
target species related to rodent eradications to ensure the
conservation benefits of this powerful tool are maximised.

ACKNOWLEDGEMENTS

We thank Galapagos National Park Directorate and
Island Conservation staff for assisting in planning, logistics,
and the field work conducted to implement this project. L.
Cayot, J. Flanagan, J. Gibbs, C. Parent, P. Parker, T. de
Vries, and staff from project partner organisations provided
information relevant to developing or assisted in developing
mitigation plans for non-target species. G. Harper and D.
Brown assisted in operational planning. New Zealand
Department of Conservation’s Island Eradication Advisory
Group and Island Conservation’s Eradication Advisory
Team provided peer review of earlier drafts of plans.
Thanks to the editors and two anonymous reviewers for
constructive feedback on earlier drafts of this manuscript.

Financial support

The work described here was supported by Galapagos
National Park Directorate, Island Conservation, The
Leona M. and Harry B. Helmsley Charitable Trust (IC),
Bell Laboratories (IC), The David and Lucile Packard
Foundation (IC), The Raptor Center at the University of
Minnesota, Morris Animal Foundation (Grant D14Z0-061;
TRC), Galapagos Conservancy (IC) and the Charles
Darwin Foundation. The Galapagos Invasive Species Fund
(IC) supported development of this manuscript. This work
was carried out as part of management operations of the
Galapagos National Park Directorate.

REFERENCES

Abdelkrim, J., Pascal, M. and Samadi, S. (2007). ‘Establishing causes of
eradication failure based on genetics: Case study of ship rat eradication
in Ste. Anne Archipelago’. Conservation Biology 21: 719-730.

Beck, R. (1903). ‘In the Home of the Giant Tortoise’. Annual Report of

the New York Zoological Society 7:160-174.

Bellard, C., Cassey, P. and Blackburn, T.M. (2016). ‘Alien species as a
driver of recent extinctions’. Biology Letters 12: 20150623.

Broome, K., Cox, A., Golding, C., Cromarty, P., Bell, P. and McClelland,
P. (2014). Rat Eradication Using Aerial Baiting: Current Agreed Best
Practice Used in New Zealand (V3.0). New Zealand Department of
Conservation internal document DOCDM-839096. Wellington, New
Zealand: Department of Conservation.

Broome, K.G., Fairweather, A.A.C. and Fisher, P. (2015). Brodifacoum
Pesticide Information Review. Version 2015/1. Docdm-25436.
Hamilton, New Zealand: Department of Conservation.

Campbell, K. (2010). Non-Target Risk Assessment for Rodenticide
Applications in the Galapagos Islands. Unpublished report. Puerto
Ayora, Galapagos Islands: Island Conservation and Charles Darwin
Foundation.

Campbell, K.J., Carrion, V. and Sevilla, C. (2013). ‘Increasing the Scale of
Successful Invasive Rodent Eradications in the Galapagos Islands’. In:
L.J. Cayot, D. Cruz and R. Knab (eds.) Galapagos Report 2011-2012,
pp. 194-198. Puerto Ayora, Galapagos, Ecuador: GNPS, GCREG, CDF
and GC.

Campbell, K.J., Beek, J., Eason, C.T., Glen, A.S., Godwin, J., Gould, F.,
Holmes, N.D., Howald, G.R., Madden, F.M., Ponder, J.B., Threadgill,
D.W., Wegmann, A. and Baxter, G.S. (2015). ‘The next generation
of rodent eradications: Innovative technologies and tools to improve
species specificity and increase their feasibility on islands’. Biological
Conservation 185: 47-58.

Carrion, V., Donlan, C.J., Campbell, K., Lavoie, C. and Cruz, F.
(2007). ‘Feral donkey (Equus asinus) eradications in the Galapagos’.
Biodiversity and Conservation 16: 437-445.

Carrion, V., Donlan, C.J., Campbell, K.J., Lavoie, C. and Cruz, F. (2011).
‘Archipelago-wide island restoration in the Galapagos Islands: Reducing
costs of invasive mammal eradication programs and reinvasion risk’.
PLOS ONE 6: ¢18835.

Cayot, L.J., Rassmann, K. and Trillmich, F. (1994). ‘Are marine
iguanas endangered on islands with introduced predators’. Noticias de
Galdapagos 53: 13-15.

Cayot, L.J., Mufioz, E. and Murillo, G. (1996). ‘Conservation of the
tortoises of Pinzon Island’. Charles Darwin Research Station Annual
Report 1988-1989: 29-35.

CDF and GNPS (2007). Project Pinzon: Ecosystem Restoration of the
Galapagos Islands through Introduced Rodent Removal. April 2—12,
2007. Puerto Ayora, Galapagos: Fundacion Charles Darwin / Servicio
Parque Nacional Galapagos.

Clark, D.A. (1981). ‘Foraging patterns of black rats across a desert-
montane forest gradient in the Galapagos Islands’. Biotropica 13:
182-194.

Clark, D.B. (1980). ‘Population ecology of Rattus rattus across a desert-
montane forest gradient in the Galapagos Islands’. Ecology 61: 1422—
1433.

Cruz, F., Donlan, C.J., Campbell, K. and Carrion, V. (2005). ‘Conservation
action in the Galapagos: Feral pig (Sus scrofa) eradication from Santiago
Island’. Biological Conservation 121: 473-478.

Cruz, J.B. and Cruz, F. (1987). ‘Conservation of the dark-rumped petrel
Pterodroma phaeopygia in the Galapagos Islands, Ecuador’. Biological
Conservation 42: 303-311.

Cunninghame, F. (2012). Lava Gull (Leucophaeus fuliginosus) Mitigation
During an Aerial Broadcast of Brodifacoum Cereal Baits on Plaza
Sur Island, Galapagos. Unpublished report. Puerto Ayora, Galapagos
Islands: Charles Darwin Foundation.

Cunninghame, F., Ponder, J. and Campbell, K. (2012). Galapagos Hawk
(Buteo galapagoensis) Mitigation During an Aerial Broadcast of
Brodifacoum Cereal Baits on Pinzon Island, Galapagos. Unpublished
report. St Paul, Minnesota: The Raptor Center.

DIISE. (2016). ‘“The Database of Island Invasive Species Eradications,
Developed by Island Conservation, Coastal Conservation Action
Laboratory UCSC, IUCN SSC Invasive Species Specialist Group,
University of Auckland and Landcare Research New Zealand’. <http://
diise.islandconservation.org>. Accessed 16 February 2016.

Dobherty, T.S., Glen, A.S., Nimmo, D.G., Ritchie, E.G. and Dickman, C.R.
(2016). ‘Invasive predators and global biodiversity loss’. Proceedings
of the National Academy of Sciences: 201602480.

Dowler, R.C., Carroll, D.S. and Edwards, C.W. (2000). ‘Rediscovery
of rodents (Genus Nesoryzomys) considered extinct in the Galapagos
Islands’. Oryx 34: 109-117.

Eason, C.T., Murphy, E.C., Wright, G.R.G. and Spurr, E.B. (2002).
‘Assessment of risks of brodifacoum to non-target birds and mammals
in New Zealand’. Ecotoxicology 11: 35-48.

Fisher, P. (2011a). Non-Target Risk to Galapagos Reptiles from Application
of Brodifacoum Bait for Rodent Eradication: Captive Feeding Trials.
Unpublished report. Lincoln, New Zealand: Landcare Research.

Fisher, P. (2011b). Non-Target Risk to Galipagos Tortoises from
Application of Brodifacoum Bait for Rodent Eradication: Captive
Feeding Trials. Unpublished report. Lincoln, New Zealand: Landcare
Research.

Fisher, P. and Campbell, K. (2012). Non-Target Risk Assessment for
Rodenticide Application on Pinzon and Plaza Sur, Galapagos Islands.
Unpublished report. Lincoln, New Zealand: Landcare Research.

Fonseca, G.A.B.d., Mittermeier, R.A. and Mittermeier, C.G. (2006).
Conservation of Island Biodiversity: Importance, Challenges, and
Opportunities, Washington, DC: Center for Applied Biodiversity
Science at Conservation International.

Fukami, T., Wardle, D.A., Bellingham, P.J., Mulder, C.P.H., Towns,
D.R., Yeates, G.W., Bonner, K.I., Durrett, M.S., Grant-Hoffman, M.N.
and Williamson, W.M. (2006). ‘Above- and below-ground impacts of
introduced predators in seabird-dominated island ecosystems’. Ecology
Letters 9: 1299-1307.

Harper, G.A. and Carrion, V. (2011). ‘Introduced rodents in the galapagos:
colonisation, removal and the future’. In: C.R. Veitch, M.N. Clout and
D.R. Towns (eds.) Island invasives: eradication and management, pp.
63—66. Occasional paper SSC no. 42. Gland, Switzerland: IUCN and
Auckland, New Zealand: CBB.

55



Island invasives: scaling up to meet the challenge. Ch 1A Rodents: Planning

Harper, G.A., Zabala, J. and Carrion, V. (2011). ‘Monitoring of a
population of Galapagos land iguanas (Conolophus subcristatus) during
a rat eradication using brodifacoum’. In: C.R. Veitch, M.N. Clout and
D.R. Towns (eds.) Island invasives: eradication and management, pp.
309-312. Occasional paper SSC no. 42. Gland, Switzerland: IUCN and
Auckland, New Zealand: CBB.

Holmes, N.D., Campbell, K.J., Keitt, B.S., Griffiths, R., Beek, J., Donlan,
C.J. and Broome, K.G. (2015). ‘Reporting costs for invasive vertebrate
eradications’. Biological Invasions 17: 2913-2925.

Island Conservation (2013). Floreana Island Ecological Restoration:
Rodent and Cat Eradication Feasibility Analysis V.6.1. (English
and Spanish). Unpublished report. Santa Cruz, California: Island
Conservation.

TUCN (2015). ‘The IUCN Red List of Threatened Species. Version 2015—
4’. <http://www.iucnredlist.org>. Accessed 19 November 2015.

Jensen, E.L., Tapia, W., Caccone, A. and Russello, M.A. (2015). ‘Genetics
of a head-start program to guide conservation of an endangered
Galapagos tortoise (Chelonoidis ephippium)’. Conservation Genetics
16: 823-832.

Jones, H.P., Tershy, B.R., Zavaleta, E.S., Croll, D.A., Keitt, B.S.,
Finklestein, M.E. and Howald, G.R. (2008). ‘Severity of the effects of
invasive rats on seabirds: A global review’. Conservation Biology 22:
16-26.

Jones, H.P., Holmes, N.D., Butchart, S.H.M., Tershy, B.R., Kappes,
P.J., Corkery, 1., Aguirre-Mufioz, A., Armstrong, D.P., Bonnaud, E.,
Burbidge, A.A., Campbell, K., Courchamp, F., Cowan, P., Cuthbert,
R.J., Ebbert, S., Genovesi, P., Howald, G.R., Keitt, B.S., Kress, S.W.,
Miskelly, C.M., Oppel, S., Poncet, S., Rauzon, M.J., Rocamora, G.,
Russell, J.C., Samaniego-Herrera, A., Seddon, P.J., Spatz, D.R., Towns,
D.R. and Croll, D.A. (2016). ‘Invasive mammal eradication on islands
results in substantial conservation gains’. Proceedings of the National
Academy of Sciences 113: 4033-4038.

Keitt, B., Griffiths, R., Boudjelas, S., Broome, K., Cranwell, S., Millett,
J., Pitt, W. and Samaniego-Herrera, A. (2015). ‘Best practice guidelines
for rat eradication on tropical islands’. Biological Conservation 185:
17-26.

Kurle, C.M., Croll, D.A. and Tershy, B.R. (2008). ‘Introduced rats
indirectly change marine rocky intertidal communities from algae- to
invertebrate-dominated’. Proceedings of the National Academy of
Sciences 105: 3800-3804.

MacFarland, C.G., Villa, J. and Toro, B. (1974). ‘The Galapagos giant
tortoises (Geochelone elephantopus) part 1: Status of the surviving
populations’. Biological Conservation 6: 118—133.

Morillo Manrique, G.E. (1992). ‘Estado Poblacional y Ecologia
Reproductiva de la Tortuga Gigante de la Isla Pinzon (Geochelone
elephantopus  ephippium), Galapagos’. Undergraduate degree in
biological sciences thesis. Quito, Ecuador: Pontificia Universidad
Catolica del Ecuador.

Mutfioz, E. (1990). ‘Seguimiento de la Campaia de Erradicacion de Ratas
en la Isla Pinzon’. Carta Informativa (Estacion Cientifica Charles
Darwin, Servicio Parque Nacional Galapagos) 30: 2.

Oberg, E. and Campbell, K. (2012). Pinzon Lava Lizard Mitigation Plan:
Protocols for Capture and Captive Holding. Unpublished report. Puerto
Ayora, Galapagos Islands: Island Conservation.

Oberg, E., Alifano, A., Pott, M. and Wegmann, A. (2014). ‘Detecting
Rodents in the Presence of Land Crabs: Indicator Blocks Outperform
Standard Rodent Detection Devices at Palmyra Atoll’. In: R.M. Timm
and J.M. O’Brien (eds.) Proceedings of the 26" Vertebrate Pest Control
Conference, pp. 370-374. Davis, Califorina: University of California,
Davis.

Parent, C. and Campbell, K. (2012). Land Snail Mitigation Plan for
Pinzon Island During the Application of Brodifacoum Bait for Rodent
Eradication. Unpublished report. Berkley, California: University of
California, Berkley and Island Conservation.

Patton, J.L., Yang, S.Y. and Myers, P. (1975). ‘Genetic and morphologic
divergence among introduced rat populations (Rattus rattus) of the
Galapagos Archipelago, Ecuador’. Systematic Biology 24: 296-310.

Rueda, D., Campbell, K.J., Fisher, P., Cunninghame, F. and Ponder, J.B.
(2016). ‘Biologically significant residual persistence of brodifacoum
in reptiles following invasive rodent eradication, Galapagos Islands,
Ecuador’. Conservation Evidence 13: 38.

Russell, J.C. and Holmes, N.D. (2015). ‘Tropical island conservation: Rat
eradication for species recovery’. Biological Conservation 185: 1-7.

Steadman, D., Stafford, T., Donahue, D. and Jull, A. (1991). ‘Chronology
of Holocene vertebrate extinction in the Galapagos Islands’. Quaternary
Research 36: 126—133.

56

Tapia Aguilera, W., Malaga, J. and Gibbs, J.P. (2015). ‘Giant tortoises
hatch on Galapagos Island’. Nature 517: 271.

TIB Partners. (2014). ‘The Threatened Island Biodiversity Database
(TIB): Developed by Island Conservation, University of California
Santa Cruz Coastal Conservation Action Lab, Birdlife International and
TUCN Invasive Species Specialist Group. Version 2014.1°. <www.tib.
islandconservation.org>. Accessed 23 December 2016.

Torres-Carvajal, O., Torres-Carvajal, O., Barnes, C.W., Pozo-Andrade,
M.J. and Tapia, W. (2014). ‘Older than the islands: Origin and
diversification of Galapagos leaf-toed geckos (Phyllodactylidae:
Phyllodactylus) by multiple colonizations’. Journal of Biogeography
41: 1883-1894.

Towns, D.R., Atkinson, .LA.E. and Daugherty, C.H. (2006). ‘Have
the harmful effects of introduced rats on islands been exaggerated?’
Biological Invasions 8: 863—891.

Weir, SM., Yu, S., Talent, L.G., Maul, J.D., Anderson, T.A. and Salice,
C.J. (2015). ‘Improving reptile ecological risk assessment: Oral and
dermal toxicity of pesticides to a common lizard species (Sceloporus
occidentalis)’. Environmental Toxicology and Chemistry 34: 1778—
1786.

Willows-Munro, S., Dowler, R.C., Jarcho, M.R., Phillips, R.B., Snell,
H.L., Wilbert, T.R. and Edwards, C.W. (2016). ‘Cryptic diversity in
black rats Rattus rattus of the Galapagos Islands, Ecuador’. Ecology
and Evolution 6: 3721-3733.



First results from a pilot programme for the eradication of beavers for
environmental restoration in Tierra Del Fuego

A. Schiavini'®, J. Escobar’, E. Curto? and P. Jusim'”’

'Centro Austral de Investigaciones Cientificas, CONICET, Houssay 200, 9410 Ushuaia, Argentina. <aschiavini@
wes.org>. 2 Wildlife Conservation Society, Argentinian Representation. *Universidad Nacional de Tierra del Fuego,
Ushuaia, Argentina. ‘Direccién General de Areas Protegidas y Biodiversidad, San Martin 1401, Ushuaia, Argentina.
SUniversidad Nacional de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Ecologia,
Genética y Evolucion, Buenos Aires, Argentina.

Abstract A pilot project for the eradication of beavers (Castor canadensis) in Tierra del Fuego started as part of a bi-
national agreement, signed between Argentina and Chile, to restore the affected environments. The project covers nine
pilot areas of different landscapes and land tenures in the Argentinian part of Isla Grande de Tierra del Fuego. We report on
the results from operations in the first of the pilot areas. From October 2016 to January 2017, ten trappers (named restorers
for advocacy purposes) used body-grip traps, snares and an air rifle, in a first phase, which included 2,237 trapping
nights and 1,168 trap-sets. Shooting efforts were not monitored. Traps were set for 1,401 trapping-nights and caught 175
beavers at a success rate of 12.5% (captures per trap night). Snares were set for 936 snare-nights and caught 22 beavers
at a success rate of 2.3%. Seven beavers were shot. Most beavers (65%) were removed during the first week of trapping
in the different watercourse sections. Stopping trapping for a week or more did not increase efficiency. From March
to May 2017 restorers removed 24 survivors and/or reinvaders, including 10 from two previously untrapped colonies.
Capture efficiency for this removal period was low for body-gripping traps but not for snares. The sex ratio of catches was
47% females to 53% males. The age structure of catches was 15% kits, 29% yearlings, 51% adults, with 4% not aged.
An estimated total of 41 colonies was trapped, giving an average of 5.6 animals per colony. After nominal eradication
was declared by restorers, 154 camera trapping nights were deployed to assess eradication success. Nine cameras (of 26
cameras used) detected beavers. Therefore, eradication was not achieved using the methods and efforts in the first part of
the pilot study. This highlights the need for more effort or the application of different techniques or trapping strategies.
For example, daily checking of traps may cause the animals to be cautious so, the next step in the programme will involve
exploring alternative trapping methods to reduce disturbance.

Keywords: Argentina, Castor canadensis, eradication programme, management, pilot study, trapping

INTRODUCTION

North American beavers (Castor canadensis) are semi-
aquatic and territorial rodents. They live in family groups
generally composed of two breeding adults, two yearlings
and two Kkits; the yearlings are forced to leave the natal
colony by the age of two (Lizarralde & Escobar, 1997;
McTaggart & Nelson, 2003). The family group controls a
group of adjacent dams, defending its territory from other
beavers. Each family group can build one or more lodges
(although they may also den in the river banks) and share
a single food cache.

In 1946, 20 beavers were introduced from Canada to
Tierra del Fuego, South America (Pietrek & Fasola, 2014),
with the aim of developing a fur industry. Beavers found
extensive suitable habitats, high availability of food, lack
of predators and unoccupied territory (Lizarralde, 2004).
These features allowed beavers to spread quickly throughout
Tierra del Fuego (Skewes, et al., 2006; Anderson, et al.,
2009). Several impacts on the environment of Tierra del
Fuego were reported and it was suggested that beavers
caused the largest landscape-level alteration to the region
since the Holocene (Anderson, et al., 2009). The most
obvious impacts are the reduction of the riparian vegetation
due to their activities, which includes the building of at least
70,000 dams in Argentinian Tierra del Fuego (Eljall, et al.,
2016), affecting at least 31,000 ha of forests, grasslands
and peat bogs (Henn, et al., 2016), as well as the fen areas
(Westbrook, et al., 2017). The beech forests of Tierra del
Fuego are not adapted to the impact of beavers, so their
impacts are long lasting (Anderson, et al., 2009). Their
dams also limit the dispersal of native fish and the water
in their dams changes the benthic communities, modifying
the macroinvertebrate assemblages by engineering changes
to the fluvial and riparian environment (Anderson, et al.,
2006). Beavers also modify the dynamics of the streams
by altering sedimentation (Vazquez, 2002; Martin, et al.,

2015). Last, but no less important, beavers impact the
economy by flooding roads and culverts, and affecting
ranching activity, reducing pastures by flooding as well as
affecting fences.

Attempts to control beavers by commercial hunting
during the 1990s and 2000s failed. Beavers were detected
in continental South America in the 1990s (Skewes, et al.,
2006; Wallem, etal.,2007; Schiavini, etal., 2008; Anderson,
etal., 2009), although recent dendrochronological evidence
takes their arrival date to 1968 (Graells, et al., 2015). The
presence of beavers in the continent raised alarm about the
possibility of their dispersal through the greater American
continent. In view of these issues, Argentina and Chile
started, in 2005, to discuss a change in strategy.

Eradication was deemed as feasible (Parkes, etal.,2008),
and adopted as a strategy by Argentina and Chile in 2008,
after signing a bi-national agreement for the restoration of
the southern ecosystems affected by the beaver (Malmierca,
etal.,2011). At present, both countries are performing pilot
projects, funded by the Global Environment Facility (GEF)
and national counterparts. The pilot project in Argentina
is under the umbrella of the major project “Strengthening
the Governance for the Protection of Biodiversity through
Formulation and Implementation of the National Strategy
for Invasive Exotic Species” GEF Project ID 4768. The
project runs from 2015 to 2019, covering nine pilot areas
of Tierra del Fuego.

The objectives of the project (Schiavini, et al., 2016) are
essentially to answer questions raised during the feasibility
study: building capacity, learning about technical and
organisational challenges of the process, showing the
environmental benefits of beaver removal, and deciding
the next steps between the two countries.

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 57-63. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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Several research priorities and questions in relation to
the eradication of beavers are expected to be answered by
the pilot project:

e How much effort is needed to eradicate beavers and
to declare eradication on a small scale?

e What factors affect effectivity of trapping? The tools
used? The sequence of deployment? Learning by
beavers to avoid traps?

e What is the effort demanded for active surveillance
to avoid reinvasion?

e How to develop passive surveillance from society?

e [s the bureaucracy able to accommodate the
dynamics of eradication projects?

e Are any beavers found, after nominal eradication is
declared, likely to be survivors or reinvaders?

e Does the environment recover in a short time frame
after beaver removal?

The nine Argentinian pilot areas cover an area of 1,017
km?, with a range of 14-238 km? (Fig. 1). In this paper, we
report the results of operations achieved in the first pilot
area, Esmeralda-Lasifashaj, and discuss the challenges
revealed for the larger major project.

MATERIALS AND METHODS

The Esmeralda-Lasifashaj area (54 km?) belongs
to the ecological region of the forest range (Collado,
2007). The landscape represents a U-shaped valley with
the valley bottom covered with Sphagnum peat bogs and
poorly drained mires (Figs 2 and 3). Slopes are covered
with southern beech forests (Nothofagus spp.) with the
vegetation line reaching about 700 m altitude. The main
valley is surrounded by eight lateral valleys. The area is
open to reinvasion as it has no geographical boundaries
that limit beaver dispersal, mainly from the west and
east. However, it was proposed as a pilot area for several
reasons: it is located only 20 km from Ushuaia city, is
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Fig. 1 The Argentinian sector of Isla Grande de Tierra
del Fuego. Numbers refer to each pilot area. 1: Arroyo
Gamma. 2: Arroyo Asturiana. 3: Rio Malenguiena. 4:
Rio Mimica. 5: Arroyo Indio. 6: Esmeralda-Lasifashaj. 7:
Arroyo Grande, 8: Rio Pipo, 9: south of Tierra del Fuego
National Park. The black circle shows the location of the
pilot area Esmeralda-Lasifashaj.
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Fig. 2 An aerial view of a series of beaver dams in the
bottom of the main valley of Esmeralda-Lasifashaj pilot
area.

Fig. 3 An aerial view of a series of beaver dams in the
Esmeralda-Lasifashaj pilot area, in an area of poor
drainage at the contact between peat bogs and forest.
Note the riparian forest impacted by cutting.

used by the public for recreation and tourism, and the area
holds a permanent cross-country ski trail, which is affected
by beavers. For these reasons, the area was selected as a
way of showing the environmental, social and economic
benefits of removing beavers.

The dams and lodges built by beavers are so
conspicuous that they can be identified in satellite images.
During the planning process, beaver dams and lodges were
mapped using Google Earth and integrated with the dams
identified by Eljall, et al. (2016). Then, 363 locations of
beaver activity were loaded into the GPS units used during
the operation (Garmin eTrex 20x), to be used as a general
guide for moving through the terrain to the areas impacted
by beavers.
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The skills of the personnel involved in hunting should
include not only good trapping skills, but also the ability
to spend several days in the field in the harsh weather of
Tierra del Fuego and deliver good trapping data, essential
for assessing trapping efforts and eradication success.
Good, traditional trappers work with a focus on yield,
while personnel needed for eradication need to “look for
the last animal”. With this change in focus, 10 people
were selected and trained from a group of 39 people
interviewed. The training was performed by our own
personnel, staff from the National Parks Administration
and from the volunteer fire brigade. Training included the
use of trapping tools, data recording and first aid in the
field. The final selection included a combination of people
with previous trapping skills and people with good outdoor
abilities and a willingness to learn. Hunters are publicly
called “restorers” as a way of helping to advocate for
the final objective of the project, i.e. building the correct
conditions for environmental restoration by means of
beaver eradication.

The trapping equipment and tools were purchased
with advice from the Animal and Plant Health Inspection
Service of the USA, who also provided a handbook for
best-practice management. Two main tools are being
tested, body-gripping traps and non-powered cable devices
(snares), complemented with a PCP air rifle. The group
was commanded by a chief of operations and assisted by a
logistics officer.

The spatial and temporal progression of trapping differs
from traditional trapping operations, where hunters deploy
their tools progressively through the landscape, usually
in a regular or grid mode. Given that the trapping target
is located along watercourses or sectors of poor drainage
such as edges of peatlands, trapping effort follows these
landscape features. For planning purposes, the pilot area
was divided into sectors that brought together groups of
sections of channel or activity detected during planning.
Watercourse sections were trapped inside sectors until
"nominal" eradication was achieved, when trappers moved
to another watercourse section. After nominal eradication
of a sector, operations progressed to another sector.

At the watercourse section scale, trapping was made
according to decisions made by each restorer. A “trap-
set” is a trap (either a body-gripping trap or a snare) set
at a particular location and for a number of consecutive
trapping nights. Traps are usually set along watercourses
and near dams with beaver activity denoted by the girdling
of trees, fresh beaver trails, freshly gnawed branches in
front of the dams, castor mounds, and /or accumulation
of submerged tree branches with leaves. Traps are also set
either in trails or slides made by beavers or in purpose-
made openings at the front of the dam. The limits of beaver
colonies are not always evident. However, during fall and
winter, family groups gather at one lodge, so colonies are
more easily distinguishable. During spring and summer,
young animals disperse from their natal colonies, so the
movement of animals leads to colony boundaries being
confused. Also, traps can be set in the same place for more
than one night. After a number of trapping nights, hunters
noticed a reduction in their trapping efficiency, and at
some point, they decided that a "nominal" eradication was
achieved in this watercourse section and moved to another
section. As a result, data recording is quite different from
some other hunting and trapping operations, where hunters
either traverse a landscape searching for their prey, or traps
are set up more permanently at sites or along transects or
grids.

The records of trapping and yields attempted to reflect
the operation in great detail. An account of each trap set and
its subsequent outcome (set, capture, activation without

capture, not activated, removed) was recorded every day,
taking into account the use of both the body-gripping
traps and snares, with each one requiring daily checks
for humanitarian reasons. Each trap had a unique number
for identification. For data recording, an application
was built into Cybertracker software (Steventon, 2017),
allowing us to build a database with a record of each trap
(set, revision and retirement, with or without capture), as
well as ancillary data (e.g. location of placement, use of
attractant). The application is available upon request, or at
<http://cybertrackerwiki.org/index.php?title=Community
applications>. For data recording, we used an outdoor
rugged tablet (Boolean A71, Boreal Technologies Inc). The
database can be transferred to Spreadsheets or to any GIS
system, as Cybertracker software can export shapefiles.
Restorers also carried a GPS unit for tracking their activity.

Operations ran from October 24, 2016 to January 31,
2017 in the first phase. From March 2 to May 15, 2017
(Fig. 4), the area was checked again to remove survivors/
invaders. Restorers worked mostly daily, during blocks of
five days or four trapping nights, commuting each day from
Ushuaia to the pilot area that is traversed by a National
Route highway. When restorers worked on the lateral
valleys, they camped for between three and five days. A
Robinson R44 helicopter was used to search for dams in
specific areas (Johnston & Windels, 2015) and to transport
personnel and equipment to lateral valleys. Two colonies
were left untrapped until the survivors-reinvaders removal
phase, as they were used by tourist operators during the
summer. Tour operators agreed as this would be the last
time they would be using these colonies for their tours.

Trapped animals were aged in the field, based on
external measurements, as kits, yearlings or adults, and
were sexed by detection of the baculum. Samples were
stored for accurate age determination, the breeding status
of females and for future assessment of the accuracy of
genetic tools to distinguish survivors from new invaders in
areas free of beavers.

For verification of eradication, an independent team
visited a sample of the watercourse sections, as restorers
declared the “nominal” eradication, between December 12,
2016, and May 24, 2017. Twenty-six camera traps were
set in front of artificial castor mounds with beaver lure at
a 1-2m distance from the camera and no more than 1m
from the water body. Each camera was placed at a height
of between 20 and 40 cm from the ground to capture full
images of beavers, and operated, on average, six days, with
a range of 3—10 days. Cameras were located both in the
main valley and in all the lateral valleys.
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Fig. 4 Gantt chart including the first and second eradication
step (the arrows mark the first and last capture) and the
period of camera-trap vigilance (the arrows mark the first
and the last detection).
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As operations took place during spring and summer,
territorial limits were difficult to assess. The total number
of colonies was estimated based on the spatial distribution
of catches following Johnston & Windels (2015). The
Esmeralda-Lasifashaj area was divided into 18 sectors
for data analysis. All statistical analysis was performed in
Infostat (Rienzo, et al., 2016).

A monitoring plan measuring the environmental
benefits of removal of the beavers is being developed by
independent groups. The monitoring includes assessment
of the of trees that will not be subject to beaver cutting after
beaver removal, water quality, macroinvertebrate diversity,
metabolism of the watercourse and fish diversity.

RESULTS
Mop-up phase

From October 2016 to January 2017, restorers walked
2,930 km over the area (Fig. 5). For logistic purposes,
a helicopter was flown for nine hours. Trapping nights
were derived from trapping records by summing up trap
revisions and retirements. An additional 5% was added to
the effort for the offset for traps that were not checked daily
(based on an analysis of a subset of data).

Body-gripping traps were deployed in 715 trap sets,
yielding 1,401 trapping nights. Snare traps were deployed in
453 trap sets, yielding 936 trapping nights. This represents
a total of 2,337 trapping nights with 1,168 sets. Each trap
operated on average 1.97 nights with a range of one to four
nights. Rifle effort was not monitored, as it was employed
in an opportunistic fashion. A total of 197 beavers were
removed by trapping; 175 with body-gripping traps and
22 with snares, together with seven individuals that were
shot (Fig. 6). The trapping efficiency was 12.5% for body-
gripping traps and 2.3% for snares, giving an average
efficiency of 9% for trapping.

The capture efficiency for each day of the working
blocks was assessed. For example: during the first day
of the working block the main activity was setting traps;
during the second day of the working block there were
443 reviews or removals and 46 catches, which gives an
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Fig. 5 Tracks recorded by restorers in the pilot area
Esmeralda-Lasifashaj. Some tracks were not recorded
due to failure of the GPS units.
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efficiency of 10.4%; on the sixth or seventh day, very little
field work was performed. This analysis was then limited
to reviews and retirement of traps from Tuesday to Friday.
Using a test of more than two proportions (Zar, 2010), the
null hypothesis of the difference of proportions revealed
no differences in catch efficiency over the different days of
the week (y? statistic, p=0.152, df=3). Therefore, restorers
did not reduce trapping efficiency through cumulative
disturbance by working consecutive days in a watercourse
segment, since the efficiency was similar between the
days of the working block. Another explanation might be
that even though beavers are more "relaxed" or “naive”
to trapping early in the week (i.e. Tuesdays), restorers
gradually perform better in a particular area during the
week, compensating for the increasing caution of beavers
with improved trapping sets.

The effect of disturbance from hunting over the weeks
was also assessed, checking if leaving a section of the
watercourse without trapping for a week after trapping
for one or two weeks increases the trapping efficiency by
reducing the awareness of traps by the beavers. The scarce
data available for this analysis revealed no positive effect
by leaving a watercourse section without traps. The first
week of trapping in the watercourse’s section yielded 65%
of the beavers, giving an average capture efficiency higher
than the efficiency of the rest of the trapping days (10.3%
and 9% respectively; p <0.0001, difference of proportions
of Infostat). The capture efficiency did not differ between
the main valleys and the lateral valleys, comparing the 10
channel sections of the main valley with the six channel
sections of the lateral valleys (p=0.88).

A total of 151 traps (289 trapping nights) were set
with attractant (beaver hormone, food lure): 142 traps
(263 trapping nights) set with attractant, six traps (13 trap
nights) with attractant added after the first review and
three traps (13 trap nights) with attractant added after the
second review. These 151 traps produced 13 catches (289
trap nights), giving an efficiency of 4.5%. If only beaver
lure was considered, there were 10 catches in 89 traps (163
trapping nights), giving an efficiency of 6.1%.

The sex ratio of catches did not differ from 1:1 (p=0.26,
45% females vs 52% males, 3% unsexed). Also, the
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Fig. 6 Catches recorded for the pllot area Esmeralda-
Lasifashaj
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proportion of females did not differ between body-gripping
and snares (difference of proportions = 0.003; p=1). The
age assessment made by restorers revealed an age structure
of 15% kits, 29% yearlings and 51% adults (4% not aged),
with similar proportions of age classes between body-
gripping and snare traps (p=0.21). During the first days
of trapping along each watercourse section, 83% of the
sections yielded females while 50% of them yielded males
(marginally significant difference, p=0.043).

Survivors/reinvaders removal phase

During this phase, restorers walked 380 km deploying
735 trap nights (529 body-gripping and 206 snares). This
represented 23% and 31% of the previous walking and
trapping effort respectively. Twenty-four animals were
removed (22 with body-gripping traps and two with snares,
Fig. 6). From them, 10 animals came from the two colonies
left untrapped during the mop-up phase, and therefore 14
animals should be considered survivors-reinvaders. The
main valley provided most of the captures (83%), although
most of the trapping effort was focused there (83%).

Capture efficiency was 3.97% for body-gripping traps
and 0.97% for snares. Trapping efficiency, compared
with the first phase, was lower for body-gripping traps
(p<0.0001), but not for snares (p=0.20).

One of the two colonies originally left untrapped
yielded six males (one adult, four juveniles and one kit),
one female and one animal of unidentified sex. The second
colony yielded two males (one juvenile and one kit) and
two females (one adult and one kit).

The survivors/reinvaders captured consisted of 10 males
(six adults, three juveniles and one kit), six females (four
adults and two juveniles) and two animals of unidentified
sex. Five sites provided only males in this phase (including
a site with only three males). Attractant was used in only
seven of the sets, therefore the outcome was not analysed
due to the low sample size.

Population assessment

Analysis of the spatial distribution of catches concluded
that 41 colonies were trapped (plus a few recolonised
sites). The average number of beavers per colony was 5.6,
although this may exclude offspring, presumably dead
inside dens (see Discussion). The survivors/reinvaders
came from what we identified as 11 different colonies. As
beavers were dispersing during the time of operations, it
is difficult to compare the age/sex of the beavers caught
during the mop up with those captured during the survivor/
reinvader phase.

Non-target catches

Trap specificity was 90%. Non-target catches were
recorded only during the first phase. One culpeo fox
(Lycalopex culpaeus), and one upland goose (Chloephaga
picta) were released alive. Native species killed included
two spectacled ducks (Speculanas specularis), three
unidentified ducks and two upland geese (Chloephaga
picta). Exotic species captured included 10 muskrats
(Ondathra zibethicus) and one mink (Neovison vison)
which were killed and one grey fox (Lycalopex griseus)
which was released alive.

Eradication verification phase

The 26 cameras yielded a total of 154 camera trapping
nights. Nine cameras detected beavers after a period
between zero to five days (average two days), and 17
cameras did not detect animals after a period of between
three and 10 days (average six days). In addition, two

persons walked 155 km to check for signs of presence/
absence at the same time that the cameras were set. The
last beaver detection was confirmed on 24 May, 2017, nine
days after the last capture. Later in the year, from August
to October, surveys for survivors/reinvaders were planned
to continue.

DISCUSSION

This is the first eradication attempt for beavers from
one area in a short time frame. The finding of survivors/
reinvaders has two explanations, not mutually exclusive.
First, operations may not have reached the last individuals.
Second, the lack of physical barriers may ecase the
movements of dispersing beavers from neighbouring
colonies. There had been two previous attempts at
beaver removal (Schiavini, et al., 2016). The first attempt
took place in the Tierra del Fuego National Park, where
a sustained control plan aimed to reduce the size of the
beaver colonies was followed by their complete removal
from 2,000 ha in 2011. The second attempt took place in the
provincial protected area of Reserva Provincial Corazén de
laIsla in 2014, where beavers were removed from 4,900 ha
in two months, although the project was discontinued for
financial reasons and this area has been included as one of
the pilot areas to be treated in the near future.

The estimated efficiency of body-gripping traps (12%)
was lower than the 22% reported by Lizarralde, et al.
(1996) for Tierra del Fuego. However, it must be noted
that the first estimate derives from tests for trapping aimed
at performance-oriented catches per number of captures.
In contrast, the complete removal of animals from one
area explains the lower trapping efficiency reported here.
Results from the next pilot areas will allow us to have a
broader view of the calculation.

The original trapping set and reviewing approach
required daily checking of traps. The presence of people
walking every day over the dams and dens, and in the
vicinity of colonies, can make beavers more “cautious”,
affecting the likelihood of removing the last animals.
The potential of beavers “learning” from disturbance and
becoming wary (sensu Morrison, et al., 2007) is a problem
for efficient eradication operations. Initial data analysis
did not reveal the cumulative effect of the presence of
the restorers in the capture efficiency. Neither did it find
beneficial effects of not setting traps for a number of days.
Because part of this pilot area was subject to different
intensities of trapping over the years, animals from there
may already have been cautious to human disturbance.
However, capture efficiency did not differ between areas
with more historical trapping effort (the main valleys)
and areas less accessible to trapping (the lateral valleys),
suggesting a lack of “memory” from previous trapping
disturbance in the area.

The next trials will give us a chance to answer the
questions raised above, and explore alternative trapping
effort schemes — for example, the exclusive use of body-
gripping traps. This lethal tool would allow us to leave
traps unattended for several days, reducing the likelihood
of disturbance. However, the size and weight of body-
gripping traps limit the number of traps a person can
transport and manage during a day, and the trade-off is that
trapping effort would be overestimated by this approach.
Nevertheless, the benefits of eradication would overcome
the uncertainty associated with estimating the eradication
effort.

The unexpectedly small number of kits present in
the catch may be because they were too young to leave
the dens. The trapping effort coincided with much of the
breeding season. Also, the lodges were not destroyed as part

61



Island invasives: scaling up to meet the challenge. Ch 1A Rodents: Planning

of the management process because we wanted to avoid
the escape of animals from their colonies. Consequently,
the most likely scenario is that kits remained in the den and
starved after the mother was captured. This poses a potential
constraint on the timing of future eradication attempts if
animal welfare issues are considered. Although the sex
ratio of the capture was even overall, females outnumbered
males by 1.66:1 (p = 0.043) early in the trapping of each
watercourse section, when 83% of females were caught.
These numbers support the idea of greater mobility of
females outside the lodges due to their maternal duties.

Trapping efficiency was lower during the survivor/
reinvader removal phase than during the first phase. This
is to be expected due to fewer remaining animals, and/
or because they may have “learnt” to be more cautious.
However, it is expected that reinvaders would not be as
cautious as survivors. More data are needed to explore
this issue. During the mop-up phase we could not identify
family colonies accurately from the spatial distribution
of catches, and consequently we could not discriminate
survivors from reinvaders based on their sex and/or age. It
is expected that genetic analyses would assist in identifying
survivors from reinvaders.

Of the 28 individuals captured during the survivor/
reinvader phase, 18 came from colonies previously trapped;
10 males, six females and two of undetermined sex. In
five sites only males were captured, and three males were
captured at one site. Most of the females were captured
at the same site next to males. The sex ratio of captures
for this phase did not differ significantly from 1:1 (p=0.3),
although male catch seemed to be larger. This could be a
reflection of greater male dispersion from neighbouring
areas, following source—sink dynamics.

Analysis of the spatial distribution of catches indicated
that 41 colonies were trapped, plus a few recolonised sites.
These values are in agreement with previously known
colony densities for the area. Lizarralde (1993) reported
4.72 colony sites/’km, defining a colony site as “a pond,
or series of ponds used by a colony of beavers throughout
the year or years”, different than the usual definition of a
colony, that refers to a family group living in a series of
ponds and sharing a common food cache. Lizarralde &
Escobar (pers. comm. 2000) reported, for 1998 and 1999,
densities of 0.91 and 0.45 active colonies/km for the Olivia
River and of 0.67 and 0.52 colonies/km for the Lasifashaj
River, respectively. Schiavini, et al. (2016), reported
densities of 0.42 and 0.37 colonies/km for the Olivia and
Lasifashaj rivers in March 2010.

The estimated number of beavers per colony (5.6
individuals/colony) may underrepresent kits for the
reasons explained above. On the other hand, since trapping
occurred during a period of high juvenile mobility, the total
catch is likely to overestimate the number of individuals
per colony, since it would include animals from colonies
neighbouring the pilot area.

Eradication was not achieved during operations in
this first pilot area since beavers were detected by trap-
cameras during the verification phase and the removal and
revision work continued after the month of May. The main
reasons are likely to be that the area is open to reinvasion
and that trapping took place during a time of high juvenile
dispersal. In view of these preliminary results, a large-scale
eradication programme in the Isla Grande de Tierra del
Fuego (48,000 km?), must consider the spatial progression
of the operations, adjusted to the possibility of reinvasion
of the area under management and to the biological cycle of
beaver dispersal. Large-scale operations should be carried
out either in larger areas, covering areas with physical
barriers for reinvasion, and/or restorers should cover the
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landscape in a more structured way. It is expected that the
experience gained in the rest of the trial will allow us to
adjust the strategy.
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Abstract House mice are significant invasive pests, particularly on islands without native mammalian predators. As
part of a multi-institutional project aimed at suppressing invasive mouse populations on islands, we aim to create heavily
male-biased sex ratios with the goal of causing the populations to crash. Effective implementation of this approach will
depend on engineered F1 wild-lab males being effective secondary invaders that can mate successfully. As a first step in
assessing this possibility, we are characterising genetic and behavioural differences between Mus musculus strains in terms
of mating and fecundity using wild house mice derived from an invasive population on the Farallon Islands (MmF), a
laboratory strain C57BL/6/129 (t*2), and F1 wild-lab offspring. Mice with the ‘t allele’ (t*?) have a naturally occurring gene
drive system. To assess fertility in F1 wild-lab crosses, t*>males were paired with wild-derived females from the Farallon
Islands (MmF). Results of these matings indicate litter sizes are comparable but that weaned pup and adult wild-lab mice
are heavier in mass. Next, we initiated tests of male competitiveness using larger (3 m?) enclosures with enrichment. We
introduced both an MmF and a t*2-bearing male to two MmF females to assess mating outcomes. Preliminary results of
these experiments show none of the offspring carried the t-allele. However, performing the same experiment with F1 wild-
lab males instead of a full lab background resulted in 70% of offspring carrying the t*? allele. This indicates that F1 wild-
lab males may be able to successfully compete and secondarily invade. It will be important in subsequent experiments
to determine what characteristics contribute to secondary invasion success. More generally, a better understanding of
characteristics contributing to overall success in increasingly complex and naturalistic environments will be critical in

determining the potential of a gene drive-based eradication approach for invasive mice on islands.

Keywords: competition, gene drive, invasive rodents, reproductive fitness, secondary invasion

INTRODUCTION

Invasive rodents are a key biodiversity threat for
the majority of the world’s islands and eradication
campaigns are often employed to prevent loss of island
endemics (Howald, et al., 2007; Campbell, et al., 2015).
These eradications employ rodenticides and have been
successful in eliminating invasive rodents from over 400
islands (DIISE, 2017). Rodenticides, however, have a
higher failure rate with mice (Mus musculus), as opposed
to rats (Rattus spp.) (MacKay, et al., 2007) and their use
on inhabited islands presents severe logistical challenges.
Additionally, rodenticides are not species-specific and
present animal welfare concerns (Campbell, et al., 2015).
These challenges have created a compelling need for
alternative approaches to rodent eradication.

One potentially promising approach to eliminating
invasive mice from islands would be to bias offspring
sex ratios by genetically engineering mice that produce
only one sex of offspring. Pairing this approach with a
genetic drive mechanism to spread this trait in an invasive
mouse population would be critical. Key first steps are to
understand the processes of reproductive competitiveness
and the capability of an introduced mouse to introgress into
established island populations, a process we are terming
‘secondary invasion’. The phenomenon of secondary
invasions and multiple introductions has been documented
in invasive brown anole (4nolis sagrei) populations with
evidence that secondary invasions may be frequent and
can add genetic variation to existing invasive populations
(Kolbe, et al., 2004). This secondary invader phenomenon
in house mice, however, is less well understood and genetic
evidence suggests variation in how this occurs across
islands. Some studies suggest that secondary invaders
may be frequent (Berry, et al., 1991; Bonhomme & Searle,
2012) while others suggest instead only single primary
invasions (Hardouin, et al., 2010; Gabriel, et al., 2015).
For rodent eradications these secondary invaders would be
carrying the gene drive and spread of this construct through
the population would be necessary for this approach to be
effective.

The development of the CRISPR/cas9 genome editing
technology has recently revolutionised genetic engineering
capabilities (Barrangou & Doudna, 2016). This has
increased interest in genetic pest management approaches
first conceptualised by Burt (2003) and built upon by other
authors more recently (Sinkins & Gould, 2006; Esvelt,
et al., 2014). Many of these approaches centre on gene
drives, systems in which a genetic construct producing a
desired phenotype (e.g., sex ratio manipulation, sterility) is
preferentially inherited by offspring. These are considered
‘selfish’ genetic elements because the majority of offspring
will inherit the genetic construct and it therefore could
spread quickly through a population (Lyttle, 1991). In mice,
a naturally occurring gene drive is found on chromosome
17 and is termed the t-allele (Silver & Buck, 1993). The
t-allele bearing sperm impact the motility of non-t bearing
sperm and this leads to an inheritance rate of greater than
90% for the t-allele (Bauer, et al., 2005; Baker, 2008).
Homozygosity of the t-allele (/t) is typically lethal, but this
is not true of the variant form termed the t*? allele, although
homozygosity does cause sterility (Levene & Dunn, 1961).

A gene drive-based approach to eradication could use
either a naturally occurring drive or a synthetic drive based
on CRISPR/Cas9 and functional drives with this technique
have now been demonstrated in mosquitoes, flies, and
yeast (Harris, et al., 2012; DiCarlo, et al., 2015; Gantz &
Bier, 2015); see also early contributions by Craig, et al.
(1960) and Hamilton (1967). Theoretically, by biasing
offspring sex ratios heavily towards males, reproduction
could be impaired and populations reduced. One way
this could be done would be to use the Sry gene. The Sry
gene is the key male determining factor in mammals and
is sufficient to start the cascade of events leading to male
development (Hacker, et al., 1995). Placing the Sry into
an autosome induces development that is phenotypically
male in mice that are genotypically XX (Koopman, et
al., 1991). Inserting Sry into a naturally-occurring gene
drive such as the t-allele or a synthetic drive based on

(n: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 64-70. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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CRISPR/Cas9 should create the potential for reduction of
an invasive mouse population by reducing and ultimately
potentially eliminating production of fertile females (Fig.
1; Backus & Gross, 2016; Piaggio, et al., 2017; Prowse,
et al., 2017). A synthetic gene drive using CRISPR/Cas9
could theoretically be employed in a similar way to ensure
all offspring inherit a feminising gene.

Regardless of the genetic mechanism employed, the
reproductive competitiveness and relative fitness of gene
drive carriers are likely to be important in determining the
success of any genetic approach to reducing invasive mouse
populations. Assessing reproductive competitiveness is the
focus of this study. Since mice introduced with a gene drive
mechanism would essentially be secondary invaders into
an established invasive mouse population, it is important
to better understand processes affecting introgression into
established demes. Mice are social animals and dominant
males will often hold and defend a territory (i.e. deme) that
provides reproductive access to reproductive females while
subordinate males do not (Bonhomme & Searle, 2012).
How incoming mice are able to successfully integrate into
island demes is not clear. If a gene drive approach was
used, then the incoming males would need to compete
with the resident island males for females. Competition
and aggression tend to occur between male mice when
there are limited territories (Gray & Hurst, 1998). Mouse
populations living non-commensally on islands can instead
exhibit an ‘island syndrome’ where they show important
differences with commensal populations. These can
include increases in body mass and, importantly in the
context of this study, lower levels of aggression (Adler
& Levins, 1994; Gray & Hurst, 1998; Cuthbert, et al.,
2016). In the 1980s, a study was conducted by capturing
house mice on the Orkney island of Eday (commensal)
and releasing them onto the Isle of May, which was
uninhabited by humans but had an established population
of non-commensal wild house mice (Berry, et al., 1991).
This study followed the spread of genetic markers unique
to Eday and found that these alleles moved quickly through
the Isle of May population (Berry, et al., 1991; Jones, et
al., 1995). Differences in aggression may relate to whether
the mice are living commensally or not, with evidence
indicating that commensalism and perhaps increased
density favours more aggressive individuals (Berry, et al.,
1991; Gray & Hurst, 1998). Overall, the limited studies to
date have strongly suggested that island mice may not be
as competitive as their mainland/commensal counterparts
(Mackintosh, 1981; Berry, et al., 1991; Gray & Hurst,
1998).

Reproductive competitiveness wild vs laboratory mice

Secondary invader success may also depend on female
mate choice (Jones, et al., 1995). In terms of female mate
choice, there is evidence that females prefer the scent of
foreign males and are more likely to mate with unrelated
males (Roberts & Gosling, 2003; Frynta, et al., 2010).
Importantly, however, there is also evidence of female
choice favouring non-t haplotype carrier males or males
carrying a different t-haplotype variant (Lenington et al.,
1994; Manser, et al., 2015; Sutter & Lindholm, 2016).
The relative fitness of gene drive carriers will be a critical
determinant of effectiveness for this approach. Fitness
costs have been documented with other forms of the t-allele
(Carroll, et al., 2004; Lindholm, et al., 2013), but have
not been examined for the t*? variant to our knowledge.
Information about the t-allele presence on islands and
modelling of population dynamics would help us further
understand the transmission of the Sry/t*?gene drive in
island mouse populations (Backus & Gross, 2016).

Central questions

A critical aspect of exploring gene drive eradication
techniques for island rodents is that the gene drive
originates in a mouse strain with a standard laboratory
background that is amenable to manipulation. Laboratory
mice, however, have been inbred and housed in non-
hierarchical social conditions for generations (Morse,
2007; Fawcett, 2012) and they have also undergone both
deliberate and inadvertent selection under these captive
conditions (Fawcett, 2012). It is encouraging to note,
however, that wild-type behaviour can be restored quickly
by backcrossing with wild-derived mice to create wild-lab
crosses (Chalfin, et al., 2014). The central goals of this
study are to one i) confirm that a gene drive mechanism
can be bred into a wild background and ii) assess whether
key reproductive measures such as litter size, pup weight,
and adult weight are impacted in F1 and F2 wild-lab mice.
We also present preliminary findings regarding the success
of laboratory and F1 wild-lab males in competitive mating
situations.

MATERIALS AND METHODS
Strains of mice

These studies employed several different strains of
mice. A primary laboratory strain is C57BL/6J referred to
as (B6) mice. B6 mice are the most common strain of lab
mice and are easily manipulated genetically (Silver, 1995).
Compared to other laboratory strains B6 mice are considered
more defensive and aggressive in response to perceived
threats (Blanchard, et al., 2009). A second strain was
donated from the Threadgill lab at Texas A&M University.
These mice are of a mixed C57BL/6J and a 129S1/SvimJ
(B6;129) background (hereafter referred to as “lab” strain)
and carry the t*? variant of the t-allele. The t*2 variant stems
from a wild background but was brought into laboratory
stocks in 1946 (Dunn & Morgan, 1953). These mice are not
transgenic (no Sry inserted) and so heterozygotes produced
are either male or female. The t*2 allele is inherited by 95%
of offspring in matings with a t*?/+ sire (Kanavy & Serr,
2017). To maintain t*> mice, B6 females are mated to males
heterozygous for the t*2allele (t/+). The wild-derived mice
(MmF) we use are derived from wild progenitors captured
on Southeast Farallon Island, which is part of the Farallon
National Wildlife Refuge, located about 30 miles off the
coast of California near San Francisco (Farallon, 2013).
Invasive mice are the only terrestrial mammals on the
island currently (Schoenherr, et al., 1999; Farallon, 2013).
These mice show annual cyclic population variation with
peak densities in late summer and early fall. MmF mice
do not carry the t allele (Threadgill, pers. comm. 2013).
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Some of the highest mouse densities ever recorded in non-
commensal habitats are seen on Southeast Farallon Island
at over 1300/ha (490/acre) (Farallon, 2013; Newser, 2013).
Their diet consists primarily of invertebrates (Jones, et
al., 2006). The Farallons mice pose direct threats to an
endemic invertebrate and indirect threats to native seabirds.
The USFWS plans for a future mouse eradication with
rodenticide (Farallon, 2013). We established a colony of
wild-derived Farallons mice (MmF) at NCSU in 2013 and
they are now 8th generation derived from the wild. These
Farallon mice serve as the ‘island mouse’ model being used
to form demes for testing the ability of secondary invaders
to establish and mate successfully.

All experiments were conducted under an approved
Institutional Animal Care and Use Committee protocol
at North Carolina State University between 2015-2017.
Mice were maintained in a temperature-controlled
greenhouse with natural lighting and conditions suitable
for reproduction year round. Animals were fed ad libitum
with 5058 LabDiet® and daily health and welfare checks
were performed. To test if mating between wild-derived
MmF females and laboratory males occurred pairs of lab
males with wild-derived MmF females were created and
housed in 29 cm wide % 40 cm long * 19 cm high standard
laboratory cages. Each cage contained aspen bedding,
natural cotton, a 15 cm PVC tube and black oil sunflower
seeds for enrichment. Mice were housed in this manner
with weekly cage changes. To minimise disturbance,
mice were transferred over to a clean cage using a 15 cm
PVC pipe whenever possible. Pups were weaned at the
mouse standard of 21 days +/- 3 days (Silver, 1995) and
the litter size, sex and weight of the pups in grams were
recorded. In addition, an ear punch or tail snip was taken
for genotyping. Pups were then weighed as adults and their
weight in grams was collected for nulliparous individuals
between the ages of 70140 days.

Tests of male competition were conducted in semi-
natural enclosures. The size of these ‘arenas’ is 3 m?
closely approximating the size of those used by Slade, et al.
(2014). To allow for formation of hierarchies and nesting,
we added enrichment and complexity in the form of sand,
bricks, plastic blocks (‘Legos’) supporting multilevel
clear Plexiglass structures, galvanized wire mesh (1.25 x
1.25 cm mesh size), cardboard boxes and cardboard egg
cartons, and PVC pipes for environmental complexity. For
trials, all mice were placed into the arena at the same time.
Males were either weight matched to within 1 g (~5% of
body weight) or age matched within 8—10 weeks. All mice
used in the arenas were nulliparous and sexually mature.
Coloured ear tags as well as Clairol ‘Just For Men’ Black
Hair dye® was used to identify males. Trials included
combinations of MmF and t*> males as well as MmF and
F1 wild-lab males. At the start of each trial, both males and
two non-related MmF females were placed into the arena
and filmed for one hour. During this hour, we counted
the number of bouts, chases and attempts to copulate, or
time in proximity with females, as a means of assessing
dominance. Animal welfare checks and monitoring for
pups were performed daily. Any pups born in the enclosures
were weaned at the standard of 21 days and a tissue sample
was collected for genotyping.

To confirm the presence of the t*? haplotype, we used
a modified protocol where we amplified a portion the
Hba-ps4 (alpha-globin pseudogene-4) locus (Schimenti
& Hammer, 1990). The procedure uses a ‘dirty” DNA
extraction developed by one of our collaborators at Texas
A&M University (Kanavy, pers. comm. 2016). Tissue is
collected and either a 2—-3 mm tail snip or a 2 mm ear punch
is used. The ‘dirty’ DNA extraction buffer contains (50 pl
5 M NaOH, 4 ul 0.5 M EDTA, and 10 ml sterile water).
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100ul of extraction buffer is then added to the tissue sample
and incubated at 95°C for 20 minutes. After vortexing and
cooling 5 ul of 1 M HEPES is added. The sample is then
centrifuged at 6,000 g for five minutes and 40 pl of DNA
is extracted from the top. DNA electrophoresis of PCR
products shows a distinct band at 198 bp for wildtype mice
(+/+) while t*> homozygotes (t/t) display a band at 214 bp
and heterozygotes (t/+) show the presence of both bands.

Statistical analyses were conducted using JMP® Pro
12.2.0 (SAS) where 1-way ANOVAS were used for adult
weights and litter sizes. A mixed model ANOVA with the
fixed effect of litter size was used to separate litter size
from pup weight to compare pup weights. Next, post-hoc
analyses including orthogonal contrasts and Tukey’s HSD
tests were used to identify group differences. Litter sizes
and weights are presented as mean + SEM.

RESULTS

Adult weights were taken for males and females.
Sample sizes for males were as follows: B6 (33), t2(24),
MmF (53), F1 (21), and F2 (22). For females sample
sizes were: B6 (19), t*? (25), MmF (44) and F1, (23). The
average day of age that adult male weights were measured
at was the following: B6=80.43% 21.95; t2 =90.43+£27.65;
MmF 92.63+34.90; F1 93.03+19.46; and F2 89.48+28.27.
Similarly, for females the average day of age that the adult
weight was taken was: B6 91.24428.99; t*2 88.66+24.09;
MmF 89.20+36.14; and F1 82.25+38.15. Adult weights
varied by strain and sex, F,,.=28.35, p<0.0001. In addition,
t*2carrying males (2, F1, F2) were larger than MmF males,
F=58.00, p<0.0001. Similarly, t*? carrying females (t*?> and
F1) were larger than MmF females, F=7.75, p=0.0058 (Fig.
2). Due to space restrictions for husbandry, not enough F2
adult females had been reared to allow calculation of a
meaningful average for this group.

While litter size varied across strains F. A =4.59,
p<0.0007, MmF, F1 and F2 wild-lab mice had litter sizes
that were comparable (Fig. 3). Sample sizes for litter size
were as follows: B6 (27); t2 (20); MmF (45); MmF/B6
(19); F1 (21); and F2 (20). There were no differences
detected in the sex ratios for pups born, nor in the time of
gestation (data not shown).

Weaning weight was measured with a mixed model
ANOVA with litter size being a fixed effect. The samples
are as follows: B6 (18); t*2 (14); MmF (44); MmF/B6 (20);
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Fig. 2 Adult weight by strain and sex. 1-way ANOVA,
F,.,=28.35, p=0.0001. Tukey’s HSD reveals significant

differences in weights indicated by letters. Sample sizes
are indicated in parentheses.
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Fig. 3 Litter size by strain 1-way ANOVA, F,, =4.59,
p=0.0007 indicates significant differences in litter
size across strains. Tukey’s HSD reveals significant
differences in weights indicated by letters. Sample sizes
are indicated in parentheses.

F1 (13); and F2 (20). Pup weaning weight was significantly
different across strains (F,,,...=13.922, p=0.0001) and the
highest weaning weights were found in F1 wild-lab F2 and
Flsrespectively (Fig. 4). Highest mean weights at weaning
were 10.46+ 0.40 g (F1) and 9.82+ 0.33 g (F2).

In the arenas, preliminary trials of male competition
between t*2 males (laboratory strain) and MmF males
revealed no t*? transmission based on genotyping (three
trials with 35 pups total). The t*>male initially appeared
behaviourally dominant. He pursued females and chased the
MmF male away, but on subsequent days was subordinate
and tended to stay on top of the feeder out of view of the
MmF male. Preliminary trials with MmF males and F1
wild-lab males (eight trials, 47 pups) revealed strongly
contrasting results and a 70% transmission rate of the t*
allele. Here, five of the eight litters did carry the t*? with
31 of 33 pups from these litters confirmed. The F1 wild-lab
males appeared to be behaviourally dominant throughout
the trial in the same five trials where t*? pups were produced.
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Fig. 4 Weaning weight with fixed effect of litter size
Mixed Model, strain F51119=4.98, p=0.0004., litter size
F,,,=12.46, p=0.0006. Tukey’s HSD reveal significant
differences in pup weights across strains, which is
indicated by letters. Sample sizes are indicated in
parentheses.

Dominance was again based on initiation of chasing or
fighting with the MmF male and by time spent pursuing
or mating with females. When subordination did occur, the
subordinate males appeared to place themselves so as not to
be visible to the dominant individual. Behavioural results
are ongoing and were beyond the scope of this manuscript.

DISCUSSION

Relative fitness of gene drive carriers is likely to be
critical in determining the success of this approach (Burt,
2003; Manser, et al., 2015; Backus & Gross, 2016). Carriers
of gene drive constructs would need to be successful in
reproduction and reproductive competition if a genetic
approach to invasive rodent eradication is to be effective.
This work establishes some key initial conditions for
this success. First, lab mice and wild mice can breed and
produce viable litters. Second, while litters of the common
lab background t*> mice were smaller than those of wild-
derived mice under the more naturalistic conditions used
in this study, the F1 wild-lab litters were of comparable
size to those having two wild-derived parents. Preliminary
results also suggest F1 wild-lab males may have strong
potential for reproductive success, a likely prerequisite for
initial introgression of gene drive constructs into an island
population.

This work established that wild-derived Farallon
females will mate with laboratory males in standard cages
and at similar frequencies to those seen in matings with
wild-derived males (M. Serr, unpublished data). This was
an initial but critical step in assessing reproductive output
across strains and in F1 wild-lab mice. Furthermore, results
indicate that both F1 wild-lab and F2 wild-lab backcrossed
mice have litter sizes that are not different statistically
than those of Farallon mice. This is important in terms of
fitness and exploring the effectiveness of using the Sry/
t*2 haplotype technique. It is also important to note that
the reverse holds true, as wild-derived MmF males will
mate with B6 and t*? females in standard laboratory cages
although sample sizes are not adequate for statistically
meaningful comparisons. Results for pup weights indicate
F1 and F2 wild-lab pups have the greatest weight at weaning
and that this trend continues for adult males. Body size
affects male competitiveness in mice (Cunningham, et al.,
2013; Ruff, et al., 2017) with evidence suggesting that in
semi-natural enclosures male mice of intermediate weight
have the highest fitness (Ruff, et al., 2017). Matching mice
based on body size for our experiments helps rule out this
confounding factor, but for a potential gene drive release it
could be beneficial for the drive-bearing mice released to
weigh more than their wild counterparts.

Preliminary results from experiments in our larger
arenas examining competition suggested a surprising
pattern. Arena trials between MmF and t*? males suggest
the wild-derived MmF males are dominant to pure
laboratory strain males, preventing transmission of the t*?
allele. Interestingly, however, weight-matched F1 wild-lab
males carrying the t*2 allele appear more competitive and
behaviourally dominant to MmF males. Consistent with
this observation, we find a 70% transmission rate of the t*?
allele in arena trials analysed thus far. In addition, of the
three trials where the F1 wild-lab male was not dominant
MmF litter sizes were small with two of the three litters
only having two pups each. This suggests that F1 wild-lab
males are strong competitors and that females will mate
with F1 wild-lab males even when both male types are
present. It will be important to conduct further arena trials
to assess this competitiveness with greater sample sizes
and also assess the competitiveness of F2 wild-lab males.
Other reproductive comparisons we are conducting include
measuring testes weights. Testes weight is correlated to
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total sperm count in mice (Le Roy, et al., 2001). Testes
weight can also predict dominance and mating success,
as mice with higher testicular weight are more likely to
initiate mating with females and attack behaviour towards
conspecific males (McKinney & Desjardin, 1973). Finally,
nesting behaviour and the temperature of nests will be
important to examine across wild-derived, laboratory
and F1 wild-lab mice as anecdotal observations suggest
poor nest construction by laboratory mice. This could be
important too because in cooler environments studies have
indicated that nest building behaviour, thermoregulation,
and fitness are correlated (Bult & Lynch, 1997).

Our results suggest that F1 wild-lab males could be
efficient secondary invaders. This would be generally
consistent with other studies from island populations
(Jones, et al., 1995; Bonhomme & Searle, 2012). However,
the situation may be different for females. Introduction of
mice from a commensal population on the Isle of Eday to
the Isle of May did not lead to the spread of mitochondrial
DNA markers, which are maternally inherited. These
results were in contrast to those for a Y-chromosome
marker and suggested females were unable to secondarily
establish while males did (Jones, et al., 1995). Studies from
other islands have corroborated these results in suggesting
no integrations of new maternal haplotypes from later-
arriving females (Searle, et al., 2009; Gabriel, et al.,
2010; Jones & Searle, 2015). This apparent male-female
asymmetry in secondary establishment ability, however,
has not been experimentally tested. One approach to
addressing this apparent asymmetry is having records
of detailed behaviour in more naturalistic arena settings.
We have designed and implemented a Radio Frequency
Identification (RFID) system for tracking mouse
movements. RFID tracking allows collection of detailed
behavioural records and works well with wild house mice
(Weissbrod, et al., 2013; Auclair, et al., 2014). Behavioural
measures include time spent at nest boxes, running wheels
and food. With this information we can assess the number
of visits, the timing of visits, the number of interactions
and time in social contact with one another (Konig, et al.,
2015; Lopes, et al., 2016).

A second approach is to test the ability of different
strains to establish dominance in a standard test termed
resident-intruder paradigm. A previous study used this
approach to compare competitive behaviour in house
mice from the Isle of Eday and the mainland, finding the
island mice were significantly less aggressive (Gray &
Hurst, 1998). Expanding trials to increasingly complex
naturalistic experimental arenas should give insight into
the relative abilities of male and female mainland mice
to secondarily invade and therefore genetically introgress
into an island population.

Other factors that could influence the potential success
of an eradication effort include mate-choice and tolerance
of island conditions. Mate-choice factors known for mice
include odorant cues such as urinary proteins and ultrasonic
vocalisations (Hurst & Beynon, 2004; Blanchard, et al.,
2009; Musolf, et al., 2010). Island conditions and climate,
in particular, could be important influences on the success
of introduced mice (Berry, 1992). The island syndrome
for rodents predicts increased body mass and decreased
aggression (Adler & Levins, 1994; Gray & Hurst, 1998;
Cuthbert, et al., 2016). In addition, the island syndrome in
rodents is often associated with high population densities,
increased reproductive output, and increased survival rates
on islands (Adler & Levins, 1994). Mice are able to adapt
to new conditions and islands (Anderson, 1978; Bronson &
Pryor, 1983) and this adaptation could be critical for fitness,
although any construct would presumably be introgressed
into an island genetic background relatively quickly as it
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spread. The population genetic structure of the mice already
present on an island would be critical for a synthetic gene
drive, but other factors including the rate of inbreeding,
ratio of reproductive males to females, and age structure
of the mouse population(s) might also prove important.
These are also likely to impact spread of either a synthetic
or natural drive like the t-haplotype considered here. In
regions with seasonality and temperature variations, mouse
populations often undergo a ‘boom and bust’ cycle, as seen
in the Farallon Islands, where the populations can erupt
only to die off with changes in temperature. The timing
of release of secondary invaders will likely be important
in these situations (Singleton, et al., 2005; Farallon, 2013;
Backus & Gross, 2016). Both natural and sexual selection
could influence the number of drive carrier mice that would
be required for eradication success. A study by Backus &
Gross (2016) modelling the Sry/t*? gene drive found that
the relative fitness of the mice carrying the gene drive
determined whether multiple releases would be required.
Similarly, Prowse, et al. (2017) modelled synthetic gene
drives and found that a sex reversing drive would require
multiple releases to achieve eradication success.

The concept of reducing invasive mouse populations
through release of genetically-modified mice is still in the
carly stages of development. Many key issues will need
to be addressed to determine whether this is a feasible
approach. We have shown that an island-derived wild
strain will mate with t*>-carrying laboratory males and
produce comparable litter sizes to those of wild—wild
matings. Promisingly, we also see that pup-weaning
weights are larger for F1 and F2 wild-lab mice and that
F1 wild-lab males may be stronger competitors in semi-
natural enclosures. A key future step will be to scale up
trials in arena size and environmental complexity. Larger
enclosures could be used with greater numbers of mice to
test whether a gene drive can spread under controlled and
biosecure, but naturalistic conditions. Finally, beyond the
technical issues discussed above, social license for any
environmental releases would be crucial (NASEM, 2016).
As gene drives are a new technology still in development,
input from the relevant publics and regulatory authorities
will be very important moving forward and this input is
also likely to lead to additional interesting and important
questions that developers will need to address.
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Abstract Aerial broadcast application is currently one of the most common methods for conducting rodent eradications
on islands, particularly islands greater than 100 ha or with complex and difficult topography where access by ground
teams is difficult. Overall, aerial broadcast applications have a high success rate, but can be burdened by logistical,
regulatory, and environmental challenges. This is particularly true for islands where complex shorelines, sheer terrain, and
the interface with the marine environment pose additional risks and concerns. Using data collected during ten eradication
projects we investigate the influence that operational realities have on broadcast applications. We tested the association
between the amount of bait used and island size, topography, and the desire to reduce bait application into the marine
environment and then compared planned bait application to actual bait application quantities. Based on our results, islands
of decreasing size and increasing coastal complexity tended to use more bait than anticipated and experienced greater
variability in localised bait densities. During operations, we recommend analysing flight data to identify treated areas
with localised bait densities that fall below the target application rate. We recommend that areas with low localised bait
densities may result in biologically significant gaps that should receive an additional application of bait based on project
risk variables such as target home range size, non-target bait competitors, and alternative foods. We also recommend a
common language for discussing aerial broadcast applications and where future work can be done to improve operational

decision making.

Keywords: bait density, gaps, geographic information systems (GIS), island invasives, operational monitoring

INTRODUCTION
History of aerial broadcast applications

One of the primary principles for rodent eradication
is ensuring sufficient bait is distributed to every potential
rodent home range, so that every rodent is exposed to bait
for long enough to cause mortality (Bomford & O’Brien,
1995; Howald, et al., 2007). The aerial application of
rodenticide is one of the most common and effective ways
for eradicating rodents from islands (Holmes, et al., 2015).
Aerial broadcast techniques were first developed in the
1980s and methodology and principles were developed over
several decades as lessons learnt were applied to projects of
increasing size and complexity (Towns & Broome, 2003).
The first aerial applications relied on the use of modified
“monsoon” fire-fighting buckets slung beneath a helicopter
and flown by eye or guided by ground personnel. These
early projects were often successful in removing rodents,
despite difficulty in controlling application rates and the
need to use hand spreading to fill gaps (Garden, et. al.,
2019). The advent of specialised mechanical spreading
buckets to control bait application rates and distribution,
and global positioning systems (GPS) to guide pilots along
straight flight paths and record bait spread, revolutionised
aerial application techniques (Garden, et. al., 2019). These
changes allowed rodent bait to be delivered with far greater
precision over much larger areas, resulting in the successful
removal of rodents from islands larger than 10,000 ha
(Campbell 11,300 ha; Macquarie 12,800 ha; and South
Georgia 108,700 ha) (Broome, 2009; Russell & Broome,
2016; Martin & Richardson, 2017).

Aerial application principles

It is impossible to predict where all rodent home ranges
are and, because rodents are highly tolerant of a wide range
of habitat types, the whole island must be assumed to
support rodents, and the entire island is ultimately treated.
Bait application rates are set to ensure that bait is readily
available in all potential rodent home ranges and target bait
application rates are often informed by bait availability
trials (Pott, et al., 2015) or rates used on similar islands
that were previously successful (Broome, et al., 2014).

These rates are conservatively selected to ensure enough
bait for all the rodents on the islands while accounting for
loss and uptake by non-target competitors, like land crabs,
that reduce the amount of bait rodents are exposed to (Pott,
etal., 2015).

In general, one bait application rate is targeted across
an entire island because stratification increases complexity
and the risk of gaps in bait coverage (i.e. areas where some
rodents may not be exposed to bait), increasing the risk
of eradication failure (Keitt, et al., 2015). Subsequently,
projects are generally designed to use parallel flight lines
with 50% overlap between lines and additional parallel
flights along the coast to reduce the risk of gaps. Projects
may apply additional bait on steep cliffs because they have
a larger surface area (3D) than planar area (2D), resulting
in un-even bait distribution from bait falling downslope
(Broome, et al., 2014).

Challenges in aerial application

There are technical limitations of helicopters and
mechanical bait spreaders in applying bait over an entire
island. Operational realities, like wind, flight speed and
turning capabilities of the helicopters, steep terrain, and
unevenness of bait pellet distribution from the mechanical
spreader can impact bait placement on the ground, leading
to potential gaps in coverage. To ensure sufficient coverage
the pilot must reapply bait over potential gap areas, resulting
in locally increased bait densities where this additional
application partially overlaps with previous flight lines.
Additional complications arise when areas need to be
excluded from aerial application, such as human habitation,
inland water features or the marine environment. These
operational constraints tend to increase the total amount
of bait needed because additional overlapping flight lines
are required to ensure no gaps in coverage exist along edge
boundaries.

When trying to eradicate a rodent population, planning
tends to focus on targeting the worst-case scenario,

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 71-78. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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ensuring that there are no gaps, meaning that bait overlaps
with the smallest known home range. However, it is not
well understood if applying less bait could constitute
biologically significant gaps where reduced bait availability
within a rodent’s home range decreases the likelihood of a
rodent being exposed to a lethal dose. The potential risks
posed by biologically significant gaps may be particularly
relevant on tropical islands, which tend to have more
non-target bait competitors and alternative food sources
(Holmes, et al., 2015), or when targeting multiple rodent
species.

These challenges have generally led to an “over-
engineering” approach to project design under the
perception that more bait increases the likelihood of
eradication success (Cromarty, et al., 2002); however,
higher bait use has trade-offs, such as increasing risk to non-
target species (Parkes, et al., 2011). We sought to improve
existing knowledge of what constitutes an ‘optimal’ bait
application rate, and what is a biologically relevant gap
in baiting. We examined ten projects to 1) understand
factors influencing the difference in bait use between what
was planned and what happened on the ground, and 2)
characterise localised bait application rates amongst these
ten projects to further understand what may constitute a
gap. Specifically, we asked:

What are the differences in total bait used between
three baiting scenarios and what physical and operational
factors are associated with these differences?

How does localised bait application rate vary and
how do areas estimated to be below the target application
compare to rodent home range size?

METHODS
Aerial application terminology

The target application rate is the desired rate of bait
deployment, in mass per unit area (e.g. kg/ha), to be applied
across the island. The target application rate is usually
based on bait availability trials and is set to maintain bait
availability for a certain period. The average application
rate is the total amount of bait distributed over an island
divided by the area of the island, in bait mass per unit area,
and is generally used for comparing eradication projects.

In general, bait is applied via a modified fertiliser
bucket underslung from a helicopter that distributes bait
either 360 degrees (full swath) or 180 degrees (half swath
or directional) from the bucket. Each bucket throws bait
pellets a certain distance as a function of bait product
size and weight and the speed of the distribution spinner.
The swath width is the effective distance that baits are
consistently sown, which is conservatively set during
calibration trials and less than the maximum distance the
bucket can throw bait.

The flow rate is the rate, in mass per unit time (i.e.
kg/sec), at which bait is distributed by the bucket. This
may be controlled in a variety of ways, depending on the
mechanics of a bucket, but is often controlled manually
with aperture discs that vary in size to restrict how much
bait can enter the spinner.

A bucket’s sow rate is the rate, in mass per unit area
(e.g. kg/ha), that bait is distributed from the bucket and is
a function of the helicopter’s flight speed and the bucket’s
flow rate. In general, a faster flight speed will decrease the
sow rate while a larger aperture disc will increase the sow
rate.

Using a GPS unit, bait is generally spread in parallel
flight lines employing planned overlap between flight lines
to reduce the possibility of gaps in bait coverage. When
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using overlap the sow rate must be reduced to achieve the
desired target application rate (i.e. using a planned 50%
overlap buckets would require a sow rate of 5 kg/ha if
the target application rate was 10 kg/ha). In areas where
multiple flight line swaths overlap localised bait densities
achieved on the ground, in mass per unit area (e.g. kg/ha),
may be higher than the target application rate, and where
planned overlap does not occur bait densities may be lower
— resulting in undertreated areas. The GPS unit assists
helicopter pilots during bait application by indicating
deviance from the desired flight line and displaying the
current flight speed.

Supplemental bait is additional bait needed to fill
unplanned gaps, undertreated areas, or areas that require
additional treatment like steep cliffs or preferred habitat.
Contingency bait is bait held in reserve to replace spoiled
bait and is generally intended to be left unused at the end
of an operation.

Data from aerial broadcast eradication projects

Between 2008 and 2016 aerial baiting data were
collected and analysed across ten different rodent
eradication projects representing a variety of different
island habitats, sizes, strategies, outcomes, and regulatory
environments (Table 1). We used these data for our
analyses.

For each operation, an aerial baiting plan was developed
to estimate the total amount of bait required to complete
the operation. High resolution satellite imagery (<1 metre
per pixel) was acquired and used to estimate the island
area by digitising along the mean high-water mark at a
scale of 1:2,500. Treatment area estimates were generated
by calculating the area from hypothetical parallel flight
lines over the island with 50% overlap, using an estimated
effective swath width, and a single directional coastal
boundary swath, at half the estimated effective swath
width, along the coastline. For the nine projects with the
most conservative regulatory guidelines that restricted bait
entry into the marine environment, the start and end of the
parallel flight lines were brought in from the coast by half
of the estimated effective swath width, and an additional
coastal overlap buffer was estimated that overlapped with
the ends of the interior flight lines and the coastal swath.

On several operations, areas were identified for
supplemental treatment (e.g. steep cliffs) or exclusion
from aerial treatment (e.g. inland bodies of water, human
habitation) and treatment areas were calculated based on
the operational parameters. Steep cliff areas were estimated
by acquiring Digital Elevation Models (DEM) with a
resolution of 30 metres per pixel or better. Slope estimates
were calculated based on the DEM and used to identify
areas for additional treatment. Exclusion zones were
treated like the coastal edge, with flight line ends starting
and stopping at least half the effective swath width from
the exclusion boundary and a half swath flown around the
exclusion boundary to minimise gaps.

To estimate the total amount of bait required per
application treatment, area estimates were multiplied by
the sow rates required to achieve the target application rate
on the ground.

Acerial bait tracking

During each operation, a tracking worksheet was
completed that recorded detailed information about
each bucket load including: helicopter departure time,
helicopter arrival time, bucket type, disc size, bait placed
in the bucket, bait returned in the bucket, and cumulative
area treated as recorded by GPS (TracMap Ltd., Otago,
New Zealand iOS 1.7.2). For each bucket load the amount
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of bait used and area treated were calculated and used to
estimate the sow rate achieved. The sow rate information
was relayed to project management and the pilot to inform
decisions about adjusting disc size or flight speed to ensure
a consistent sow rate.

Flight line data were downloaded from the GPS unit
and treatment polygons (spatial representations of where
bait was spread) were estimated by buffering the flight
lines based on the effective swath width calculated during
operational bucket calibration. Using the helicopter times
from the tracking worksheet and the times recorded in the
flight line GPS data, the recorded sow rates were assigned
to treatment polygons (now spatial representations of
where bait was spread and at what rate it was applied).
GIS-derived bait density estimates were calculated by
dissolving overlapping treatment polygons into new non-
overlapping polygons and summing the sow rates of the
overlapping parts. Bait density estimates and flight line
maps were reviewed to identify gaps or undertreated areas.

Factors associated with difference in planned and
actual bait amounts used

To evaluate what factors were associated with the
total bait applied during an aerial operation, aerial baiting
data from the ten projects, comprising 17 different island
blocks, were collated (Table 1). In some cases, an island
block comprised of multiple treatment units (i.e. motu
or small islets) that were treated collectively. There were
three projects where multiple island blocks were treated
as independent units. Ten exploratory factors thought to
be associated with differences in aerial bait applications
were collected for each application (Table 2). Only the
first application for each island block was analysed as
they were the most comparable because the amount of bait
applied during the second application could be influenced
by the amount of bait used during the first application, bait
availability monitoring data, or the use of supplemental
bait.

These ten factors were compared against two response
variables, referred to as bait use scenarios: 1) the percent
change between the bait amount in a hypothetical
uniform scenario, where bait is evenly distributed across
an island, and the planned amount of bait to be used
(Auniform.planned); and 2) the percent change between

the planned amount of bait and the actual amount of bait
used (Aplanned.actual) (Fig. 1). The variable ‘Auniform.
planned’ represents the change in bait required between a
uniform application and what was planned to account for
physical island characteristics and strategy decisions such
as reducing bait into the marine environment. The variable
‘Aplanned.actual’ represents the difference between
what was planned and what happened on the day due to
operational realities, such as unexpected deviations in sow
rates and flight path.

We used Spearman’s rank correlation to explore
relationships between variables we thought may influence
planning (Auniform.planned) and how the reality of the day
affects the plan (Aplanned.actual). To minimize the chance
of Type I error resulting from multiple pairwise tests, we
chose to test four variables (elevation, size, coastline, and
flight lines) for correlation with the two bait use scenarios
and penalized the p-value by a factor of 8 (P<0.0006).
The remaining explanatory variables were expressed as
boxplots and compared with exploratory statistics.

Uniforn?‘ o

Fig. 1 Examples of bait use scenarios used and normalised
percent change, delta, in bait use between scenarios.
Uniform represents bait needed in an even distribution of
bait across island area, planned represents bait needed
based on predicted flights paths and overlap, and actual
represents bait used.

Table 2 Explanatory physical and operational characteristics evaluated.

Physical characteristic Definition

Country
Habitat

Island type
Max. elevation
Size

Coastline

Country operation was implemented in

Tropical or temperate

Volcanic or coral atoll

Maximum elevation in meters as a proxy for steep terrain
Size of area to be treated (km?)

Length of coastline to be treated (km)

Operational characteristic Definition

Target rate

Minimum application rate expected to be achieved on the

ground, in some cases the coast and interior had different
expected rates. The lowest expected rate was selected

Number of flight lines
Supplemental treatment

The total number of flight lines flown

Cliff, coast, or none to represent areas that received

additional treatment above the target application rate

Coastal overlap buffer

True or false if the coastal overlap buffer strategy was

employed to reduce bait into the marine environment
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Variability in bait densities achieved

To evaluate the distribution of bait densities (kg/ha)
we used GIS-derived bait density estimates from the 17
island blocks. For each island block, the area and estimated
bait density of each polygon representing the bait density
achieved on the ground from overlapping swaths was
exported. Polygon areas representing areas smaller than
100 square meters (0.01 ha) were excluded as they were
smaller than what is commonly considered a significant
gap. For each island block, a bait density distribution was
calculated to represent the total amount of island area
treated at each bait density rate (e.g. 10 ha at 5 kg/ha)
by summing the areas of treatment polygons at each bait
density rate. To normalise bait density distributions across
island blocks, values were represented as a percentage of
the target application rate (e.g. 50% = half, 100% = target
rate, 200% = twice target) and areas as a percentage of the
total island area treated.

RESULTS

Factors associated with differences in planned and
actual bait amounts used

The 10 projects analysed most often occurred in tropical
regions (7 projects, 14 of 17 island blocks) and ranged in
size from 82,900 ha, and 5430 m in elevation. Target
application rates ranged from 6 to 80 kg/ha, supplemental
baiting used in seven island blocks, the coastal buffer
overlap strategy used in 10 island blocks, and the number
of flight lines flown spanned 9—-1096.

On average, 20% more bait than the uniform scenario
(Auniform.planned) was planned for, and 16% more bait
was used than planned (Aplanned.actual). The variables
Auniform.planned and Aplanned.actual showed no
associations with the four factors investigated (elevation,
size, coastline length and the number of flight lines)
(Table 3). Median results of the 17 island blocks were 380
hectares, 214 flight lines, 80 m in elevation, and an 18 km
coastline. Although no statistical correlation was evident
among the island blocks and these factors, those blocks
below the median showed a mean Auniform.planned
that was two to three times greater than blocks above the
median, suggesting that compared to larger islands in our
sample, planning on smaller islands typically identified
proportionally more bait than a uniform distribution. The
same trend is evident for Aplanned.actual with mean values
for islands blocks below the median being one and a half
times greater than above the median, showing that among

Table 3 Spearman’s correlation and p-value of factors
thought to influence bait use. Factors were considered
associated with changes in bait use if Rho > 0.3 and
p-value<0.006. Negative numbers represent a negative
association (i.e. as one factor increases the other
decreases) and positive numbers a positive association
(i.e. as one factor increases so does the other).

Scenario Factor Rho p-value
Auniform. Max. elevation -0.193  0.458
planned Size 0389 0.123
Coastline -0.288  0.262
Flight lines -0311  0.224
Aplanned.actual ~ Max. elevation -0.252  0.328
Size -0.212 0414
Coastline -0.185 0477
Flight lines -0.272  0.291

Considerations of aerial broadcast for rodents

our sample, smaller islands used proportionally more bait
than planned for, compared to larger islands. Of the 14
tropical island blocks, five were on coral atolls, and these
generally had a higher number of flight lines (M = 474.6,
SD=215.1), compared to volcanic islands (M=121.1,
SD=110.5).

Three island blocks conducted in the United States
(Desecheo 2012, 2016, and Palmyra) had a negative
Aplanned.actual, putting less bait on the ground than
planned. The 10 blocks using the coastal buffer overlap
strategy to reduce bait into the marine environment showed,
on average, lower Auniform.planned and Aplanned.actual
compared to blocks that did not use this strategy.

Analysis of bait density estimates

On average, 5.1% (SD=3.8) of total island area received
less than 50% of the target application rate and 0.8%
(SD=1.6) of total island area received more than 400%
of target (Fig. 2). The GIS derived bait density estimate
polygons representing these areas had an average size of
0.12 ha (SD=0.2) and 0.03 ha (SD=0.04), respectively.
Bait density estimates from each island block are shown
in Fig. 3. Bait density estimates of less than 75% of the
target application rate were visually compared against
grids representing conservative minimum (0.01 ha) and
average (0.1 ha) rodent habitats on tropical islands based
on available literature (Fig. 4).

DISCUSSION

Factors associated with differences between planned
and actual bait amounts used

From a statistical perspective, the sample size we used
is considered small (n=17), and less than ideal because it
was opportunistically collected (and not experimentally
collated). From a conservation practitioners perspective,
the opportunity to compare 17 different island
blocks consistently is rare, and a positive example of
collaboratively working to answer questions relevant
across the island restoration field. A key result from our
investigation is that projects planned to use 20% more bait
than the hypothetical uniform application and used 16%
more bait than planned, suggesting that simply estimating
bait quantities by multiplying island area by target
application rate is insufficient to judge how much bait
will be needed. On average, the percent change between
the planned amount of bait and actual bait used was less
than the percent change between the hypothetical uniform
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Fig. 2 Box plot of bait densities across projects represented
as % of total island area treated vs % of target application
rate.
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Fig. 4 GIS derived bait density estimates showing shaded
areas less than 75% of the target application rate against
potential (A) minimum (0.01 ha) and (B) average (0.1 ha)
home range sizes from literature review.
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amount of bait and actual bait used, suggesting that the
aerial bait plans were more accurate at forecasting bait use
but still underestimated actual bait required.

In general, smaller islands and islands with shorter
coastlines, less elevation, or fewer flight lines planned to use,
and actually used, a higher percentage of bait than projects
on larger islands or those with more topography or flight
lines. This suggests that small islands use proportionally
more bait and that projects with fewer flight lines are more
complex. While coastline length and maximum elevation
were likely not differentiated enough from island size to
detect a significant difference, the four-fold increase in
the number of flights flown on tropical coral atolls, which
have two coastal edges (lagoon and ocean), compared
to volcanic tropical blocks suggests coastal complexity
needs to be factored into planning. While the number of
flight lines is also related to size, projects with fewer flight
lines also have less room for error and could experience
greater variability in bucket sow rates. Small islands may
be able to improve bait applications, and reduce unplanned
bait use, by employing strategies to increase the number
of flight lines flown such as flying the parallel flight lines
twice per application at half the target rate.

Perhaps the most interesting result was that projects
implemented in the United States were the only projects,
on average, to use less bait than planned. The United
States has a complex regulatory environment, and aerial
broadcasts are required to stay below permitted application
rates. When implementing an eradication, projects in the
United States had to balance the desire to achieve the
desired target application rate with not exceeding the
permitted application rate. Striking this balance resulted
in projects using less bait than planned, particularly when
the desired target rate was close to the permitted rate.
This suggests that regulators should be involved early in
the planning process so that regulatory approval can be
sought to maximise project success. A single permitted
application rate, such as the one designated on the bait
product registration in the United States, is not necessarily
appropriate for every project and, when appropriate,
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projects should develop site-specific operational strategies
using the best available science. Regulatory bodies should
review these strategies and recommended application rates
on a case by case basis.

Bait application variability and consequences

It is noteworthy that, on average, 5% of the total island
block area had bait density estimates less than half of the
target application and 0.4% had bait density estimates
greater than four times the target application rate (Fig.
2). This suggests a relatively high degree of precision
in balancing the risk of failure (i.e. low localised bait
densities) with unintended environmental impacts (i.e.
high localised bait densities). Comparing the distributions
of bait densities, larger (> 100 ha) single unit island blocks
(i.e. those treated as a single contiguous unit: Antipodes,
Desecheo, Hawadax, Pinzon, and Rabida) generally tended
to have less bait density variability, with more than 60% of
total island area near the target application rate, compared
to smaller islands (< 100 ha) or island blocks consisting
of multiple treatment units (Galapagos Islets, Gambier,
Palmyra, Plaza Norte, Temoe, Tenarunga, Vahanga, and
Wake) with less than 50% of total island area near the target
application rate (Fig. 3). This is logical given that large or
single unit island blocks have longer flight lines with which
to “settle” into consistent sow rates and a smaller coast
to size ratio resulting in fewer overlapping flights. Island
blocks with multiple treatment units, particularly tropical
coral atolls (Palmyra, Temoe, Tenarunga, and Vahanga),
tended to have a higher percentage of total island area
with localised bait densities more than twice the target
application. These tropical coral atolls have more coastline
for their size than other similarly sized islands, and thus
the consequences of the flight line overlap necessary to
minimise the chance of gaps near the coastline (i.e. higher
localised bait densities) are more pronounced. This result
underscores the trade-offs of ensuring complete coverage
along complex coastlines.

Examinations of the two failed projects (Desecheo in
2012 and Wake) suggested low bait densities as one of the
potential reasons contributing to failure (Derek Brown,
pers. comm.). The bait density distribution of the failed
2012 Desecheo project shows a larger proportion of the
island experienced localised bait densities less than half
the target application rate during the first application
(7.7%), compared to similar islands. Desecheo had a high
abundance of non-target bait competitors (up to 833 crabs/
ha) and bait availability plots in one habitat showed bait
availability reaching zero within two to three nights (Will,
et al., 2019). It seems likely that areas with localised bait
densities less than half the target application rate would
have experienced even less bait availability. On Wake, the
bait density distribution shows a smaller proportion of the
island achieved less than half the target application rate
(1.4%) compared to similar islands, but bait density maps
also show fewer flight lines extending up to the coastal
edge and the presence of bait gaps on the beaches between
the mean high-water mark and predominant vegetation.
These observations may be instructive in improving the
quality of future bait applications, suggesting that future
applications consider applying additional bait (i.e. reapply)
in areas with bait densities identified to be less than the
target application rate and consider minimising the amount
of untreated coastal edge on tropical coral atolls. These
are areas where bait availability may be much less than
expected and may not be immediately obvious when
inspecting flight line maps. It is impossible to know if
these improvements would have resulted in successful
eradication attempts on Desecheo in 2012 and on Wake,
but they would have removed questions about the quality
of bait coverage as a possible contributor to eradication
failure.

What is a significant biological gap?

Comparing actual bait densities achieved to the
hypothetically smallest potential home range size can
be instructive in informing risk tolerance for future
operations. Rodent home ranges are highly variable, but
amongst R. rattus have been recorded ranging from 0.012
to > 10 ha (Shiels, et al., 2016; Harper & Bunbury, 2015).
It is in the smaller home ranges, particularly for breeding
female rodents, where localised deficiencies in bait density
present the highest risk of a rodent not being exposed to a
lethal dose of bait (i.e. undertreated areas). We considered
any areas that achieved less than 75% of the target
application rate to be undertreated, which were generally
the result of flight line deviation and were small (<0.1 ha)
and irregularly-shaped (hundreds of meters long and <20
m wide). Despite their size and shape, these undertreated
areas were still large enough to encompass most, if not all,
of an assumed 0.01 ha potential minimum home range, but
a minority of an assumed 0.1 ha average home range (Fig.
4). This suggests that, at the extreme, localised deficiencies
in bait density could make bait less available than expected
in entire potential rodent habitats where rodents have small
home ranges.

Whether localised bait density deficiencies (i.e.
undertreated areas) constitute biologically significant gaps
is largely a consequence of toxicology, rodent biology
and island ecology, and is project dependent. Ultimately,
projects should anticipate that localised deficiencies in
bait density are almost inevitable and determine what
risk they pose to project success based on site specific
conditions. In the presence of alternative foods and non-
target bait competitors, or on islands targeting species
with small home range sizes or multiple rodent species,
areas that receive less than the target application rate
could result in insufficient bait availability and constitute
biologically significant gaps that pose a risk to project
success. Where biologically significant gaps are a concern,
project managers can either choose to increase the target
application rate to increase the localised bait density of
undertreated areas or set area size and application rate
thresholds (i.e. 0.1 ha or larger with a bait density less than
half the target application rate) to reapply bait.

Improving aerial application data analysis

Although GIS-derived bait density estimates provide
a useful metric for identifying gaps or undertreated areas,
they do have limitations and assumptions. A key limitation
is they are not a direct measure of bait on the ground,
and where possible on-ground measures of bait density,
particularly with adequate sample size, can improve
these data. Further, GIS-derived bait density estimates
assume a) that flight speed is constant along the length of
a flight line, b) bait pellet distribution across a swath is
even, and c¢) wind has no impact on bait spread. A novel
model called the Numerical Estimation of Rodenticide
Dispersal (NERD) models these assumptions to generate a
probability density function describing bait density and was
successfully implemented on several projects in Mexico
(Rojas-Mayoral, pers. comm.; Samaniego-Herrera, et al.,
2017). These sorts of novel models are highly appropriate
on high risk islands targeting species where smaller rodent
home ranges may be anticipated (e.g. tropical islands
where breeding may be expected). However, regardless of
the analysis method used, managers are advised to trust
in the broader rodent eradication principles and exercise
caution to avoid overanalysing baiting data.

77



Island invasives: scaling up to meet the challenge. Ch 1A Rodents: Planning

RECOMMENDATIONS

Insummary, we propose the following recommendations
to improve the planning and implementation of aerial
broadcast applications for eradications.

Use high-resolution satellite imagery to estimate
island size. Accurate estimates of operational area will
improve estimates of the amount of bait needed and reduce
the risk of having insufficient bait or the cost penalties of
transporting and disposing of too much bait.

Create predicted flight plans to inform planning
and estimate bait requirements. Multiplying island area
by target rate is not an accurate estimate of bait needed.
Including flight line overlap between parallel swaths and
at the coastal boundary will improve accuracy of bait
total estimates, reducing the chance of having too little
bait. Additionally, predicted flight plans are useful in
communicating the desired strategy.

Projects should plan for small islands to use
more bait than anticipated and islands with complex
coastlines to experience greater variability in bait
densities. Coral atolls with lagoons have two coastal
edges, which increases complexity, and should plan to use
more bait and experience more areas of high localised bait
densities. Small, complex projects should plan on ordering
additional bait to treat gaps and compensate for areas of
unplanned overlap.

Managers of projects on small islands should
consider modifying operational strategies to reduce
using additional bait. Increasing the number of flight
lines by flying the island twice per application (with
sowing rates adjusted to achieve the target rate), reducing
the amount of bait in the bucket per load to reduce the
percentage of island covered per flight, or conducting
additional calibration runs to ensure consistency should be
considered.

Projects should seek site-specific regulatory approval
that maximises project success. A single permitted
application rate is not sufficient to maximise success for
all projects. Where appropriate, application rates should
be tailored to site-specific conditions and be informed by
the best available science. Additionally, to ensure clarity,
projects should seek site-specific approval to implement
predicted flight plans that describe the application rates
and strategy needed to maximise project success. This
is particularly relevant for projects implemented in the
United States.

Use bait density estimates to identify areas treated
below the target application rate. Tracking sowing rates
achieved per load and assigning them to flight line data
improves the understanding of bait coverage and allows
managers to identify undertreated areas. Novel or high-risk
projects should also consider using more fine scale bait
density modelling approaches like NERD (Rojas-Mayoral,
pers. comm.).

Projects should set gap size tolerances and
application rate thresholds to match project risk
variables. Clarify in advance of the project what constitutes
a biologically relevant baiting gap based on what is known
about the target species, island habitat, topography, and
presence of non-target bait competitors. It is highly likely
that a broadcast application will result in less than expected
bait availability in the smallest potential rodent home
ranges. For rodents with small home ranges, or tropical
islands with high densities of non-target bait competitors,
alternative food sources, or multiple rodent species a
smaller gap size or higher application rate threshold may
be warranted.
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Abstract Eradication techniques using ground-based devices were developed in New Zealand in the early 1970s to target
invasive rodents. Since then, different bait station designs, monitoring tools and rodenticide baits have been developed,
and changes in field techniques have improved and streamlined these operations. The use of these techniques has been
taken around the world to eradicate rodents from islands. Eradication technology has moved rapidly from ground-based
bait station operations to aerial application of rodenticides. However, regulations, presence of and attitudes of island-
communities and presence of a variety of non-target species precludes the aerial application of rodenticides on islands in
many countries. As such, ground-based operations are the only option available to many agencies for the eradication of
invasive rodents from islands. It is important to recognise that the use of ground-based operations should be a valid option
during the assessment phase of any eradication proposal even in countries that can legally apply bait from the air; in many
instances the use of ground-based techniques can be as economic and rapid. The use of ground-based operations can also
facilitate opportunities for in-depth monitoring of both target and non-target species. Using examples of the techniques
and developments used in five ground-based rat eradication operations from the UK demonstrates how these methods
can be used safely and successfully around the world, even on islands in the order of hundreds of hectares and those with

communities.

Keywords: bait station, ground-based, inhabited, island, rodenticide

INTRODUCTION

Albeit unanticipated, the eradications of rats from
Rouzic Island, France in 1951 and Maria Island, New
Zealand in 1960 were the first successful rat eradication
operations on islands anywhere in the world (Towns &
Broome, 2003; Lorvelec & Pascal, 2005; Howald, et al.,
2007). These unintentional eradications spurred efforts in
New Zealand to develop and perfect eradication techniques
(Cromarty, et al., 2002; Thomas & Taylor, 2002; Towns
& Broome, 2003). Between 1965 and 1986, New Zealand
wildlife managers, ecologists and scientists used a range of
experimentally designed operations to determine the best
methods to consistently, successfully eradicate rats from
islands (Cromarty, et al., 2002; Towns & Broome, 2003).
Seabirds and other native species on islands are particularly
vulnerable to invasive mammal species, particularly
rats. The eradication of invasive mammals is considered
the first step in island restoration and the subsequent
recovery of native species and biodiversity. Since these
early ground-based operations, rats (Rattus rattus, R.
norvegicus, R. exulans) have been successfully eradicated
from over 400 islands ranging in size from 1 to 12,850
ha, around the world, using the full gamut of methods and
technology (Moors & Atkinson, 1984; Atkinson, 1985;
Towns & Broome, 2003; Howald, et al., 2007; Jones, et al.,
2008; Parks & Wildlife Service, 2008; Parks & Wildlife
Service, 2014, DIISE, 2015). Of these rodent eradications,
the largest ground-based rat eradication operation, was on
Langara Island in British Columbia at 3,100 ha, and the
largest ground-based rat eradication in the United Kingdom
(UK) was on the Isle of Canna at 1,300 ha (Taylor, et al.,
2000; Bell, et al., 2011; DIISE, 2015).

Techniques and technology developed in those early
eradications have since moved on from ground-based
hand-broadcast and bait station operations to aerially-
applied rodenticide operations and these have now been
used across the globe. Advances in, and alterations to,
techniques and tools have streamlined ground-based
operations. Lessons learnt from each eradication have
improved the next operation. However, in several
countries, including the United Kingdom (but excluding
the United Kingdom Overseas Territories), methods to
eradicate rats are restricted to ground-based methods.

The presence of critical non-target species, sensitive
habitats, island communities and legislative requirements
have restricted methods and tools for island eradications
in these countries. This paper describes the history and
development of ground-based rat eradications using bait
stations in the United Kingdom using five eradication
operations as examples and covers lessons learnt and how
local communities have been involved.

INVASIVE RATTUS SPECIES ON UK ISLANDS

Both black (Rattus rattus) and brown (R. norvegicus)
rats are present in the UK (Nowak, 1999; Long, 2003).
Black rats were presumed to have been introduced by the
Romans (c. 110 AD) and the brown rat via shipping between
1720 and 1728 (Thomas, 1985; Corbet & Southern, 1977;
Yaldwen, 1999; McCann, 2005; Parslow, 2007). Brown
rats were first recorded in the Isles of Scilly in 1728 after
several shipwrecks occurred that year (Thomas, 1985;
Parslow, 2007). Although the brown rat displaced the black
rat throughout most of the UK, black rats can still be found
in a small number of locations, particularly port cities such
as London, Edinburgh and Falmouth (Matheson, 1962;
Bentley, 1959; Twigg, 1992; Long, 2003). The brown rat
is still present on 56% of UK islands over 100 ha (Long,
2003).

Rats are known to have very detrimental effects on
seabird populations through predation and competition for
food and habitat, causing local and global extinction of birds
on islands throughout the world (Moors & Atkinson, 1984;
Atkinson, 1985; Courchamp, et al., 2003; Towns, et al.,
2006; Jones, et al., 2008; Bell, et al., 2016). The eradication
of introduced predators from islands has become one of
the most important tools in avian conservation in recent
times and, with an initial investment, significant long-term
restoration benefits such as increased productivity and
population increases of seabirds and other native species
as well as the establishment of new seabird species can be
achieved. The eradication of rats from seabird islands is
recognised as a prerequisite for the restoration of seabird
populations (Atkinson, 1985; Moors, et al.,1992).

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 79-87. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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Seabird populations on many UK islands have been
recorded in decline and in at least four cases rats have
been identified as one of the contributing factors for these
declines (Campbell, 1892; Brooke, 1990; Mitchell, et al.,
2004; Brooke, et al., 2007; Swann, et al., 2007; Dawson,
et al., 2015; Hayhow, et al., 2017). Many species such as
puffin (Fratercula arctica) which is listed as threatened
due to their declining population status (IUCN, 2017),
Manx shearwater (Puffinus puffinus) and the European
storm petrel (Hydrobates pelagicus) may have limited
distribution due to the impacts of, and predation by, rats
(Heaney, et al., 2002; Mavor, et al. 2008). Currently, the
majority of the UK puffin and all European storm petrel
populations nest on rat-free islands (Mavor, et al. 2008,
Ratcliffe, et al., 2009). The protection and enhancement
of UK secabird breeding habitat has been recognised
as an important conservation priority, including under
international conservation agreements (Brooke, et al.,
2007; Ratcliffe, et al., 2009; Dawson, et al., 2015; Thomas,
etal., 2017a).

Rat eradications have occurred on over a dozen islands
around the UK with brown rats being the most common
target species (Bell, etal.,2011; Thomas, etal., 2017a; Bell,
et al., 2019a; Pearson, et al., 2019). Black rats have been
targeted on Lundy Island and the Shiant Isles (Lock, 2006;
Appleton, et al., 2006; Thomas, et al., 2017a; Main, et al.,
2019). Many of the eradications have occurred on islands
with permanent staff or the presence of small communities
(Bell, et al., 2011; Bell, et al., 2019a; Pearson, et al.,
2019). These operations demonstrate how ground-based
eradication techniques can be utilised on both inhabited
and uninhabited islands around the UK.

Pre-1998: the early eradication operations

Despite an early attempt to eradicate rats from
Ailsa Craig in 1925, the first documented successful rat
eradication did not actually occur in the UK until 1968
on Cardigan Island in Wales (RSPB, 1924; RSPB, 1925a;
RSPB, 1925b; Johnstone, et al., 2005; Thomas, et al.,
2017a). This makes the UK the first country to intentionally
undertake a rat eradication operation anywhere in the world.
Four other rat eradications occurred between 1968 and
1998; Inchgarvie (Firth of Forth), Scotland in 1990, Ailsa
Craig, Scotland in 1991, Handa Island, Scotland in 1997
and Puffin Island, Wales in 1998 (Ratcliffe & Sandison,
2001; Zonfrillo, 2001; Zonfrillo, 2002; Johnstone, et al.,
2005; Stoneman & Zonfrillo, 2005; Thomas, et al., 2017a).
Warfarin was the primary active ingredient used in each
of these eradications with difenacoum used as a secondary
option in the Puffin Island rat eradication (Ratcliffe &
Sandison, 2001; Zonfrillo, 2001; Zonfrillo, 2002; Stoneman
& Zonfrillo, 2005). All of these early eradications used
ground-based methods, but focused on applying bait in
holes, burrows, under rocks and vegetation and in isolated
wooden bait stations or under inverted fish bins, rather than
in a systematic grid pattern (Ratcliffe & Sandison, 2001;
Zonfrillo, 2001; Zonfrillo, 2002; Stoneman & Zonfrillo,
2005; Thomas, et al., 2017a).

This method of baiting made it difficult to monitor bait
consumption by rats and non-target species. There were
no accurate records of bait take by rats or other species
from any of these operations (Ratcliffe & Sandison, 2001;
Zonfrillo, 2001; Zonfrillo, 2002; Stoneman & Zonfrillo,
2005; Thomas, et al., 2017a). Monitoring was limited: in
most cases it didn’t occur; used chewsticks across the island
immediately following the eradication (it has been noted
that chewsticks can be difficult to interpret sign accurately);
or was determined by the recovery of the seabird or rat
populations without any quantifiable measures (Zonfrillo,
2001; Ratcliffe, et al., 2009; Thomas, et al., 2017a). In the
case of Inchgarvie and Puffin Islands eradication was not
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confirmed until years after the operation. Unfortunately,
there have been recent reports of rats on Inchgarvie and
rats reinvaded Handa in 2012 (Thomas, et al., 2017a).

The later operations (post-1999)

The use of toxins and the risks these presented to non-
target species and the environment led to the development
of Best Practice and Standard Operating Procedures
for eradication operations in New Zealand in the 1990s
and these documents are revised as new techniques and
tools are developed (Cromarty, et al., 2002; Broome, et
al., 2011). Robust protocols for eradication operations
included detailed planning, operational requirements,
implementation protocols, monitoring guidelines and
biosecurity requirements (Cromarty, et al., 2002; Broome,
et al., 2011). These best practice and standard operating
techniques developed in New Zealand were followed and
adapted during the UK eradications undertaken by Wildlife
Management International Ltd (WMIL).

Five major eradications directed by WMIL have
occurred in the UK since 1999; Ramsey Island, Wales
(brown rat) in 1999/2000, Lundy Island, England (black
and brown rat) in 2002-2004, Isle of Canna, Scotland
(brown rat) in 2005/2006, St Agnes and Gugh, Isles of
Scilly, England (brown rat) in 2013/2014 and the Shiant
Isles, Scotland (black rat) in 2015/2016. In addition to
these five sites, eradication attempts have also been made
on Looe Island in 2006, the Calf of Man in 2012 and
Caldey Island in 2015, which have not been included here
because Looe Island was reinvaded by rats three years later
and the Calf of Man and Caldey Island eradications are still
on-going (Thomas, et al., 2017a).

These five eradications used ground-based techniques
with bait stations placed out across the islands on either 25
mX25m,25mXx50m, 50 m x50 m, 90m x 90 m or 100
m x 100 m grids depending on the target species and type
of habitat or risk areas. The smaller grid sizes (between 25
and 50 metres spacing) were used to target black rats and
the larger grid sizes (between 50 and 100 metres spacing)
used to target brown rats, with the smallest spacings used
in high risk areas (such as around properties, seabird
colonies, wharves, farms and restaurants).

A simple yet effective bait station design has been used
in each of these five eradications in the UK. Although a
range of commercially available lockable stations have
been used in selected locations (e.g. residential homes,
farm buildings, schools, etc.) during these eradications, and
for on-going biosecurity to reduce the risk to the public,
particularly children and the possibility of tampering
with these long-term stations, the main bait stations
were made from corrugated drainage pipe. This design
is cost-effective and widely available. For the 1999/2000
Ramsey Island rat eradication, 500 mm lengths were used.
However, these stations were found to be too short as they
allowed carrion crows (Corvus corone) access to the bait.
The stations were made longer by adding 250 mm lengths
to one end. The standard length for each bait station in all
subsequent eradications was 750 mm long with an access
hole cut in the centre for placement of the bait (Fig. 1).
This access hole is covered with a short section of drainage
pipe. During the 2002-2004 Lundy Island rat eradication,
crows learnt to flick the lids off the stations to reach the
bait, therefore another length of wire was put around the
centre of the station to hold the lid tightly in place. This
“crow clip” became standard on all bait stations on any
island with either carrion crows, hooded crows (C. cornix)
or ravens (C. corax) present (Fig. 1).

Technological advances in GPS and GIS-linked
systems helped streamline the positioning of bait stations
during the grid establishment stage of eradications, as well
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Fig. 1 Example of the main bait station in position with the
crow clip holding the central lid in place, as used in the
five ground-based eradications in the United Kingdom
that were directed by Wildlife Management International
Ltd. [Credit: Elizabeth Bell, WMIL]
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Fig. 2 An example of a detailed bait station map as used
by eradication teams during the Isle of Canna operation.

Where alphanumeric codes related to bait station positions
(e.g. WP = West Plateau, A = line A, 9 = bait station 9; Z
= Boundary line Z (two lines of stations at the top of the
cliff section above the coastal slopes), 19 = bait station
19; NN = Nunnery, B = line B, 6 = bait station 6), double
ended red arrows = safe access routes up or down to
the coastal slope areas, pink shaded areas = important
archaeological site (e.g. The Nunnery).
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Fig. 3 Example of a heat map of bait take (g) by rats using
the results from the St Agnes & Gugh brown rat (Rattus
norvegicus) eradication.

as monitoring the level of bait take by rats and non-target
species. Detailed maps can be produced for the eradication
team that can give additional information such as sensitive
sites like archaeological structures, location of rare plants,
seabird colonies and white-tailed sea eagle (Haliaeetus
albicilla) nesting sites and locations of access points for
steep terrain where more care needs to be taken (Fig. 2).
This intimate knowledge of the stations and island make
it easier for the eradication team to monitor bait take by
rats as the data can be linked to the specific station and
activity levels can be recorded on the spatial map. These
maps created by the GIS-linked database offer the team
the opportunity to monitor the decline in rat numbers
throughout the operation and could allow the eradication
personnel to react instantly to hotspots or problem areas
on the island. Specific bait take information can lead to
detailed activity which shows bait take by rats throughout
the operation and detailed heat maps showing complete
bait take by rats at the end of an eradication (Fig. 3).

Cereal-based bait blocks (containing the anticoagulant
diphacinone, bromadiolone or difenacoum) were used.
Each eradication used one bait formulation as the main bait
with a second option available to target ‘fussy’ (i.e. those
rats that will not eat the primary bait for whatever reason)
or surviving rats. This gives the option to adapt the project
if rat behaviour or taste preference becomes an issue during
the eradications. This has been shown to be important in
certain eradications as demonstrated by the Isle of Canna
brown rat eradication where the last surviving rat was
targeted successfully using the alternative bait. Bait was
placed loose in the bait stations for the first three weeks of
the eradication operation. This allowed rats to cache bait in
burrows for feeding themselves and any breeding females.
Once bait take has reduced, bait is wired securely into the
stations (Fig. 4) and any rat sign on these blocks is used to
identify the presence of a surviving rat or monitor high risk
areas, such as seabird colonies or farm buildings.

Although aerial application operations generally
have a range of higher implementation costs compared
to ground-based operations due to the requirement of
a helicopter, sowing bucket and need for ground crew,
engineer and other legal requirements for use of aircraft,
the implementation time of the operation is often reduced
compared to a ground-based operation. Except for the
Lundy Island eradication (which took a second winter),

Fig. 4 Example of the main bait station in position showing
the open bait station (with the lid off) with the bait wired
in place, as used in the five ground-based eradications
in the United Kingdom that were directed by Wildlife
Management International Ltd. [Credit: Elizabeth Bell,
WMIL]
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rats were successfully targeted within 21 to 64 days (Bell,
et al, 2011; Bell, et al., 2019a; Bell, et al., 2019b; Main, et
al., 2019).

The use of rodenticide baits to complete eradications has
enabled strong relationships to be established between bait
manufacturers, eradication operators and local agencies in
the UK. This has enabled open and in-depth discussions
about the bait in regard to problems with formulation,
taste and longevity that were identified during eradication
operations. Issues such as the bait blooming (i.e. swelling
and splitting after moisture on the bait) or rapidly going
mouldy in the Lundy eradication were relayed to the
manufacturers who altered the wax content for later
operations. This meant the bait became much more robust
in the damp winter conditions during the later Scottish
operations, reducing the overall bait quantity required for
those eradications.

European Union (EU) regulations require Bitrex™
(denatonium benzoate) or an alternative bittering agent to
be added to all rodenticides to deter human consumption.
Rats are not intended to be put off by Bitrex™, although
research suggests that some rats can detect it even at very
low concentrations, and preferentially choose bait that does
not contain Bitrex™ (Veitch, 2002). Three rats actively
avoided bait containing Bitrex™ on Lundy Island and,
by working with the UK bait manufacturer, dispensation
for a small amount of Bitrex™-free bait was obtained and
was used to successfully target the rats at those sites (Bell,
2004). Despite the bait manufacturer disputing the fact
that rats could detect and avoid Bitrex™ bait, they were
open to experiment, assess the issue and work together
with WMIL and Royal Society for the Protection of Birds
(RSPB) towards a solution. Without the engagement of the
bait manufacturer from the beginning of the project and
open and frank discussions about the possibility of this
issue with Bitrex™, the Lundy operation could have failed.

There have been recent regulatory changes to the
purchase and use of rodenticides in UK. The Health and
Safety Executive (HSE) require reassurance that biocide
products can be used without unacceptable risk to wildlife
and other non-target species and in July 2015 implemented
the UK Rodenticide Stewardship Scheme. This scheme
covers all rodenticide products sold to, and used by,
professionals when applied outside buildings and in open
areas and operates under a Code of Best Practice developed
by the Campaign for Responsible Rodenticide Use (CRRU)
group (CRRU, 2015). All professionals must have proof of
competence at the point-of-sale for rodenticide baits (i.e.
have completed certification for rodenticide control and/
or eradication by completing an approved training course)
as well as comply with the best practice. These regulations
generally relate to urban control operations, pest control
operators and farmers, but eradication programmes must
also follow these regulations. RSPB, in conjunction with
CRRU, have developed an eradication-specific registered
training course under the UK Stewardship Scheme.

Ground-based operations facilitate longer, wide-scale
monitoring compared to aerial operations; not only using
the bait itself, but also using a range of monitoring tools
such as flavoured wax blocks, soap, tracking tunnels and
trail cameras. Monitoring can be established at the same
locations as the bait stations, as well as between the bait
stations to intensify the scope of monitoring and ensure every
micro-habitat is covered. Having non-toxic monitoring
devices out in the open (pegged to the ground) and using
a range of options gives more chance for any surviving
rats to interact with at least one type of monitoring tool.
This can also identify if a percentage of the rat population
or rats at a specific location are avoiding the bait stations
for any reason. This intensive effort can be used to detect
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any survivors and the operator can adapt the eradication to
successfully target those last individuals. WMIL developed
a range of flavoured wax blocks that have proved to be
very effective in detecting the presence of surviving rats at
the final stages of eradication (Fig. 5). These blocks have
been freshly produced by the eradication team on-site to a
standard recipe as the operation progresses. This flavoured
wax recipe has been widely shared amongst the eradication
industry.

This period of intensive island-wide monitoring allows
the eradication operators to be much more confident that
the eradication has been successful prior to leaving the
island. By being able to detect and respond to surviving
rats immediately, this reduces the likelihood of eradication
failure (as any rat that is detected during this period can be
targeted) and thus the need for a second eradication attempt
(which can cost as much as the original operation). This
intensive monitoring period in these five UK operations
occurred for up to four months, depending on the size of
the island and time required to initially target the rats during
the baiting phase. Additional monitoring is completed at
least quarterly for two years prior to the intensive final
check phase and rat-free declaration following standard
international eradication protocols for temperate operations
(Broome, et al., 2011).

The use of volunteers has been an asset to these five
UK eradications by giving passionate conservationists the
chance to be involved in a project they feel strongly about,
increasing the national (e.g. RSPB) capacity in eradication
methodology, and engagement with the local communities.
However, the use of volunteers can reduce the awareness
of managers, decision makers and funders of the true cost
and effort required to complete ground-based eradications.

The costs of these five ground-based eradications
ranged from £76,000 up to £900,000, including planning,
implementation, key species pre-and post-eradication
monitoring, monitoring for survivors or incursions for two

Fig. 5 Examples of flavoured wax as used for monitoring
in the five ground-based eradications in the United
Kingdom that were directed by Wildlife Management
International Ltd. [Credit: Jaclyn Pearson, RSPB]. Where
the left (blue) block is aniseed flavour, centre (brown)
block is chocolate flavour and right (fawn) block is peanut
flavoured and each block is pegged to the ground with
a piece of fencing wire and marked with a short piece of
flagging tape for visibility.
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years post-eradication and confirmation monitoring (‘final
check”) prior to the declaration of rat-free status (Dr R.
Luxmoore, NTS, pers. comm.; P. St Pierre, RSPB, pers.
comm.; Lock, 2006).

There can be difficulty associated with accurately
recording the entire costs of eradications; in many cases
reported costs do not include in-kind or match funded
expenses by the agencies involved (National Trust for
Scotland, RSPB, etc.). In many cases, it can be difficult
to accurately record these costs against the eradication
operation as they relate to administration and corporate
expenses.

BEST PRACTICE FOR ERADICATIONS

It has long been recognised that every island is different
when it comes to planning and implementing an eradication
operation. As such, although the NZ best practice gave an
important starting point for the UK operations, it needed to
be adapted for the local situation to become more relevant
and effective, particularly in regard to local legislation and
animal welfare regulations.

The RSPB, in partnership with UK-based governmental
and non-governmental organisations working in island
restoration, with input from international experts in this
field produced The UK Rodent Eradication Best Practice
Toolkit which is hosted on the Great Britain Non-Native
Species Secretariat website (Thomas, et al., 2017b).

This toolkit was developed as an advisory resource to
provide systematic planning and implementation protocols
for ground-based rodent eradications and biosecurity
in the UK (Thomas, et al., 2017b). It aims to give UK
organisations technical advice on eradication methodology
as well as an eradication project management framework
to enable greater confidence in achieving island restoration
goals in invasive rodent management projects in the UK
(Thomas, et al., 2017b).

THE ROLE OF COMMUNITIES

The majority of eradications around the world have
occurred on uninhabited islands and it is thought that
islands with significant human populations, unreceptive
communities or occurrence of livestock and domestic
animals are unlikely to be feasible for rat eradication
(Campbell, et al., 2015). However, because invasive
species are also a problem on inhabited islands, such
eradications must be considered. A lack of public awareness
about invasive species impacts and misunderstanding
of eradication techniques from island communities are
thought to have been responsible for the opposition of
proposed eradications on inhabited islands around the world
(Bryce, et al., 2011). The importance of the engagement
and inclusion of local communities has been highlighted
in a number of recent eradication and research projects,
especially in regard to risk and benefit analysis and to ensure
a suitable environment for eradication projects to proceed
can occur (Bryce, et al., 2011; Eason, et al., 2008). Respect
for the attitudes, and safety, of local communities needs
to be a priority in any eradication planned for inhabited
islands. The support and agreement by the community
to proceed with an eradication is vital for any project
on an inhabited island. This is particularly important as
access into all properties is vital to effectively carry out
an eradication. Involving the residents in the concept,
planning, implementation and on-going biosecurity of the
island was recognised as the only way such an eradication
could have occurred on the islands in the UK.

Considerations to how the community view the
environment, how they think the proposed eradication will
affect them and other social science considerations need to

be assessed for eradications planned for inhabited islands.
Most importantly, all aspects of the eradication should be
discussed with the community in the early stages of the
proposal. Unlike eradication operators, most members of
the public do not have any knowledge of the principles
and techniques of eradication, particularly in regard
to rodenticide choice and operational procedures. It is
important that each community member understands these
aspects and how they will personally be affected by the
day-to-day operational requirements.

As there were staff or small communities present at
four of the five previously mentioned UK eradications,
almost all recent operations undertaken in the UK have
had to work closely within these communities and have
had to adapt to the issues and technical challenges the
presence of people has on the eradications. During each
of these eradications, WMIL and the local project partner
worked closely with the landowner, staff and residents
to understand and address concerns and questions about
the operations. Where the operation occurred on staffed
islands, the decision to complete an eradication had
already been made by the main project partner concerned
and much of the consultation with staff on the islands had
already been completed by the management prior to the
operation. Resident staff were generally supportive of the
eradication and often viewed the eradication operational
team as temporary, but separate, staff members. In
comparison to those islands with resident staff, WMIL and
RSPB recognised the importance of the engagement of
the 85-person resident community on St Agnes and Gugh
in the Isles of Scilly and started this engagement process
carly for the eradication of brown rats (Bell, et al., this
issue a, Pearson, et al., 2019). The success of the St Agnes
and Gugh eradication (Isles of Scilly Seabird Recovery
Project, IOSSRP) showed how the community-based
approach that was designed to develop local networks and
use existing community structures to build support for the
project worked extremely well. The vision and benefits of
the project were shared by the community and the residents
were part of the decision-making process and management
of the project.

An open and transparent operating system has worked
well in all these five previously mentioned eradications in
the UK. Information covering details on rodenticide type,
bait station design, anticoagulant poisoning symptoms
and treatment, contact numbers and project management
was provided to all residents, stakeholders and interested
parties. The project team was permanently present on each
of the islands throughout the eradication to implement
the operation, answer any questions and deal with any
issues. Project updates were provided to the community
and stakeholders each week, which gave the residents the
opportunity to observe the operational procedures and
results as the eradication proceeded. Real-time bait-take
maps were provided as part of this process. A 24-hour
contact telephone number was provided for immediate
response to any issues that a resident may have.

BIOSECURITY

With the eradication of rats from islands, the priority is to
ensure that they do not become re-established. Biosecurity
is a critical aspect of any eradication and should be
designed, implemented and tested prior to the completion
of the eradication and departure of the eradication team.
Prevention of an accidental rat reintroduction should be
the primary aim. Precautions need to be taken not only in
obvious situations such as with visitors or boat movements,
or when high-risk items like stock feed or hay are being
delivered to the island, but also when the risk may be
mistakenly thought to be negligible.
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The long-term legacy of these five UK eradication
projects was important to the implementing agencies
involved as well as the communities and agency staff on
the island. As such, practical biosecurity strategies were
established for the community and supporting agencies;
measures that have been designed to reduce the risk of
rats being reintroduced to a minimum, without being
a hindrance to the daily lives of the staff, community or
visitors to the island. A range of biosecurity strategies were
proposed to the residents or agency staff on each island
and, following discussions about the protocols of each
strategy, suitable measures for each island were selected
and implemented. Public awareness and education leaflets
have been developed for every eradication to ensure that
the public are aware of the rat-free status of each island
and ways they can assist in keeping the islands rat-free.
Residents and staff members from the project partners have
been trained in all relevant biosecurity measures and they
will maintain regular monitoring checks on the islands
in perpetuity. Funding for on-going biosecurity has been
provided by partner agencies and completed by staff or in
the case of St Agnes and Gugh, funds will be provided by
the community through fundraising and grants (Pearson,
et al., 2019). In some instances, such as on St Agnes and
Gugh, community coordinators will maintain liaison
between the residents and the supporting partner agencies
(Pearson, et al., 2019).

DISCUSSION

Rateradications have been undertaken on islands around
the world for the past 65 years and in the UK for the past 50
years. International rat eradication projects over this time
have used a range of methods but most recently focused
on the aerial application of rodenticides. However, due to
legislative limitations upon the outdoor-use of rodenticides
and application methods, and although derogations can be
issued to allow aerial operations, ground-based methods are
likely to remain the predominant rat eradication technique
in the UK (and other European counties). Developments
from five eradications in the UK have streamlined operating
procedures and eradication techniques for the next
eradication. Using plastic corrugated drainage pipe as the
main bait station type has enabled the design to be adapted
to exclude large or problematic non-target species such as
rabbits and crows. The positioning of bait stations using
GPS and GIS-linked systems has streamlined recording
bait take by rats and non-target species and enabled this to
be monitored in real time. Constant monitoring throughout
the operations starting with the bait take and progressing
through to using a range of monitoring devices, such as
flavoured wax, allowed for each operation to adapt to
deal with high risk areas or ‘fussy’ rats to maximise the
likelihood of eradication success. This intensive level of
monitoring allows any issues that may arise with bait to
be addressed directly with the manufacturers and rectified
early in the operational timeframe.

Ground-based eradications have been completed on
islands ranging in size from <1 ha to 3,100 ha (Taylor,
et al., 2000; DIISE, 2015). Although an island’s size and
terrain may prevent a ground-based bait station operation
being completed, it would be perfectly feasible to eradicate
rats from even larger inhabited and uninhabited islands
assuming there were enough resources (including staff
and funding) and commitment and support from all
involved. The feasibility assessment for any proposed
eradication needs to investigate the costs and benefits of all
possible methods before deciding on the final operational
techniques. In many cases, a combination of aerial and
ground-based operations may also be suitable or preferred
by communities on large inhabited islands, as shown by
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recent eradication plans such as for Lord Howe Island
(Wilkinson & Priddel, 2011; Walsh, 2019).

Over 85% of rat eradications around the world have
been completed on uninhabited islands (n = 721 out of
820 eradications; DIISE, 2015). However, many are now
either being investigated or planned for islands with
resident communities (Oppel, et al., 2011; Russell &
Broome, 2016; Stanbury, et al., 2017). Eradications on
inhabited islands raise social, economic, conservation
and technical challenges for the operation (Moon, et al.,
2015). The experience in the UK shows that to ensure an
island restoration project runs successfully the support
and agreement from the community must be secured. The
community must share the project’s vision and feel that
they are one of the beneficiaries. To do this, they will need
to be included and play an integral role in the decision-
making process, planning preparation and implementation
and management of the project. In this way, the legacy of
the project will be much stronger. Those proposing the
eradication need to ensure that the community is aware of
the effects of invasive rats on the native biodiversity of their
island and how the proposed eradication can benefit those
species as well as explaining the process of the eradication
operation itself. However, project partners and eradication
operators also need to realise that for a number of residents
the biodiversity and environmental reasons to eradicate rats
may be of no interest; as such, social and economic benefits
should also be outlined during the planning stages as these
may be more important to the communities themselves. It
is important for operators to realise that communities may
not have the same understanding of eradication processes
and each aspect of the project may have to be explained.

The larger the community the longer, potentially, the
project managers will need to ensure that the residents
are all at the same position of understanding through the
various stages of the project. Archipelagos or groups of
islands bring additional stakeholders and interested parties
that need to be engaged compared to single islands. From
my experience, ten years is not an unreasonable timescale
depending upon the starting point, the value placed upon
seabirds by the community and the strength of the project
partnership. In my view, and in agreement with others
such as Moon et al. (2015), the ongoing consultation
and communication with the local community and wider
stakeholder groups during any eradication is essential.

As the need to prioritise islands for restoration
has increased, the requirement of understanding and
quantifying the costs of eradications has also increased
(Martins, et al., 2006; Holmes, et al., 2015). Although
general costs for eradications can be estimated if the size of
the island and target species are known, and it appears that
costs increase with the size of island, there are other costs
from application method, permits, non-target mitigation,
and biodiversity monitoring that need to be factored into
an eradication operation (Martin, et al., 2006; Holmes, et
al., 2015). This information is vital to be able to accurately
determine the complete costs for future eradications and it
is important that project costs are reported.

The defining factors underpinning the success of the
eradication operations on inhabited UK islands were the
professional management of the eradication, dedicated and
passionate volunteer involvement, efficient and systematic
monitoring, adapting to local conditions and ensuring a
community-inclusive approach.

This model of consultation, engagement and
community-involvement developed on these inhabited
islands eradications in the UK can offer valuable
information, advice and direction for eradication operations
planned on islands with larger communities in the UK and
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around the world. The eradication of brown rats from St
Agnes and Gugh could be used as a valuable education
tool to show other communities that it is possible to safely
eradicate rats and implement suitable biosecurity measures
to reduce the risk of reinvasion without impacting on the
lives of the residents, as reported by Pearson, et al. (2019).
This model, and future techniques developed during
other eradications on inhabited islands, will be even more
important if restrictions on application measures and
outdoor-use of rodenticides expand to countries outside of
the UK. It is important for eradication operators to realise
that even if aerial application methods are possible at the
location, the community on the island may not approve or
permit that type of method. As such, the use of ground-
based bait station techniques will have a vital part to play
and this option should be assessed as part of any original
feasibility assessment.

Island restoration on UK islands has led to the dramatic
recovery of seabird populations. Manx shearwaters on
Ramsey and Lundy Islands have increased nearly ten-
fold in the ten to fifteen years since the eradication of
brown and black rats and the recolonization of European
storm petrels and other small burrowing species has been
recorded after long absences (Brown, et al., 2011; Morgan,
2012; Booker & Price 2014; Bell, et al., 2019b). These
types of results have helped develop a legacy for many of
the projects, with the residents and agency personnel on
the islands committing to and doing their part to maintain
important biosecurity measures. These results can also be
used to help explain the benefits of completing this type of
eradication project on other islands, even those with larger
communities or a complex of target species. Providing safe
breeding habitat and creating and then maintaining rodent-
free status at important island sites, will be an important
part of the long-term legacy of protection for UK seabirds.

It is important that when eradication projects are being
designed and assessed that operators and project partners
factor in on-going biosecurity after the completion of the
project, particularly in relation to equipment, capacity
and long-term funding requirements. It is one of the most
vital aspects of an eradication project and agencies must
recognise the requirement that biosecurity is required in
perpetuity. For eradications that occur on inhabited islands,
this makes the engagement of, and commitment from, the
communities to undertake biosecurity measures, even more
important to ensure the legacy of any eradication project.

Detailed prioritisation exercises such as Brooke,
et al. (2007), Ratcliffe, et al. (2009) and Stanbury, et al.
(2017) have identified a number of UK and UK Overseas
Territories’ islands as being pre-eminent sites for rat
eradication because of their importance to seabirds. Twenty
of the 25 islands identified in the most recent prioritisation
exercise have resident human populations which increases
the challenges for any eradication proposed for those sites
(Stanbury, et al., 2017). One of the most important lessons
identified by completing eradication operations on inhabited
islands is that the community needs to be engaged as early
as possible, preferably in the concept and development
process. As important, all stages of the eradication need
to be completely open and transparent, with community
members involved throughout the implementation of the
project and into the future to ensure the sustainability of the
on-going biosecurity for the island. The newly developed
Best Practice for UK islands (Thomas, et al., 2017b) which
has built on all the lessons learnt from these eradications
that have occurred over the past 50 years in the UK should
help make these future eradication operations more likely
to succeed on both uninhabited and inhabited islands.
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Abstract As part of the Isles of Scilly Seabird Recovery Project, and directed by Wildlife Management International
Ltd, the eradication of brown rats (Rattus norvegicus) from the inhabited islands of St Agnes & Gugh, Isles of Scilly was
completed between October 2013 and April 2014 with the assistance of volunteers, and staff from the Royal Society for
the Protection of Birds, Isles of Scilly Wildlife Trust and Natural England. Bait stations with cereal-based wax blocks
containing bromadiolone at 0.005% w/w were established on a 40—50 metre grid over the island. With the presence of
85 residents on the 142 ha islands, this is the largest community-based brown rat eradication globally to date. Given the
fact that a community is based on these islands, community engagement and advocacy was a vital and fundamental part
of the eradication. Consultation for eradication began three years prior to the operation to explain the requirements for
the proposed project and to assess support, but this built on many years of wider community engagement with seabird
conservation. All of the residents supported the eradication of rats and vision of the project. The consultation and inclusion
of the community in decision-making and management of the Isles of Scilly Seabird Recovery Project was a critical part of
the operation and key to the success of the eradication. The community took ownership of the project and has committed
to the on-going biosecurity requirements following the eradication of rats. The removal of brown rats from St Agnes and
Gugh was a major achievement and provided the opportunity to restore the islands’ communities of seabirds and other
native species. This project provided an example of the effectiveness of ground-based rodent eradication techniques on
an inhabited island and the lessons learnt during this operation can be used to help proposed eradications on other islands

with communities and with terrain suitable for ground-based techniques.

Keywords: brown rat, community, eradication, Isles of Scilly, Rattus norvegicus, St Agnes and Gugh

INTRODUCTION

The eradication of invasive species from islands has
become one of the most important tools in conservation
in recent times. It offers the opportunity that, following
an 1initial investment, significant long-term benefits
can be achieved. The eradication of rats is a recognised
prerequisite for the restoration of many seabird colonies on
islands. Rodents have been successfully eradicated from
over 700 islands around the world, including at least 10
UK islands (Moors & Atkinson, 1984; Atkinson, 1985;
Taylor, et al., 2000; Zonfrillo, 2001; Towns & Broome,
2003; Appleton, et al., 2006; Howald, et al., 2007; Jones,
et al., 2008; Bell, et al., 2011; Parks & Wildlife Service,
2014; DIISE, 2015; Thomas, et al., 2017; Bell, 2019; Bell,
et al., 2019; Pearson, et al., 2019), However, most of
these islands have been uninhabited. Many consider that
islands with significant human populations, unreceptive
communities or occurrence of livestock and domestic
animals are unlikely to be feasible for eradication (Oppel, et
al., 2011; Campbell, et al., 2015; Russell & Broome, 2016;
Stanbury, et al., 2017). However, an increasing number of
eradications are being considered on inhabited islands and
the importance of the engagement and inclusion of local
communities has been highlighted in a number of recent
eradication and research projects, especially in regard
to risk and benefit analysis (Eason, et al., 2008; Bryce,
et al., 2011; Oppel, et al., 2011). It should be noted that
the greatest conservation benefit to be gained from future
eradications in the UK, and in other parts of the world,
is predominantly from inhabited islands (Stanbury, et al.,
2017). As such, it is vital that techniques and protocols
developed during eradications on islands with even small
communities should be assessed, utilised or adapted for
these islands with larger communities.

The Isles of Scilly are a nationally and internationally
importantlocationforseabirds, particularlyManx shearwater
(Puffinus puffinus), European storm petrel (Hydrobates
pelagicus) and black-backed gull (Larus fuscus) (Lock,
et al., 2006). Both Manx shearwaters and European storm
petrels are amber listed under the United Kingdom Birds
of Conservation Concern threat categorisation (Eaton, et
al., 2015). A partnership of organisations (Royal Society
for the Protection of Birds (RSPB), Natural England (NE),
Isles of Scilly Wildlife Trust (IOSWT) and Isles of Scilly
Bird Group (IOSBG)) produced the Isles of Scilly Seabird
Conservation Strategies 2005-2008 and 2009-2013
which described the national and international status and
context of the seabird populations on the Isles of Scilly
and identified priority actions and strategic goals for
management. These included current and future measures
to improve the available habitat for seabirds through rat
control and eradication (Lock, et al., 2006; Lock, et al.,
2009). St Agnes and Gugh have a number of important
land areas designated for seabirds as Special Protected
Areas (SPA), Sites of Special Scientific Interest (SSSI)
and Ramsar (Lock, et al., 2009). The eradication of
brown rats (Rattus norvegicus) from St Agnes and Gugh
was identified as a priority in these strategies as it would
remove predation pressure on Manx shearwaters and storm
petrels and provide the opportunity for other seabirds to
colonise the islands (Lock, et al., 2006; Lock, et al., 2009).
These strategies also recognised the social, economic and
health benefits for the local community (Lock, et al., 2006;
Lock, et al., 2009).

The Isles of Scilly Seabird Recovery Project (IOSSRP)
was established in 2010 and was managed by a coalition of

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 88-94. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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groups including RSPB, IOSWT, NE, Duchy of Cornwall
(DC), the Isles of Scilly Area of Outstanding Natural Beauty
(AONB) partnership and a representative from St Agnes
and Gugh, with support from the IOSBG. The IOSSRP
partnership identified the need to assess the possibility of
eradicating brown rats from St Agnes and Gugh to protect
and enhance the islands’ seabirds and protect Annet from
re-invasion. Annet is the most important uninhabited island
for seabirds in the Isles of Scilly as it has always been
rat-free (excluding an incursion in 2004, probably from
neighbouring St Agnes) and holds the main populations
of Manx shearwaters and European storm petrels (Lock,
et al., 2006). The partnership commissioned a feasibility
assessment in 2010 (Bell, 2011). A formal IOSSRP
Steering Group made up of representatives from all Project
Partners was established in 2012. Wildlife Management
International Ltd. (WMIL) directed the eradication with
the assistance of volunteers and RSPB, IOSWT and NE
staff. The eradication was completed between October
2013 and April 2014 (Bell, et al., 2014). This paper covers
the technical aspects of the St Agnes and Gugh brown
rat eradication and complements the Pearson, et al., (this
issue) paper on the community aspect of the eradication.

STUDY AREA AND METHODS
St Agnes and Gugh

St Agnes and Gugh (49.89267°N, 6.34073°W) are two
islands in the Isles of Scilly archipelago off the Cornish
coast, in south-west England (Fig. 1). St Agnes (105 ha)
and Gugh (37 ha) are connected by a rock and sand bar
at low tide (Fig. 1). St Agnes and Gugh are separated
from St Mary’s by a deep channel (St Mary’s Sound) that
is 1.1 kilometres at the closest point (via stepping stone
islands) or 1.3 km from shore to shore (Fig. 1). There are
85 residents, only two of whom live on Gugh. Brown
rats were accidentally introduced to the Isles of Scilly
from shipwrecks in the 1700s, and were widespread and
abundant across both islands, as well as many other islands
in the archipelago (Matheson, 1962; McCann, 2005).
Tourism is one of the islands’ major sources of income,
particularly between April and October.

There are approximately 40 homes on the island, but
at least 150 buildings (holiday lets, farm buildings, sheds,
etc.) scattered across the whole island. There are six farms
(including a chicken farm and dairy), a campground, a
school, a restaurant, a pub, two cafes, a post office and
store. There are cattle, chickens, ducks, geese, two ponies
and pigs on St Agnes. Many families have pet cats and
dogs. There is a main quay where passengers and freight
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Fig. 1 Location of St Agnes and Gugh, Isles of Scilly, United
Kingdom.

are landed, and a smaller slipway used mainly by residents.
These factors increased the number of challenges such as
providing alternative food and shelter for rats, risk to non-
target species and biosecurity.

The main habitats on St Agnes are farmland, mainly
flower farms and low intensity cattle grazing, characterised
by small fields with extensive hedges and stone walls,
ponds, maritime grassland, invasive Pittosporum, rocky
shores and sandy beaches (Parslow, 2007). St Agnes and
Gugh are home to the only known populations in the British
Isles of a number of rare plants, including least adder’s-
tongue fern (Ophioglossum lusitanicum) (Parslow, 2007).

Rabbits  (Oryctolagus cuniculus), Scilly shrews
(Crocidura suaveolens cassiteridum) and pipistrelle bats
(Pipistrellus spp.) are the only other known species of
mammal found on St Agnes and Gugh, apart from livestock
and pets. House mice (Mus musculus domesticus) were
present on St Agnes and Gugh, but have not been seen in
at least 15 years, though mice are still present on most of
the other main islands in the Scillies (Howie, et al., 2007).

Eradication operation

The eradication programme ran from 11 October 2013
to 11 April 2014 and included establishing the bait station
grid, poisoning, monitoring and biosecurity establishment.
This phase took 1,593 person days. Long-term monitoring
ran monthly between May 2014 and December 2015. The
final check, species monitoring, and rat-free declaration
ran from 6 January to 18 February 2016. This phase took
250 person-days. All IOSSRP personnel wore blaze-orange
hats (with the IOSSRP logo) to be easily recognisable to
the community and visitors. Each operational task was
undertaken and completed as follows:

Pre-eradication

Due to the presence of a community on the island
and the selected method of bait stations, different pre-
eradication preparation tasks were required compared to
aerial baiting methods. Preparation tasks included, but
were not limited to: consultations with the community
about operational techniques; timing of each aspect of the
project and confirming access to land and buildings; testing
rats for resistance to rodenticides; getting the community
to cease using rodenticides on the island six months prior
to the eradication (i.e. to prevent bait aversion, avoid rats
becoming accustomed to bait and to prevent resistance);
removal of waste, alternative food and harbourage
(including cleaning up farm sheds and other buildings
on the island); establishing waste management systems
for each household and business (including provision of
rodent proof wheelie-bins and compost bins); application
for an extension-of-use for rodenticide use from the UK
Health and Safety Executive (HSE); construction of bait
stations; and delivery of all equipment to the islands.

The University of Reading completed resistance testing
and DNA screening of 26 rats trapped on the islands. Of
these samples, resistance (L120Q mutation) was detected
in one individual (Rymer, 2013). This resistance evidence
confirmed the requirement for multiple toxin and bait
formulations to ensure any problem rats could be targeted
successfully. An extension-of-use permission from HSE
was obtained to use specific rodenticides (difenacoum and
brodifacoum) at specific locations outdoors if it became
necessary to target any resistant rats towards the end of the
eradication.

Over 1,500 bait stations were constructed by RSPB
staff and volunteers in Penzance and these and all other
equipment was delivered to St Agnes in September 2013.
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Bait station grid

The bait station grid was established between 12
October and 7 November 2013. Bait stations were made
from 750 mm lengths of 100 mm diameter corrugated black
plastic drainage pipes, wired into the ground to prevent
movement by animals and/or wind. Bait was placed in the
centre of the station through the access hole that is covered
by an additional short section of pipe and held in place by
a ‘crow clip’ (a short piece of wire wrapped around the
centre of the station devised during the Lundy Island rat
eradication operation which prevents the crows and gulls
removing the lids (Bell, 2019)).

Bait stations were placed out on a 40 m x 50 m grid.
Positions were determined by electronic Geographic
Information System (GIS) and loaded onto a hand-held
GPS unit. Each station was marked by a bamboo cane or
flagging tape to ensure visibility in thick vegetation or poor
weather.

The entire grid of 962 tube stations was positioned
across the island (with an additional 74 commercial
Protecta™ lockable bait stations inside all private homes,
holiday rentals, public buildings and on the quay) before
being individually numbered and mapped using GPS and
added to a GIS-linked database (Fig. 2).

Poisoning

The main toxicant used was bromadiolone, Contrac™
(manufactured by Bell Laboratories), a 28 g, cereal-based
wax block bait with 0.005% active ingredient. This bait was
used between 8 November 2013—12 January 2013 and 27
January—8 March 2014 (Table 1). There were two alternative
baits, both manufactured by PelGar International, available
if any rats were detected that seemed to be avoiding or
appeared to be resistant to the main bait: Roban Excel™,
a 20 g cereal-based block bait with active ingredient
difenacoum at 0.005% w/w that was used between 13-26
January 2014 (Table 1); and Vertox Oktablok II™, a 20 g
cereal-based block with active ingredient brodifacoum at
0.005% w/w that was not required. Contrac™ and Roban
Excel™ are dyed blue (or green/blue) to be less attractive
to birds (Caithness & Williams, 1971; Hartley, et al., 1999;
Weser & Ross, 2013), thus helping to further reduce risks
to non-target species.

The poisoning operation commenced on 8 November
2013 and continued through to 8 March 2014. Baits
were present in each station throughout the poisoning
programme and replaced as required; when eaten by rats,
by non-target species such as invertebrates and/or damaged
by weather. Between 8 and 18 November 2013 there were
eight blocks of bait in each station. This was reduced to four
blocks between 19 and 25 November 2013 and reduced
again to two blocks from 26 November 2013 to 26 January
2014 (Table 1). After 27 January 2014, only one block of
bait was placed in each station. Existing undamaged bait
blocks were left in the stations and the extra blocks were
removed. All waste and partially eaten bait was collected

Fig. 2 Bait station grid on St Agnes and Gugh, Isles of
Scilly. Bait station positions are marked by a black dot.

and incinerated in a high temperature incineration facility
at the end of the operation.

Bait was loose in the stations between 8 and 25
November 2013 (so that rats can take bait back to their
burrows to feed nursing females or young) and after 26
November all bait was wired into the stations (which could
be used to confirm the presence of rats due to teeth marks
being recorded on partially eaten blocks in the stations)
(Table 1).

Excluding the stations in the houses (which were
checked once a week), all other bait stations on St Agnes
and Gugh were checked and serviced at intervals between
one to seven days (a total of 56 bait checks over 120
days) depending on the stage of the operation (Table 2).
To present the data on bait-take gained from these varied
bait station checks we grouped the data into 27 periods or
checks (mean (xSEM) = 1.9 + 0.2 days between checks,
range 1-7 days) shown as days from baiting (Fig. 3).

Bait-take was recorded in field notebooks by bait
station number and the species believed to have consumed
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Fig. 3 Amount (in kg) of bait consumed by rats at each
bait check (marked by black dot) during the brown rat
(Rattus norvegicus) eradication on St Agnes and Gugh,
Isles of Scilly.

Table 1 Baiting regime during the brown rat (Rattus norvegicus) eradication on St Agnes and Gugh, Isles of Scilly, United

Kingdom.
Date Bait type No of blocks  Bait loose or wired into station
818 Nov 2013 Contrac™ (bromadiolone) 8 Loose in station
19-25 Nov 2013 Contrac™ (bromadiolone) 4 Loose in station
26 Nov 2013 to 12 Jan 2014 Contrac™ (bromadiolone) 2 Wired into station
13-26 Jan 2014 Roban Excel™ (difenacoum) 2 Wired into station
27 Jan to 8 Mar 2014 Contrac™ (bromadiolone) 1 Wired into station
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Table 2 Number of bait station checks during the brown
rat (Rattus norvegicus) eradication on St Agnes and
Gugh, Isles of Scilly, United Kingdom.

Date Checks per week
8-20 November 2013 6
21 Nov to 13 Dec 2013 5
14 Dec 2013 to 8 Mar 2014 3

or removed the bait. These data were entered into a GIS-
linked database and maps showing active stations were
produced in real-time to enable the team to effectively
monitor bait-take activity and target any “hot spots”.

Searches for carcasses were completed during all
checks. Any carcasses that were found, were collected,
necropsied to determine cause of death (where possible) and
incinerated to reduce risk for non-target scavengers. It was
expected that very few rat carcasses would be found on the
surface as most rats die underground in their burrows. Five
rat carcasses were found on the surface during the Lundy
Island rat eradication and three during the Isle of Canna rat
eradication (Bell, 2004; Bell, et al., 2006). Any non-target
species that were collected during the operation were also
necropsied and assessed for anticoagulant poisoning (i.e.
blood in body cavity, bruising, discolouration of organs).
Non-target species have been affected during other
eradications: 77 non-target species’ carcasses (greater
black-backed gull Larus marinus, carrion crow Corvus
corone, house sparrow Passer domesticus, short-eared
owl Afio flammeus and rabbit Oryctolagus cuniculus)
were found on the surface during the Lundy Island rat
eradication and seven non-target species carcasses (wood
mouse Apodemus sylvaticus, and pygmy shrew Sorex
minutus) were found during the Isle of Canna operation. Of
these, only 15 showed evidence of anticoagulant poisoning
and the remainder had died of starvation (rabbit, shrew) or
either natural (short-eared owl, crow) or unknown causes
(greater black-backed gulls) (Bell, 2004; Bell, et al., 2011).

Monitoring

Three distinct periods of monitoring were undertaken
as the project progressed. Intensive monitoring using 2,500
stations at 25 m spacing was carried out from 19 November
2013 to 8 March 2014 to detect rats surviving through the
poisoning phase. This was followed by a 21-month period
of long-term monitoring using 87 biosecurity stations and
six rodent motels (wooden boxes designed to provide an
attractive, alternative ‘burrow’ for rats during an incursion)
from 9 March 2014 to 5 January 2016. These biosecurity
stations were established at high risk areas on the island;
around the coast, at the quay and other boat landing sites
and at seabird breeding sites (Bell, et al., 2014). The final
monitoring check, using 448 stations, was carried out
between 6 January and 18 February 2016 (Bell & Cropper,
2016). WMIL and RSPB staff and volunteers carried out the
intensive and final checks and IOSSRP staff, St Agnes and
Gugh residents and volunteers maintained the long-term
monitoring. Monitoring stations consisted of materials
attractive to rats that would also clearly show teeth marks
(e.g. chocolate, peanut or coconut flavoured wax, candles
and soap), tracking tunnels and trail cameras (Bushnell™).
All were individually numbered and any evidence of
activity (e.g. teeth marks or foot prints) was recorded in
field notebooks by station number and the species believed
to have consumed or marked the monitoring item.

Monitoring items were placed inside and outside each
station as well as halfway between each station during the
intensive monitoring phase and final monitoring check.

During these monitoring phases, each monitoring site
was checked regularly 3-5 times a week (depending on
weather), either separately or — during the poisoning phase
— together with the poisoning bait station grid. Monitoring
items were placed inside the biosecurity stations only
during the long-term monitoring phase and these were
checked monthly. Checks for active rat runs and activity
at high-risk sites (i.e. stone walls, farms, seabird colonies,
etc.) were also undertaken throughout all three monitoring
phases. Any rat and non-target species sign found on any
monitoring detection device at any stage of the monitoring
phase was recorded and added to the database.

RESULTS
Bait acceptance and take

Bait acceptance was excellent with no evidence of bait
avoidance. Green/blue rat droppings appeared within three
days and rats accounted for 203.6 kg of Contrac™ bait
taken (estimated 1,600-2,500 rats).

The bait-take pattern was typical of other rat eradication
campaigns (Thomas & Taylor 2002; Bell, et al., 2011). It
was very high in the immediate days after original baiting
(checks 1-3) and dropped to a relatively low level eight
days after original baiting (check 8) (Fig. 3). A small
increase was recorded at day 21 after the original baiting
(check 15) but dropped away, reaching zero bait-take on
day 23 after the original baiting (check 17) (Fig. 3).

Throughout the poisoning phase, 62% of bait stations
were visited by rats, with 42.7% active within the first
three days of the original baiting. This level of activity
was similar to the Lundy and Isle of Canna eradications
which had 42.5% and 62% of bait stations visited by rats,
respectively (Bell, 2004; Bell, et al., 2011). The high
number of active bait stations during the first two bait
checks shows that the rats quickly accepted the bait across
St Agnes and Gugh. It is likely that the small grid size and
intensive baiting regime targeted the rats effectively within
a short timeframe.

The average number of blocks taken by rats was 4.3 (+
0.1) blocks per active station (range 0—41 blocks). Again,
this level of activity was similar to the Lundy and Isle of
Canna eradications which had 3.2 and 8 blocks taken by
rats by per active station, respectively (Bell, et al., 2004;
Bell, et al., 2011). This also indicates that rats were quickly
removed from most sites across St Agnes and Gugh. As
shown by Fig. 4, bait-take was not evenly distributed
over both islands, with the greatest level of bait-take on
the coastal areas of both islands and each of the offshore
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Fig. 4 Distribution of total bait-take (g) by rats consumed
per station during the brown rat (Rattus norvegicus)
eradication on St Agnes and Gugh, Isles of Scilly.
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rock stacks connected to the main islands at low tide. The
distribution of rats and density on Gugh was likely to be
having an impact on Manx shearwaters and other seabirds
and land bird and invertebrate populations present on St
Agnes and Gugh.

There were 19 rat carcasses collected on the surface
during the operation. These were collected and incinerated
to prevent availability to non-target species.

There were low levels of interference by non-target
species with nearly 54 kg of bait being consumed; cattle
kicked up stations and ate a small amount of bait (1.4
kg), slugs and other insects consumed 51.9 kg and shrews
consumed 0.4 kg. The weather conditions also complicated
the operation and accounted for 3.4 kg of bait that had to
be replaced due to the loss of 54 bait stations in storms.
Carcasses of a water rail (Rallus aquaticus), a song thrush
(Turdus philomelos), a blackbird (7. merula) and nine
Scilly shrews were found. There was no evidence that any
of these non-target species was affected by the rodenticide.

Monitoring

Monitoring for rat presence continued island-wide
for two years after the end of the poisoning operation.
The last rat was detected on chocolate flavoured wax
on 29 November 2013 during the overlap between the
poisoning and intensive monitoring phases and this rat was
successfully targeted using the main bait, Contrac™, by 2
December 2013. No rats or sign were detected during any
phase of the long-term or final check monitoring. St Agnes
and Gugh were declared rat-free in February 2016.

Cattle, shrews and birds interfered with 899 monitoring
stations (by eating the flavoured wax or soap, marking
tracking plates or, in the case of cattle, by removing the
monitoring wires) a total of 12,156 times between 21
November 2013 and 26 February 2014. There were 127
stations affected 1,384 times by cattle, 60 (82 times) by
birds, 5 (8 times) by insects, 9 (9 times) by rabbits and
454 (2084 times) by shrews. Interference by birds, shrews
and rabbits was limited to teeth or beak marks on the
soap or flavoured wax or footprints on tracking plates.
Cattle removed wires and ate flavoured wax and soap, so
monitoring points had to be moved or hidden in those areas
with cattle.

DISCUSSION

The success of the St Agnes and Gugh brown rat
eradication shows that a well-planned, adequately
resourced, well-executed programme, with the complete
support of the community, local agencies and government
and directed by an experienced operator with dedicated
workers, can eradicate rats from inhabited islands using
a ground-based bait station operation. The project on St
Agnes and Gugh is the largest community-led (with 85
residents) brown rat eradication anywhere in the world.
Most other eradications on inhabited islands either have
smaller communities (e.g. Isle of Canna, 12 residents;
Bell, et al., 2011; Rakino in New Zealand, 16 residents;
Bassett, et al., 2016) or have staff or a military population
(e.g. Bird, Denis, Curieuse and Fregate Islands in the
Seychelles, Merton, et al., 2002; Lundy Island, Bell,
2004; Wake Island, Brown, et al., 2013) and have not had
direct involvement of the community during and after the
eradication or leaving the community responsible for all
biosecurity measures (Pearson, et al., this issue).

However, the success of the eradication was dependent
on the participation and support of the entire local
community. The community maintained an integral role
and was consulted extensively in the planning, preparation
and implementation of the eradication programme. As
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such, it is vital that techniques and protocols developed
during eradications on islands with even small communities
should be assessed, utilised or adapted for islands with
larger communities. The opinions and safety of local
communities need to be a priority in any eradication
planned for inhabited islands.

Stock and chicken feed provided a possible alternative
food source for rats, but all the farmers were fully
supportive of the project and stored all the unopened feed
on pallets (with bait stations and/or traps underneath) or in
rodent-proof containers and any opened feed was stored
in large plastic, metal or wooden sealed bins. Where
possible, farm buildings were kept clean to ensure fresh
sign was quickly noted. All these methods meant that the
sheds were cleared of rats and any roaming rats which re-
invaded the area could be noted quickly. The presence of
a large chicken farm could have been a major problem
as their runs provide excellent rat habitat and alternative
food. The owner of the chicken farm strictly managed his
chickens and feeding regime throughout the rat eradication
operation which made targeting rats and monitoring for
any survivors on this farm easier.

Rubbish can be the most serious issue on an inhabited
island wanting to eradicate rats. This was discussed
comprehensively with the community before the project
commenced. As a result, rat-proof wheelie bins and Green
Johanna compost bins were provided to the residents
and all rubbish was stored in these prior to removal to
St Mary’s. Rubbish was removed regularly (generally
weekly) from St Agnes to St Mary’s by the Isles of Scilly
Council. In October and early November 2013, with the
permission and assistance of residents, a number of sheds,
farm buildings and outhouses were cleared and tidied by
the IOSSRP team to ensure bait stations could be placed
along all the walls.

St Agnes and Gugh were cleared of rats within three
weeks (23 days from original baiting). Bait-take showed
that the rat population appeared to be low (approximately
2,000 rats) and was not evenly distributed across the
islands. There were high concentrations of rats on Gugh
and around the coastal areas on St Agnes where the
burrow-nesting seabird colonies are present, meaning rats
were likely to have been having an effect on these breeding
seabirds (Moors & Atkinson, 1984; Atkinson, 1985; Jones,
et al., 2008).

The interference by cattle was another major factor
affecting the operation, with cattle kicking up or crushing
stations, but cooperation by the farmers to move stock
around different paddocks, as well as altering the bait
station positions, wiring the bait or lids into position in
addition to the crow clip or weighting the stations down
with rocks, meant this problem was quickly dealt with.
Many of the monitoring stations were removed from, and
then replaced back into, certain areas (such as Covean and
Wingletang) as the cattle were rotated between paddocks.

Importantly, there were no known non-target species
affected by this operation. Although a small number of
Scilly shrews (n = 9) were found dead and necropsied
during the eradication, proof of poisoning could not be
confirmed (i.e. no symptoms of anticoagulant poisoning
such as blood in body cavity, bruising or discolouration
of organs). However, no liver or tissue samples were
taken from non-target species for further analysis. It
should be noted that, in certain cases, bait-take by shrews
subsequently stopped in nearby stations suggesting these
animals had died due to primary poisoning. Although there
is no information on the LD50 for shrews, using LD50 data
from other small mammals (voles and mice), it is likely
that shrews would have to eat between 0.2—1.25 mg/kg to
be affected by bromadiolone. This amounts to 0.001 blocks
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of bait and this level of bait take by shrews occurred at
83 different stations between 22 November 2013 and 5
March 2014 suggesting that approximately 83 shrews may
have been affected by the baiting phase (totalling to 0.4
kg of bait). However, it is thought that as Scilly shrews
have small home ranges (< 50 m? Spencer-Booth, 1963;
Rood, 1965), excluding those with a bait station in their
immediate home range, most shrews would not encounter
bait stations or poisoned invertebrates using the 40 m x 50 m
grid. This means that even if a small number of individuals
was killed, the overall population would survive. The risk
to the shrew population was considered minimal, but the
potential for a small number of individuals to be affected
was acknowledged (Bell, 2011). Calculations of bait-
take indicate that more shrews than anticipated may have
been at risk, but extensive searches for carcasses and the
necropsies performed do not support this; there was no
definitive evidence of any shrew death being attributable
to the rodenticide. Scilly shrew numbers have increased to
population levels higher than those before the eradication
(IOSSRP, unpublished data).

A large quantity of bait was consumed or damaged
by slugs and other insects. Bait was changed often to
ensure there was always the most attractive and palatable
bait available to rats. Contrac™ was more durable than
expected, compared to earlier experience on Lundy
Island where it deteriorated within one to two days (Bell,
2004), meaning it lasted better in the St Agnes and Gugh
environment. Occasionally it was difficult to interpret sign
on the blocks during the important monitoring phase of
the operation, owing to the nature of the block and ridges,
but the Contrac™ bait successfully targeted all rats on St
Agnes and Gugh within three weeks.

There was no evidence that any other non-target species
were affected by the rodenticide, traps or monitoring tools
used in the operation. Following necropsy of shrews and
other non-target species carcasses (water rail, thrush and
blackbird), there was no bait found in the stomach or
symptoms of anticoagulant poisoning (i.e. blood in the
body cavity, bruising or haemorrhaging or discoloured
organs). Although 19 dead rats were found on the surface
(1.1% of estimated rat population on St Agnes and Gugh),
there was no evidence of any other animal scavenging these
carcasses. There were no observations of pet cats, crows,
gulls or raptors eating dead or dying rats on St Agnes and
Gugh.

Weather also affected the eradication when storms
removed or dislodged stations, but this generally was
limited to coastal areas.

The eradication of invasive species such as rats from
islands has become one of the most important tools in
avian conservation worldwide. It was recognised that
for the restoration and protection of seabird colonies on
St Agnes and Gugh, the eradication of rats was required.
This operation has already benefited key seabird species
on the islands as well as the Scilly shrew as shown by
comparisons between the pre- and post-eradication
biodiversity monitoring. Manx shearwaters were recorded
successfully breeding within one year of the eradication
and 73 pairs were recorded in 2016 compared to 22 pairs
and no fledged chicks in 2013 (Pearson, 2016). European
storm petrels were first recorded on St Agnes in 2015,
with 9 pairs in 2016, and the Scilly shrew population has
increased to levels higher than the pre-eradication levels
since rats have been eradicated (IOSSRP, unpublished
data; Pearson, 2016; Thomas, et al., 2017).

Although eradicating rats from St Agnes and Gugh is
a considerable and significant achievement, it is important
to stress that keeping these islands rat-free will require

constant vigilance and commitment from the whole
community, partner agencies and visitors in order to
prevent, detect and respond to any incursions. Prevention
of an accidental rat re-introduction should be the primary
aim. The greatest risk is via service and private vessels
traveling between all of the inhabited islands in the Isles
of Scilly, especially if delivering farming equipment, hay,
stock feed, equipment or food to St Agnes. There is also
a small risk from visiting yachts and general tourism.
Permanent biosecurity stations have been established on
St Agnes and Gugh; these will be maintained indefinitely
by trained community members and IOSSRP personnel. A
detailed biosecurity plan has been developed to prevent,
detect and respond to possible incursions. Residents have
been trained in these biosecurity measures, identification
of rodents and rodent sign, and methods to reduce the risk
of accidentally introducing rodents, demonstrating the
commitment of the St Agnes and Gugh community to the
restoration of their islands.

It is important to stress that the eradication of brown
rats from St Agnes and Gugh is a valuable education tool to
show other island communities that it is possible to safely
eradicate rats without unduly impacting on the lives and
habits of the local residents. The successful eradication
of brown rats from St Agnes and Gugh demonstrates how
the techniques of ground-based bait station operations can
be utilised on inhabited islands throughout the UK and
the world where this technique is feasible and where the
community is involved and supportive.
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Abstract This essay offers a 25-year overview of efforts to remove Pacific rats (Rattus exulans) from the four islands
of the Pitcairn group. Following the 1991-1992 discovery that rats were severely reducing breeding success of gadfly
petrels (Pterodroma spp.), Wildlife Management International proposed eradication. Eradication success was achieved
using ground-based baiting on the small atolls of Ducie and Oeno in 1997, and there is now evidence of petrel recovery on
Oeno, but two eradication attempts on inhabited Pitcairn (1997 and 1998) failed. By the early 2000s, the development of
aerial baiting through the 1990s placed an eradication operation on the fourth island, Henderson, within reach. Preparatory
fieldwork in 2009 allayed doubts in two key areas: the feasibility of maintaining a captive “back-stop” Henderson rail
(Porzana atra) population, and bait uptake by crabs (Coenobita spp.). Royal Society for the Protection of Birds (RSPB)
expertise secured the necessary funding of £1.5 million, and 75 tonnes of brodifacoum-containing bait were dropped in
August 2011. Despite extensive mortality of free-living rails, the population, supplemented by released captive birds,
returned to pre-operational levels in 2-3 years. Meanwhile those tending captive rails saw no rat sign before leaving
Henderson in November 2011. Unfortunately, a rat was sighted in March 2012, and continuing rat presence confirmed in
May 2012. Subsequently rat numbers have returned to pre-operational levels without any sign of population ‘overshoot’
as observed on Pitcairn. Genetic analysis suggests around 80 rats, roughly 1 in 1,000, survived the bait drop. With no
evidence of imperfect bait coverage or deficiencies in bait quality or brodifacoum resistance, it seems some animals
chose not to eat bait. Choice tests on Henderson Island rats suggest some rats prefer natural foods over bait. This adverse
situation may have been exacerbated because, in August 2011, natural fruits were more abundant than anticipated due to
drought earlier in the year. To overcome rat preference for natural food, any second Henderson attempt might benefit from
more attractive bait. Without such developments, a second attempt risks another failure. Henderson’s biota will survive

the delay.

Keywords: brodifacoum, Ducie, Henderson, Henderson rail, Oeno, Pterodroma

INTRODUCTION

The Sir Peter Scott Commemorative Expedition to the
Pitcairn Islands of 1991-1992 involved 35 personnel in
the field over a span of 15 months. While short periods
were spent on the sole inhabited island of Pitcairn (500 ha)
and the low atolls of Oeno (c. 60 ha) and Ducie (c. 75 ha),
Henderson Island (4300 ha) was the principal study site.
Since Henderson had been designated a World Heritage
Site in 1988 “as one of the last near-pristine limestone
islands of significant size in the world” (<http://whc.
unesco.org/en/list/487>), it had been appreciated that the
natural history of the island was incompletely documented.
The expedition aimed to rectify this omission, bringing
together expertise in archaeology, geology and many
branches of natural history.

One of the Expedition’s unexpected findings was the
very low breeding success of gadfly petrels (Pterodroma
spp.) on Henderson: ca. 5% among Murphy’s petrels (P,
ultima), 10% in Kermadec petrels (P. neglecta), and 15—
20% in Herald (P. heraldica) and Henderson petrels (P,
atrata) (Brooke, 1995). This was especially concerning in
the case of Henderson Petrels, split from Herald Petrels
as a result of expedition work (Brooke & Rowe, 1996),
endemic to Henderson and therefore without any source
of immigrants to rescue the situation, and potentially on a
downward trajectory to extinction within a few centuries
(Brooke, et al., 2010a).

Field observations showed that the cause of this low
breeding success was predation by Pacific rats (Rattus
exulans), introduced to the island by Polynesians settlers
about 700-800 years ago (Weisler, 1994). Hatching
success was apparently not substantially reduced by rats.
Rather, the problem arose in the first week after hatching,
especially when the chick moved from under to beside the
parent. Then the rats approached, pulled the chick away
from the nest site, even in the presence of a brooding
parent, and ate it (Brooke, 1995).

Observations on the atolls of Oeno and Ducie were too
intermittent to establish whether rats there had a similar
impact on the breeding success of petrels. However, the
fact that petrel densities were 1-2 orders of magnitude
higher on Oeno and Ducie than on Henderson prior to the
eradications on the atolls suggested that rat impact was
less, if not negligible. Probably because of the presence
of rats and feral cats (Felis catus), petrels do not breed on
Pitcairn.

After these findings had entered the public domain
via the expedition report (Pitcairn Islands Scientific
Expedition, 1992) and a special volume of the Biological
Journal of the Linnean Society (Benton & Spencer, 1995),
the late Brian Bell of Wildlife Management International
contacted the author to propose rat eradication in the
Pitcairn Islands (Bell & Bell, 1998). At this time, the mid-
1990s, an eradication on Henderson was not feasible using
ground-based methods. Therefore, the proposal was for
eradications on Oeno and Ducie using tested ground-based
methods to benefit three gadfly petrel species but, crucially,
not the Henderson Petrel which was not confirmed as a
nesting species on either atoll.

ACTIONS
Oeno and Ducie

The modest extent and flat accessible topography of the
atolls meant that the proposed eradication campaigns were
likely to be successful, given prior achievements elsewhere
(Towns & Broome, 2003). The eventual source of funding
was the UK’s Department for International Development
(DfID) whose interest lay principally in Pitcairn Island
and its people. For this reason, the programme linked
eradications on Oeno and Ducie, offering clear biodiversity
gains with limited risk of failure, to an eradication
attempt on Pitcairn where the risks of failure were higher

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 95-99. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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because of the rugged and heavily vegetated topography
and the complications associated with human presence.
Nonetheless the project proceeded in late 1997 with
approximately £100,000 of funding for Pitcairn and Oeno
from DfID and a further £20,000 for Ducie from the World
Wide Fund for Nature (Bell & Bell, 1998).

Success was duly achieved on Oeno and Ducie by
hand-laying of bait (baiting rate unspecified) on a 25 m
grid (Bell & Bell, 1998). The Oeno eradication has been
followed by growth of the population of the seabird species
most easily censused, Murphy’s petrel, at an annual rate of
6% (Brooke, et al., 2017). There are no post-eradication
census data from Ducie.

Pitcairn

Eradication was not achieved on Pitcairn in 1997.
There, preceding bait laying, the endeavour of cutting a
25 m grid of paths through the dense scrub cloaking the
island’s extremely severe terrain taxed the endurance of
the WMIL team, especially since, in the absence of prior
reconnaissance, the severity of the task ahead had not
been appreciated. Coverage of the cliffs was probably
incomplete. A lesson was learnt: future operations of this
magnitude must involve prior on-site reconnaissance by
key personnel.

The WMIL team departed shortly after the completion
of bait laying (overall baiting rate not specified), entrusting
the task of follow-up monitoring to the Pitcairn Islanders
(Bell & Bell, 1998). Given the many calls on the islanders’
time, and their lack of appropriate expertise, this strategy
was probably a mistake. With the benefit of hindsight, it
would have been better if extra costs had been incurred and
logistical difficulties overcome to allow some dedicated
team members to remain on Pitcairn to detect any residual
rat presence. While this change in protocol would not
have guaranteed a successful outcome, it could only have
increased the probability of success.

WMIL returned in 1998 to attempt to rectify the 1997
eradication failure. Unfortunately, the outcome reprised
that of 1997 despite more intensive monitoring after the
initial baiting, coupled with spot-laying of bait wherever
rat sign was detected (Bell, 1998).

A striking feature of these failures was not simply
the rapidity with which rats recovered to their pre-
bait levels which, the reports of Pitcairners suggested,
happened within 18-24 months. There was also a universal

impression among the islanders and indeed myself on a
visit in 2000 that numbers overshot the status quo ante,
to a startling extent. For example, rats were frequently
encountered in homes, even in cooking ovens left ajar. A
possible explanation of this ‘overshoot’, that cannot be
confirmed by any formal existing trapping or density data,
is that, after the reduction in rat numbers due to baiting,
a large amount of food accumulated, for example on or
below Pitcairn’s abundant fruit trees. This surfeit possibly
nourished the extreme increase in rat numbers.

Henderson

Following the successful eradication of rats from
several large New Zealand islands using aerial baiting
techniques during the 1990s (Towns & Broome, 2003)
and from 113 km? Campbell Island in 2001 (McClelland
& Tyree, 2002), the possibility of an eradication project
on Henderson Island using aerial baiting moved up the
agenda. A feasibility report delivered a favourable verdict,
subject to two caveats (Brooke & Towns, 2008). The
first was that, in the areas of high land crab (Coenobita
spp.) density behind Henderson’s beaches, it should be
demonstrated that sufficient bait could be scattered so that,
even after substantial bait removal by crabs, enough bait
remained to permit all rats to consume a fatal quantity.
The second concerned the endemic flightless Henderson
rail (Porzana atra). Given the recorded susceptibility of
rails to brodifacoum in cereal bait (Eason, et al., 2002) —
as would be used in a Henderson operation — there was a
need to demonstrate that Henderson rails could be caught
and then kept healthy in captivity. In the worst-case
scenario, the elimination of the wild population during the
eradication operation, the captives, once released after the
disappearance of bait, would become the founders of the
new wild population.

Both these issues were successfully addressed by
a field expedition in August/September 2009 (Brooke,
et al., 2010b; Cuthbert, et al., 2012), paving the way for
an eradication operation in 2011. The feasibility report
(Brooke & Towns 2008) suggested the late winter months
of September/October as the period of lowest food
availability and therefore the most suitable for bait-laying.
This suggestion was based on a l-year study of plant
phenology (Brooke, et al., 1996), and drew on the fact that
Rattus exulans includes a proportion of vegetable material
in its diet. In the absence of any data whatsoever on the
intra-annual variation in the availability of invertebrates
and their contribution to the rats’ diet, this potential factor

Table 1 Summary table of rat eradication operations on the four Pitcairn Islands. Details from Bell & Bell (1998), Bell

(1998), Torr & Brown (2012) and E. Bell (pers. comm.).

Island Type Method Year  Month(s) Bait type No. Successful?
baited baited baitings
Pitcairn Volcanic Hand broadcast 1997  June — Pestoff 20R; wax-covered 3 No
August chocolate bait for 3+
baiting
Pitcairn Volcanic First two: hand 1998 April — Pestoff 20R. Later 3+ No
broadcast. Then July baitings supplemented by
bait stations and wax-covered chocolate
spot-laying bait
Oeno Atoll Hand broadcast 1997  July — Pestoff 20R 2 Yes
August
Ducie Atoll Hand broadcast 1997  November Pestoff 20R 2 Yes
Henderson Makatea Aerial 2011  August Pestoff 20R 2 No
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could not be addressed in project planning. In the event,
late August 2011 became the provisional project date.
Fund-raising for the £1.5 million budget proceeded apace
under the aegis of the Royal Society for the Protection of
Birds (RSPB).

The operation was logistically complex involving
the 298-tonne Alaskan crab-fishing vessel, the Aquila,
sailing from the United States. Carrying two helicopters,
the Aquila undertook other rat eradications in the central
Pacific (Palmyra Atoll followed by Enderbury and Birnie
in the Phoenix Islands) before loading the 76 tonnes of bait
required for Henderson in Samoa. She then sailed east to
Henderson.

Meanwhile the rail-catching team were landed on
the island on 8 July 2011. The team immediately noticed
that fruit was more abundant than expected — of which
more anon. Catching of rails proceeded satisfactorily but
adapting birds to captivity proved more problematical
than in 2009, and 22 died before the solution was found,
enticing the birds to the food bowls with live bait such as
immobilised moths (Oppel, et al., 2016). In retrospect, it
appears that, by chance, the smaller 2009 batch of rails (26
caught: two died) simply included few birds reluctant to
adapt to captivity (Brooke, et al., 2010b; Brooke, et al.,
2012).

The losses meant that the number of captive rails, 75,
at the time of the Aquila’s arrival on 14 August, was lower
than the target of 100 birds, but not so much lower as to
cause a postponement or cancellation of baiting. The details
of bait spreading are covered in the report of the project
leaders (Torr & Brown, 2012). Overall the process went
remarkably smoothly, with bait buckets filled on board
the Aquila, obviating the need for any onshore storage of
bait. GPS mapping of the island, prior to the first bait drop,
revealed the area to be 43 km? an enlargement over the
37 km? that had been the basis for planning. Fortunately
there was sufficient contingency bait that this unexpected
expansion necessitated no adjustment of planned bait
densities.

Excluding enhanced bait application in the areas
of high crab density (Cuthbert, et al., 2012) and in the
coconut groves, the application rate was 10 kg/ha of pellets
(brodifacoum concentration of 20 ppm) over the majority
of the island for the first drop carried out between 15
and 17 August, and 6 kg/ha during the second bait drop
on 21 and 22 August. The 5-day interval between drops
was slightly less than originally planned because settled
weather prompted a decision to proceed immediately,
rather than delay until the planned interval of seven days
(Torr & Brown, 2012).

The immediate impact of the bait drop on the wild free-
living rails was dramatic — as it was on rats. Sixteen of 16
rails that were radio-tagged, and whose fate could therefore
be determined with certainty, died. However, mortality
island-wide was not total. The best estimate is that 93
percent of free-living rails died, leaving c. 500 survivors
(Oppel, et al., 2016). A few weeks after the drop, these
birds began breeding. Their numbers were supplemented in
October and November by the release of the captive birds,
and the population has since completely recovered (Oppel,
et al., 2016). Although, in the event, the captive birds were
not essential for the species’ persistence, the outcome was
in doubt in the anxious days after the bait drops, and there
is no question that a similar captive rail population must
be established, should there be another eradication attempt
in the future. This recommendation only gains force if, for
example, the bait drops occur over a longer time period, or
there are three drops instead of two. No other bird species
is known to have been adversely affected by the bait drops
on Henderson.

At the time the team caring for the captive rails left
Henderson in November, three months after the bait drop,
no signs of surviving rats had been noticed. Disastrously,
a surviving rat was seen and captured on video by a visitor
in March 2012. A follow-up visit, in May, confirmed
continuing rat presence and, as expected, rat numbers had
returned to ‘normal’ about two years later with no sign of
the overshoot noted on Pitcairn (Bond, et al., 2019).

The eradication failure immediately prompted a review
of the operation and a search for possible operational
errors. None has been discovered (Internal RSPB
documents). There were no apparent gaps in bait coverage,
and none of the batches of bait, deliberately retained for
post-operational testing, was shown to have incorrect toxin
loading. Such post-hoc testing cannot absolutely exclude
the remote possibility that some bags of bait did not have
toxic baits, a factory error. Finally, fieldwork on Henderson
in 2013 tested the rats, presumably animals descended
by several generations from the actual survivors, for
resistance to brodifacoum. No such resistance was found
(Churchyard, et al., 2015).

Genetic studies after failure excluded the possibility
that Pitcairn or other islands elsewhere in the Pacific had
been a source of rats that had somehow reached Henderson
and re-populated the island. In any case, knowledge of boat
traffic made this scenario extremely unlikely. Thus, there
had been a failure of eradication and not a re-introduction.
Because rat samples had been secured before the operation,
and were then obtained afterwards, it was possible to use
the change in microsatellite allele frequency to estimate
how many rats survived (Amos, et al., 2016). The answer
was about 80 individuals, very roughly one in a thousand
of the rats present on Henderson before the operation
(Brooke, et al., 2010b). It is a total compatible with the
absence of observations of living rats for around seven
months after the bait drops.

Can this total, neither indicating a tiny number of
survivors that might be ascribed to chance nor several
hundreds, even thousands, indicating serious deficiencies
in operational protocol, suggest improvements that might
be made for a second attempt?

Mention has already been made of the fact that the rail
team encountered more fruit than expected on Henderson
in July 2011. This was probably a delayed consequence
of a drought that afflicted Pitcairn, and presumably also
Henderson, from November 2010 to March 2011. When
this drought broke, it is likely that the trees became greener,
flowered and then fruited, at a time that was inopportune
for the rat eradication, especially if flowering and fruiting
were accompanied by increased numbers of invertebrates.
Although there has been one year-long study of the
leafing, flowering and fruiting phenology of Henderson’s
plants (Brooke, et al., 1996), this is clearly inadequate to
understand how plant phenological schedules may change
from year to year, and how they are altered by annual
variations in weather. That would require around 20 years
of study, an impossible task on isolated Henderson. Thus,
tailoring a rat eradication to a particular window of plant
food scarcity will always be difficult, if not impossible.
And no subsequent findings have altered the cautious
recommendations of the feasibility study (Brooke &
Towns, 2008), derived from the Brooke, et al. (1996) plant
phenology study, that September or a month either side is
the most suitable period.

Compounding this problem is that the operation must be
set in train — boats chartered, bait ordered and so forth — at
least six months before baiting (Parkes & Fisher, 2017). It
would, in theory, be possible to cancel an operation at a late
stage, for instance if there were reports of a surge in fruit
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abundance, but the penalties for such a late cancellation
could well approach £500,000.

Following their helicopter flights across the island in
2011, the pilots reported, to universal surprise, a few tens of
coconut trees (Cocos nucifera) emerging from the canopy
growing on the raised atoll lagoon. Since the ground is
about 30 m above sea level, these trees must have involved
human intervention. They were certainly not planted by
members of the Sir Peter Scott Commemorative Expedition
of 1991-1992. There are two other known possibilities. The
first is that the Pitcairners who, during World War 11, cut a
network of paths across the island, some several kilometres
from the coast, were responsible. Another possibility is that
the helicopter presence associated with the visit of the USS
Sunnyvale in 1966 provided an opportunity for coconuts to
be ‘bombed’ from overhead.

However the coconuts arrived, it is not surprising that
they have been growing unknown for decades since most
parts of this impenetrable island have remained unvisited
for centuries. The relevance of these observations is
that the research visit of 2013 (Churchyard, et al., 2015)
conducted captive trials to test which natural foods, if any,
were preferred by rats to bait pellets. Given a four-way
choice between coconut (removed from its shell), Myrsine
fruits, Pandanus nuts and Pestoff bait pellets, coconut
was preferred, with pellets second. Moreover 11 of 30
rats ate no pellets whatsoever in a 3-day trial (details in
Churchyard, et al., 2015). These findings were confirmed
by further similar research in 2015 that also indicated
the preference for natural food could not be overcome
by increasing the relative abundance of bait pellets, an
experimental adjustment equivalent to increasing the bait
application rate during helicopter operations (Lavers, et al.,
2016).

Although the coconut groves behind the North
and North-West Beaches received deliberately high
applications of bait pellets (Torr & Brown, 2012), this was
not the case for the unknown isolated trees in mid-island.
However, there are no data bearing on where on the island
the 80 surviving rats lived and whether their home ranges
were in the vicinity of coconuts.

It is evident that an absence of coconuts is not a sine qua
non of a successful rat eradication. Success was achieved
on Oeno (coconuts present) and Ducie (no coconuts).
Projects failed on Henderson and Pitcairn, both with
coconuts. More generally, numerous islands with coconuts
have been cleared of rats, including the island of Palmyra
(</www.fws.gov/refuges/news/PalmyraAtollRatFree.
html>) visited by the Aquila two months before it reached
Henderson.

Although Henderson’s coconuts could have contributed
to the project’s failure (Holmes, et al., 2015), removing this
possible cause would not be easy. Reaching every mid-
island coconut would require a helicopter to insert a small
group of “coconut destroyers” close to each tree, perhaps
via a winch. Their task would be to destroy all the nuts and
possibly the tree as well. That would still leave the coastal
coconuts. It is unlikely that their total destruction would
be countenanced by the Pitcairn Islanders and, in any case,
their flowers are a significant food of the endemic Stephen’s
lorikeet (Vini stepheni) (Trevelyan, 1995). Even destroying
or removing off-island all the fallen nuts, weighing several
tens of tonnes, would not be easy. But the practicalities
should be explored.

The discussion has reached the stage where the 2011
eradication appears to have failed, not because of any
operational blemishes and not because of any brodifacoum-
resistance but because a small number of rats failed to
consume a fatal dose, approximately one pellet, of bait.

98

Instead they chose to eat natural food in preference to bait
(Keitt, et al., 2015). This picture is entirely compatible
with the more general observation that tropical rodent
eradications are less likely to be successful than those on
temperate islands (Russell & Holmes, 2015)

If a second eradication attempt is to have an improved
chance of success, some aspects of the protocol may
have to change. The impracticalities of guaranteeing that
a bait drop occurs at a time of minimal food abundance
have already been discussed. The challenge of reducing
the availability of coconuts needs further thought. Finally,
I strongly advocate consideration of a further option, the
development of a more attractive bait formulation that will
entice even those rats that might have shunned the pellets
used in 2011 to eat bait. It will probably never be known
whether these crucial rats did not eat bait pellets because a
more palatable natural food was available, and/or whether
illness or pregnancy affected their appetite for novel foods
(neophobia). Altering the formulation of bait pellets by the
addition of such flavours as chocolate or peanut has already
been trialled by Orillion, the manufacturers of PestOff
pellets (Bill Simmons, pers. comm.). However, it remains
uncertain whether these changes would demonstrably
reduce the risk to an operation of such rat behaviours as
neophobia.

Although modest alteration of pellets may not engender
regulatory problems in UK Overseas Territories (Bill
Simmons, pers. comm.), the development of pellets of
enhanced attractiveness could pose technical problems.
For example, any additives must not make the pellets
more ‘sticky’ and liable to clog the hoppers underslung
from bait-distributing helicopters. But, optimistically, such
developments will occur as New Zealand develops the
expertise to rid itself of alien predators by 2050, as other
countries follow New Zealand’s lead, and as the relative
intractability of tropical islands is addressed.

Meanwhile, from my 25-year perspective, Henderson
will probably not change greatly in the next decade. A
patient approach will hugely increase the likelihood that
any second rat eradication attempt on Henderson is made
when the chances of success are demonstrably higher. It
will also avoid the mistake made on Pitcairn, of undertaking
an eradication project because money was available rather
than because a rational, even hard-nosed, assessment
confirmed that the chances of success and the biodiversity
gains of success outweighed the costs and risks of failure.
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House mice on islands: management and lessons from New Zealand
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Abstract The impacts of house mice (Mus musculus), one of four invasive rodent species in New Zealand, are only clearly
revealed on islands and fenced sanctuaries without rats and other invasive predators which suppress mouse populations,
influence their behaviour, and confound their impacts. When the sole invasive mammal on islands, mice can reach high
densities and influence ecosystems in similar ways to rats. Eradicating mice from islands is not as difficult as previously
thought, if best practice techniques developed and refined in New Zealand are applied in association with diligent planning
and implementation. Adopting this best practice approach has resulted in successful eradication of mice from several
islands in New Zealand and elsewhere including some of the largest ever targeted for mice; in multi-species eradications;
and where mouse populations were still expanding after recent invasion. Prevention of mice reaching rodent-free islands
remains an ongoing challenge as they are inveterate stowaways, potentially better swimmers than currently thought,
and prolific breeders in predator-free habitat. However, emergent mouse populations can be detected with conventional
surveillance tools and eradicated before becoming fully established if decisive action is taken early enough. The invasion
and eventual eradication of mice on Maud Island provides a case study to illustrate New Zealand-based lessons around

mouse biosecurity and eradication.

Keywords: biosecurity, eradication, impacts, invasive rodents, Maud Island

INTRODUCTION

The house mouse (Mus musculus) established in New
Zealand (NZ) around 1830, about 550 years after the first
rodent to arrive, the Pacific rat or ‘kiore’ (Rattus exulans),
60 years after Norway rats (R. norvegicus) and 30 years
before ship rats (R. rattus) (Atkinson, 1973). Mice in New
Zealand have traces of ancestry from three subspecies —
Mus musculus domesticus, M. m. castaneus and M. m.
musculus — however M. m. domesticus is the dominant
subspecies (King, et al., 2016; Veale, et al., 2018). The
hybridisation of subspecies could have occurred before or
after the mice arrived in NZ (Veale, et al., 2018).

Today mice are widespread and common throughout NZ
but not as common as ship rats. Mice increase in numbers
quickly in response to pulses of food and reductions in ship
rat abundance (Elliott & Kemp, 2016).

Rodent colonisations of smaller islands in the NZ
archipelago have different histories influenced by past
human visitation and proximity to the largest islands ‘North’
and ‘South’ considered ‘mainland’ by New Zealanders. Of
the 1065 islands >1 ha (excluding the mainland), mice
established on about 42 of them (Ruscoe & Murphy 2005;
Department of Conservation (DOC), unpublished data).

Action against mice for biodiversity protection goals
began with efforts by NZ Wildlife Service with rodent-
proof packaging of stores destined for rodent-free islands.
The first eradication of mice in NZ occurred in 1984 on
2 ha Whenuakura Island, although the project targeted
Norway rats, not mice (Veitch & Bell 1990).

In 1989 the first deliberate attempts to eradicate
mice from islands occurred on Mana 217 ha (Hook &
Todd, 1992), Rimariki 22 ha (Veitch & Bell, 1990),
and Allports 16 ha, (Brown, 1993). We can identify 36
attempts to remove mice from NZ islands larger than 1
ha, 28 of them succeeded and eight failed (Appendix 1).
Mice have reinvaded seven of the 28 from which they
were eradicated. Some of the eradication failures could
possibly be attributed to reinvasion. These figures update
NZ data presented by MacKay, et al., (2007) and Howald,
et al. (2007) who included eradication attempts worldwide
where the eradication of mice was not always a stated
goal and where the presence of mice on the island prior to
eradication remained unproven.

In this paper, we explore three questions related to the
management of mice on islands for biodiversity protection:

1. What do we know about the impacts of mice on NZ
island ecosystems?

2. What have we learnt about eradicating mice from
islands and what do we now consider best practice
in NZ?

3. What have we learnt about preventing mice from
establishing new populations on NZ islands?

We use the invasion of Maud Island by mice in 2013
and their successful eradication in 2014 as a case study to
illustrate our lessons.

IMPACTS OF MICE

Mice often inhabit islands with other invasive species
which can confound efforts to quantify mice impacts.
Predators, particularly rats, can have a marked influence on
the behaviour and densities of mice while simultaneously
reducing and masking mice impacts (Bridgman, 2012).
Removal of mice in these situations often requires
simultaneous removal of other invasive mammals, thereby
continuing the confusion over how to attribute recovery to
the absence of mice and not the other species involved.

On islands where mice are the only invasive mammal
present they usually attain higher densities, exhibit different
behaviours and therefore have more conspicuous impacts
on native biodiversity (Angel, et al., 2009).

Mice as bird predators

Mice eat small bird’s eggs. Frogley (2013) filmed them
eating quail (Coturnix japonica) (30 x 24 mm), zebra finch
(Taeniopygia guttata) (14 x 9 mm) and canary (Serinus
canaria) eggs (16 x 11 mm) from unattended used nests
placed on the forest floor. Fewer of the quail eggs tested
were eaten, suggesting they are near the size limit for mice
to break into. Over 400 hours of filming six natural forest
bird nests in podocarp-broadleaved forest at Maungatautari
resulted in observation of only a single mouse visit (Watts,
etal., 2017).

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 100-107. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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Smaller seabirds such as some storm petrel species
appear more vulnerable to egg and sometimes chick
predation by mice although some studies suggest this
has little effect on productivity (Campos & Granadeiro,
1999). Shore plover (Thinornis novaeseelandia) breed
very successfully on Waikawa Island with mice at high
densities. There is no evidence of egg predation on shore
plover (egg size 37 x 26 mm) or white-faced storm petrels
(Pelagodroma marina) (egg size 36 x 26 mm) on Waikawa
Island in the presence of high mouse numbers (H. Jonas &
J. Dowding pers. comm.).

The evidence for other impacts on birds in NZ is more
circumstantial, for example differences in abundance of
snipe (Coenocorypha aucklandica) and black-bellied
storm petrels (Fregetta tropica) on Antipodes Island with
mice and rodent-free islands such as Adams and Bollons
(Miskelly, et al., 2006; Imber, et al., 2005).

Mice as reptile predators

On Mana Island removal of grazing livestock led to an
increased mouse population due to improved habitat from
rank grass. The McGregor’s skink (Oligosoma macgregori)
population declined and mice were seen eating skinks in
pitfall monitoring traps. Following the eradication of mice
in 1989 McGregor’s skink numbers increased and they
became more conspicuous (Newman, 1994).

Norbury, et al. (2014) followed the fate of translocated
Otago skinks (Oligosoma otagense) in a fenced site which
contained mice as the only mammalian predator. They
observed mice attacking 25 cm adult skinks but noted skink
survival rates were adequate for population persistence.

Romijn (2013) compared the capture rates of ornate
skinks (Oligosoma ornata) between sites with and without
mice present (without other predators). The site with mice
had periodic control of mice to maintain densities below 21
per100 trap-nights. He found population increases at both
sites but significantly higher rates in the site with no mice.

Mice were implicated in the suppression of recruitment
in a shore skink (O. smithi) population at Tawharanui
fenced sanctuary (Wedding, 2007).

Mice as invertebrate predators

Invertebrates are an important part of the broad
diet of mice (Ruscoe & Murphy, 2005). St Clair (2011)
compiled the known impacts of invasive rodents on island
invertebrates including a range of NZ species influenced
by mice.

Watts, et al. (2017) conducted a large-scale treatment
switch experiment at Maungatautari in 2011-2016. Two
fenced enclosures in forest had all mammalian pests
removed except mice. At one site they eradicated mice and
at the other allowed mice to increase. Results suggested
mice suppressed beetles, spiders, earthworms and weta in
both abundance and size.

Mice impacts on vegetation

Williams, et al. (2000) found mice destroy all seed
they eat, rather than acting as seed dispersers. On the New
Zealand mainland, seed predation by mice may affect
regeneration of kauri (Agathis australis) (Badan, 1986),
pingao (Desmoschoenus spiralis) and sand tussock (Poa
triodioides) (Miller & Webb, 2001). Mouse predation
on mountain beech (Fuscospora cliffortioides) and rimu
(Dacrydium cupressinum) seeds not only reduces rates of
seedling establishment, but may also alter the composition
of forests over time (Wilson, et al., 2007). Seed predation
by mice may also impede ecological restoration efforts, for
example inhibiting a tree planting programme on Mana
Island (Hook & Todd, 1992).

Watts, et al. (2017) found no significant impact of mice
on forest seedling establishment over their five-year study.
However, they noted their (predator fenced) mainland
study site has been subject to modification by a range of
introduced mammals for hundreds of years prior to the
beginning of the study.

Other biodiversity impacts by mice

Two studies reported observations of mice eating the
eggs of a NZ native fish, inanga (Galaxias maculatus)
(Baker, 2006; Hickford, et al., 2010).

Besides the direct impacts discussed above, mice also
influence other predators who use them as a food source.
For example, stoats (Mustela erminea) will include mice
in their diet. In beech (Fuscospora spp.) dominated forest,
mast seeding events lead to high populations of mice
followed by increased stoat populations with consequent
impacts on native species (King & Murphy, 2005).

Mice may also provide an important year-round food
resource for larger predators on islands with strongly
seasonal primary food resources such as colonial nesting
seabirds. They may therefore ‘artificially’ sustain higher
predator populations through the non-seabird nesting
periods.

MOUSE ERADICATION

Since 1989 developments in mouse eradication
methodologies in New Zealand mirrored those of rat
eradications (Towns & Broome, 2003; Broome, 2009;
Russell & Broome, 2016). Aerial broadcast baiting was
consistently chosen for eradications targeting mice on
islands larger than 40ha (Appendix 1).

Mouse susceptibility to brodifacoum is highly variable.
For example, Cuthbert, et al. (2011) had two Gough Island
mice survive doses of 2.44 and 5.41 mg/kg, respectively.
These individuals were subsequently offered more bait in
no-choice tests and died after ingesting 12.2 and 7.14 mg/
kg. Three (of 10) mice from Lord Howe Island survived
doses of 5.2 mg/kg in a no-choice bait test (D. Priddel
pers. comm.). A subsequent trial using 30 wild-caught
Lord Howe mice allowed to feed ad libitum for three days
resulted in 100% mortality (A. Walsh pers. comm.).

Mice usually die from about five days following the first
application. For example, MacKay, et al. (2007) found no
sign of surviving mice on Adele Island eight days after bait
application. However, they can survive much longer (see
case study) and in one laboratory trial, a warfarin-resistant
mouse survived a total of 65 days after first feeding on
brodifacoum laced bait (Rowe & Bradfield, 1976).

Bridgman (2012) studied the behaviour of mice in
the presence of ship rats. She found ship rats strongly
influenced the movements of mice, reducing home ranges
and nutrition levels. This has implications for eradication
projects targeting both rats and mice, reinforcing the need
for comprehensive bait coverage and well-spaced multiple
bait applications to allow for the dominant rats to die off
and theoretically ‘free up’ the movement of any mice
remaining.

Some projects failed to eradicate mice because they
did not explicitly target them. For example, on Mokoia
Island in 1989 an eradication project targeting Norway
rats using bait stations spaced at 50 x 50 m subsequently
found mice on the island (P. Jansen, pers. comm.). Because
the eradication was designed around the home range of
Norway rats, mice survived and became detectable after
the rat population had crashed.
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Eradications of mice on islands in NZ progressed
through the 1990s with mixed success (MacKay, et
al., 2007). The review of mouse eradication projects
by MacKay, et al., in 2007 could not find a consistent
operational factor contributing to eradication failure but
recommended robust planning of future projects to rule out
operational errors, thereby providing better insight into the
cause of failures.

Following this recommendation, a project to eradicate
mice from three islands (Adele, Tonga, Fisherman)
in Tasman Bay in 2007 strictly adhered to the current
agreed best practice methodology for mouse eradications
(Golding, 2010). The Island Eradication Advisory
Group (IEAG), a technical advisory group of the NZ
Department of Conservation, updates and maintains a
document providing technical advice to project managers
in the planning, implementation and monitoring of rat
eradications on islands (Broome, et al., 2017a).

The IEAG consider best practice for mouse eradications
to be similar to that used for rats with the following changes:

Bait applications use 50% overlap on both the first
and second application (cf. for rats where 50% overlap
is recommended for the first application and 25% for the
second) (Fig. 1).

Bucket flow rates remain at or above 4 kg/ha (cf. for
rats where bucket flow rates of 3 kg/ha are permissible).
With 50% overlaps as in 1 above, this means applying a
minimum of 8 kg/ha on the ground in each application.

The interval between applications is extended to a
minimum of 14 days (cf. for rats where more flexibility in
timing of the second application is permissible).

The IEAG has recently developed a best practice
document incorporating these elements with other advice
borrowed from the rat best practice (Broome, et al.,
2017b). Since the Tasman Bay project, all subsequent
mouse eradications following this advice have succeeded.
including one of the largest (Macquarie 12,800 ha); multi-
species eradications (Macquarie, and Rangitoto/Motutapu
3,809 ha) and a still-establishing mouse population (Maud
309 ha — see case study).

Changes 1 and 2 recognise the smaller territories of
mice than rats and strive to ensure all mice encounter bait.
Relatively few mouse home range studies have occurred
on NZ islands (Ruscoe & Murphy, 2005). MacKay, et al.
(2011) measured home ranges varying from 0.15-0.48 ha

Fig. 1 50% overlap when aerially sowing bait. Arrows
indicate centres and direction of two consecutive sowing
lines. The dark shaded area shows the area of overlap
between the first and the (half-completed) second line.
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on Saddle Island. Radio-tracking found animals living in
areas with dense shrub and grass cover had smaller ranges
and mean nightly movements than those living in areas with
tall canopy and minimal ground cover. Elsewhere on the
NZ mainland in the absence of other mammalian predators
and competitors, Goldwater, et al. (2012) estimated
densities of 160 mice/ha in rank kikuyu grass (Pennisetum
clandestinum) immediately after other mammals were
eradicated, but density has since greatly declined.

Eradication designs must cater for not only the smallest
home range (rather than the mean) but also the smallest
foraging movements by mice over the limited period that
bait is available in palatable condition. At 8 kg/ha the 2 g
baits used in NZ would in theory be on the ground at 0.4
baits/m? providing ample opportunity for mice to encounter
baits, especially after a second application.

Keeping bucket flow rates relatively high (possum
control operations using the same equipment routinely use
rates around 1 kg/ha), reduces the risk of interruptions in
bait flow out of the bucket. Such interruptions in flow are
potentially fatal to eradication success as they would not
be mapped by the helicopter’s GPS navigation recording
system, and therefore could go unnoticed.

Change 3 acknowledges mice as light and erratic
feeders compared to rats (Clapperton, 2006). Extending the
period of bait availability, compared to a rat eradication,
is desirable to ensure all mice have access to lethal doses
before bait is consumed by other fauna or environmentally
degraded. Brown (1993) found mice initially reluctant to
take bait presented in bait stations on Allports and Motutapu
Islands. They often ‘sampled’ small portions of baits over
several nights before full-scale consumption ensued. He
described a gradual spread of consumption from a focal
point, speculating that social interactions between mice
encouraged more to try the new food resource presented.

To counter the risk of mice being present but undetected
in the presence of rats, some projects have deliberately
designed their baiting strategy to mice eradication
standard. For example, the rodent eradication (ship rats
and kiore) on Great Mercury Island was designed to mouse
eradication best practice standards despite no confirmed
evidence of mice. The island operated as a pastoral farm
with minimal biosecurity precautions for over 50 years
so it was difficult to believe mice had not arrived during
this time. The project sponsors found it cost effective risk
management to assume mice were present and design the
project accordingly (Corson & Hawkins, 2016).

MOUSE BIOSECURITY

Keeping islands free of mice presents ongoing
challenges in quarantine, surveillance and responding to
arrivals. Pathways for invasion include cargo and personal
luggage landed on the island, vessels and aircraft of all
sizes, and swimming or rafting to islands.

Vulnerabilities to these pathways differ between
islands but some islands may also be less susceptible to
establishment of a mouse population following incursion.
For example, Secretary, Kapiti, Stewart, Raoul and
Campbell Islands have records of mice arriving, without
evidence of meaningful action to respond, and yet failing
to subsequently establish populations (DOC unpublished
data). At the time all of these large islands had rats or stoats
present, potentially providing a form of biological defence
against mouse establishment. Weka (Gallirallus australis)
may also play a role where they occur on islands. For
example, on rat-free Tarakaipa Island mice were barely
detectable in the presence of weka (DB pers. obs.). Weka
held in captivity eagerly attacked mice entering their pen
(CG pers. obs.). Conversely, the subsequent eradication of
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such predators could, in theory, increase the vulnerability
of the island to invasion by mice. Further research into this
phenomenon is warranted.

The probability of establishment can relate to propagule
pressure (Lockwood, et al., 2005). Because rodent
populations fluctuate seasonally in NZ with peaks in late
summer, the risk of invasion could increase at this time of
year. Additionally, mast seeding events in some forests can
produce superabundant populations of mice which increase
propagule pressure on nearby islands. For example, mice
were successfully eradicated from Adele Island in 2007
and a biosecurity system installed. In the 2014/15 summer
a significant mast seeding event occurred in the adjacent
Abel Tasman National Park where mice became abundant.
In February 2015 they were discovered on Adele. Attempts
to eliminate them by localised trapping around points of
detection failed and a population re-established (CG pers.
obs.).

Mice as stowaways

Mice are inveterate stowaways with numerous records
of their discovery in cargo destined for islands. The DOC
invasion incidents database has 24 records of mice reaching
islands amongst cargo between January 2010 and June
2017. Two more were intercepted on vessels en route to
pest-free islands. Mice have been discovered in visitor day
packs, in kayaks and nesting in under-seat dingy flotation.
Container, building and vessel openings must be <6 mm to
restrict mouse access. Of equal importance is the vigilance
required to ensure doors, lids and hatches remain closed
when not in use.

Quarantine measures to prevent mice reaching islands
require constant vigilance by people involved. Careful
checking of cargo, using rodent-proof containers for
transport and control measures on board vessels are key
components. These precautions can be enhanced by
good rodent management and habitat control at ports and
minimising the quantity of equipment transferred to islands
(e.g. by having field equipment remain on-island).

Mice swimming to islands

Mice are often thought of as poor swimmers relative
to rats (Russell & Clout, 2005). However, Evans, et al.
(1978) found mice would readily enter water and swim. A
fisherman saw a number of mice 600 m from shore in Lake
Monowai while night fishing during the 2009 mouse plague
(CG pers. comm..). Fishermen anecdotally report them in
trout guts (James & Fox, 2017) and they have been found
live in coastal flood debris (DB pers. obs.). The maximum
distance over water that mice can cross unassisted remains
unknown and therefore the pathway should not be assumed
unimportant when considering biosecurity risks for an
island.

Pomona and Rona Islands in Lake Manapouri were
both assumed a ‘safe’ distance offshore (500 m and 600
m respectively) but both were reinvaded by mice within a
decade of successful eradication, probably by swimming or
rafting on flood debris. These re-invasions coincided with
beech masting events when mice reached high abundance
on the mainland.

Detection methods

We can readily detect mice at low densities, in the
absence of other rodent species, using a range of tools
including footprint tracking tunnels, chew cards and other
bait interference methods, snap traps and trained detection
dogs. Nathan, et al. (2013) studied mouse detection on
Saddle Island (6 ha) during an experimental invasion
event in which a male and a female mouse were released

on the rodent-free island. They readily detected mice by
both tracking tunnels and wax tags, even during the initial
phases of the invasion.

Invading mice can move large distances. For example,
pairs of mice sequentially released at opposite ends of
Saddle Island (approximately 400 m apart), increased their
nightly movements two-fold, and range sizes ten-fold,
relative to movements on this island prior to the mouse
eradication. This allowed them to rapidly and reliably
encounter each member of the opposite sex (MacKay,
2011).

A mouse invading pest-free Moturua Island initially
tracked inked footprint tracking cards in October 2011
and was finally trapped in late 2011. On one occasion this
animal travelled at least 750 m between tracking tunnels
over a 36-hour period (KB unpublished data).

Mice established on islands in relatively high numbers
can hinder the detection of newly invading rats by
‘swamping’ detection tools. For example, they cover ink
tracking cards on Waikawa Island within a few nights
which can obscure the footprints of an invading rat. Mice
usually do not trigger DOC200 stoat and rat traps but steal
the bait, rendering the trap less attractive. These mouse-
induced limitations delayed the detection of a Norway
rat incursion on Waikawa Island in 2012, indicated by a
dramatic decline in the critically endangered NZ shore
plover. The rat was never caught and only retrospectively
identified with the help of a rodent detection dog by the
discovery of a nest containing bird remains and Norway rat
fur and droppings (EM unpublished data).

Incursion response

Responding to the discovery of invading mice on a pest
free island is challenging due to the potential delay between
incursion and discovery through periodic surveillance
checks. Nathan, et al. (2015) demonstrated the urgency
of responding to a mouse invasion by experimentally
releasing one male and one female mouse on Saddle
Island. They subsequently bred and the mouse population
reached the island’s carrying capacity within five months.
Routine surveillance discovered invading mice on Adele
Island in February 2015, potentially months after arrival.
Despite intensive trapping around points of detection the
incipient population could not be eliminated.

CASE STUDY MAUD ISLAND
Biosecurity

Before 2013 rodents had never established on Maud
Island (309 ha) in the Marlborough Sounds. Consequently,
it has some highly rodent-vulnerable native species
including some not found elsewhere, such as the Maud
Island frog (Leiopelma pakeka), and others restricted to a
handful of nearby pest-free islands.

Keeping pests from reaching Maud has long been a
priority. Landing is restricted and DOC staff are present
year-round. Stoats are considered the biggest invasive
threat because they can swim the 900 m from the mainland
and have done so on at least three occasions. Traps targeting
stoats and rats are throughout the island and checked
regularly. A quarantine store at the mainland DOC ranger
station is used to check cargo destined for Maud or other
pest free islands. Extra precautions are taken to prevent
chytrid fungus — a pathogen implicated in the worldwide
decline of frog populations (Berger, et al., 1999) — from
reaching Maud.

In 2006, a mouse was killed by the Maud Island
resident ranger when turning garden compost. An incursion
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response using mouse traps and a trained rodent detection
dog failed to find further sign of mice after several weeks.

In October 2013, a mouse was captured in visitor
accommodation on the island. An incursion response
immediately deployed traps, detection devices and a
rodent detection dog. Several mice were trapped around
the buildings. The dog handler reported mice in several
places across the island. Breeding was confirmed from
necropsied animals. The youngest mice were in age class
1 (0-1 months in age) and the eldest in age class 6 (8—10
months) suggesting the first invaders arrived about a year
previously and they had bred through the winter, which is
uncommon in NZ.

DNA analyses found the Maud Island population
highly inbred, suggesting the population arose from a
single incursion. Although the mice were a genetic subset
of the mainland population, their point of origin could not
be established (E.M. & R. Fewster, unpublished data).

With an emerging picture of an established mouse
population across the island, the incursion response team
were forced to admit their efforts had begun too late and a
whole island eradication was required.

To understand how mice had reached the island and
remained undiscovered for long enough to establish,
an independent review of biosecurity procedures was
undertaken (Kennedy & Chappell, 2013). This found
several weaknesses, including a lack of devices capable of
killing or detecting mice on the island or on the ranger’s
boat, that was pulled onto a slipway on the island when
not in use. The focus on stoats and rats allowed mice to go
unnoticed. Some staff regularly visiting the island bypassed
quarantine standards.

The review could not identify the pathway for the
mouse incursion but made many recommendations for
improvement which were actioned prior to the eradication.
The island’s biosecurity plan has recently been re-written
to capture these new practices and give more authority to
biosecurity rangers to enforce standards.

Eradication

In 2014, mouse eradication best practice was
successfully applied to eradicating the newly established
population of mice on Maud Island. Challenges included
the abundance of natural food available to the expanding
mouse population, and the presence of residential buildings
requiring careful management of domestic foodstuffs and
waste to minimise access to alternative food after toxic
baiting.

A helicopter applied 8 kg/ha on 23 July 2014 followed
by 8 kg/ha 23 days later (15 August) with strict adherence
to the current agreed best practice described above. Two
mice were trapped on Maud on 19 August, 27 days after
the first bait application. Both had bait in their stomachs.
A badly decayed male mouse was taken from a snap trap
on 22 September and a female trapped the next day. This
sexually mature female showed no signs of past or present
breeding and appears to have survived about 60 and 37 days
after the first and second bait applications, respectively. An
intensive trapping grid (10 m x 10 m) was installed around
each capture site covering about one hectare. No further
mice were caught.

We estimated the age (from tooth eruption and wear) of
the last mouse caught to be five months, meaning it could
have lived through all bait applications. Bait was freely
available from July to October, so these individuals must
have encountered it. Although a range of trap baits were
used, the snap traps which caught each mouse were baited
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with a Pestoff 20R pellet as used for the aerial baiting,
indicating no aversion to the bait.

Testing of all four trapped mice revealed brodifacoum
liver residues in three of them of 4.65-8.82 mg/kg.
Considering liver values probably resulted from higher
doses due to losses through excretion and metabolism
(Eason & Wickstrom, 2001), these mice probably received
many times the published LD50 for mice of 0.52 mg/
kg (O’Connor & Booth, 2001). Maggots from the more
decomposed male caught 22 September contained 2.35 mg/
kg. DNA testing found these mice to be clearly from the
original Maud invasion, not a new independent invasion.

Extensive monitoring over the subsequent two years no
further survivors but a further incursion in 2018 has once
again established a mouse population on the island. Mouse
trapping on the island after bait application was intended as
indicative monitoring only and had limited coverage of the
island. We assume other mice survived in un-trapped areas
long after bait application. These animals presumably
acquired a lethal dose of brodifacoum and died without
reproducing.

The successful eradication of an expanding population
of mice from Maud is an indication of high bait acceptance
despite other natural food being available in relative
abundance. Camera footage from some of the buildings on
Maud showed mice taking large quantities of bait placed
in trays during the eradication and presumably caching it
(CB pers. obs.).

CONCLUSION

Mice remain on many large islands in New Zealand and
around the world. The techniques used in NZ to eradicate
mice have been successful and could readily be applied
to other temperate islands of similar size with a good
chance of success. Biosecurity measures to protect islands
from mouse invasion are challenging and mice must be
considered a real threat to all rodent free islands, regardless
of previous invasion history.

Biosecurity lessons:

Quarantine standards must apply to everyone to be
effective. The pre-eminence of biosecurity over other duties
of island staff and managers needs regular reinforcement
to create an organisational culture which can sustain high
biosecurity standards over time.

All potential threats and all potential pathways need to
be assessed and multiple layers of protection established:
i.e. quarantine checking, pest proof containerisation,
hygiene of transportation, targeted surveillance, capability
and readiness for incursion response.

Independent review of procedures can give valuable
insights into opportunities for improvements and should be
done proactively and routinely.

The risk of successful mouse invasions may be
influenced by island predators (or lack thereof) and mouse
abundance at potential source populations.

Eradication lessons:

The current agreed best practice used in NZ has a very
good track record of success (>90% in known outcomes)
against mice on temperate islands. This is far better than
previously published review figures which did not present
data on the quality of planning and delivery or discriminate
between operations deliberately targeting mice and those
targeting other species where mice also occur.
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Mice can take a long time to succumb to the cumulative
effects of small doses of brodifacoum and some individuals
may require significantly higher doses than others. A
baiting strategy which prolongs the availability of toxicant
to mice has a better chance of success. In NZ this is usually
achieved with two well-spaced bait applications but a third
application is also an option.

Bait application rates need to allow for other bait
consumers when multiple target species are involved and
must not fall below the ability of sowing equipment to
spread bait 100% reliably.

Where the presence of mice is likely but unproven due
to suppression by other species, it is prudent to design the
eradication assuming their presence, rather than discover
that they have survived a rat eradication and thrived in the
absence of rats or other predators.

Eradication is feasible against newly established and
expanding populations of invading mice, especially if
current agreed best practice is followed.
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failed or reinvaded and S (R) = successful but subsequently reinvaded.

Appendix 1 Mouse eradications on NZ islands >1ha. F or R

References

baiting method
NA

Primary baiting Secondary
method

status

Eradication Eradication

Area DOC best
(ha) practice start date

Island

Mice

targeted

Region

Veitch & Bell, 1990; Newman, 1985

Bait station

Successful

1983
1989
1989
1989
1989
1989
1992
1993
1993
1993
1994

NA
NA
NA
NA

Whenuakura

Y

Coromandel
Cook Strait

Hook & Todd, 1992; Newman, 1994

Brown, 1993

Aerial broadcast

NA
NA
NA
NA
NA

Bait station

Successful

217

Mana

Bait station

Successful

16

Allports

Y
Y
N
Y
Y
N
N
Y
Y

Marlborough

Brown, 1993

Bait station

Successful
Failed

Motutapu
Mokoia

Marlborough

MacKay, et al., 2007

Bait station

NA
NA
NA
NA

136

Lake Rotorua

Veitch & Bell, 1990

Bait station

Successful

22

Rimariki

Kaituna Bay

Clout & Russell, 2006

Torr, 2002

Bait station

Successful

Moturemu
Enderby
Hauturu

Kaipara Harbour

NA

Aerial broadcast

Successful
ForR
Failed

710

Subantarctic

Glassey, 2006

Hand broadcast

NA

Bait station

NA
NA
NA

10

Coromandel

Clout & Russell, 2006

Bait station

Te Haupa

Hauraki Gulf
Coromandel

Clout & Russell, 2006

Bait station

Aerial broadcast

Successful

46

Motutapere
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Simultaneous rat, mouse and rabbit eradication on Bense and
Little Bense Islands, Falkland Islands

PW. Carey

SubAntarctic Foundation for Ecosystems Research, 8 Estuary Road, Christchurch, New Zealand.
<peter(@subantarctic.com>.

Abstract Bense and Little Bense Islands (144 ha total area) have, for over a century, supported populations of three
introduced pest mammals: Norway rat (Rattus norvegicus), house mouse (Mus musculus), and European rabbit
(Oryctolagus cuniculus). An operation to eradicate these mammals simultaneously was undertaken in winter 2016. Cereal
pellets laced with brodifacoum (25 ppm) were hand-broadcast on both islands in two applications with 3,900 kg of bait
applied in total. Baiting transects were spaced at 20 m intervals and bait-throwing positions located every 20 m along
each transect. The coastline was also baited at 20 m intervals. Precision bait coverage was aided by programming GPS
units to give off an audible alarm when staff reached each correct bait-throwing position. Application 1 resulted in an
average bait density of 15.3 kg/ha. Application 2 commenced 10 days later and resulted in an average baiting density of
11.7 kg/ha. Reduced availability of field staff resulted in coverage in Application 2 being less complete than in Application
1 and only the most important mammal habitats were baited a second time. These were: all tussock areas, all coastlines,
and some inland heath areas. Areas with no vegetation (e.g. burned zone on Bense) and some inland heath communities
were not treated, although all of these retained unconsumed bait from Application 1. Some non-target mortality was
recorded, with dolphin gulls (Larus scoresbii) being the most common victims. This was also the only species observed to
consume bait pellets. Consumption of poisoned mammals or gulls may have killed three turkey vultures (Cathartes aura
jota), one striated caracara (Phalcoboenus australis), and one short-eared owl (4sio flammeus). The removal of invasive
species is part of a broader ecological restoration plan for these islands and will hopefully lead to an increase in native
biodiversity, including the re-establishment of the endemic passerines Cobb’s wren (7roglodytes cobbi) and blackish

cinclodes (Cinclodes antarcticus).

Keywords: ecological restoration, invasive species

INTRODUCTION

Like the natural biodiversity on most islands, the native
plants and animals of the Falkland Islands are vulnerable
to catastrophic impacts when non-native mammals are
introduced (Tabak, et al., 2014; Carey, 2015). Prior to
the arrival of humans, the Falklands had only one species
of terrestrial mammal — the Falklands fox, or warrah
(Dusicyon antarcticus). While people quickly hunted
this sole native mammal to extinction by 1876, they also
introduced a further nine alien species which have since
established feral populations. These are: Norway rat
(Rattus norvegicus), black rat (R. rattus), house mouse
(Mus musculus), European rabbit (Oryctolagus cuniculus),
castern cottontail rabbit (Sylvilagus sp.), brown hare
(Lepus capensis), Patagonian grey fox (Dusicyon griseus),
domestic cat (Felis catus), and guanaco (Lama guanicoe),
as well as domestic dogs (Canis [upus), poultry, and
livestock (Strange, 1992; Woods & Woods, 2006). These
invasive species have had negative impacts on the native
birds (Tabak, et al., 2015) and invertebrates (St Clair, 2011)
through direct predation and competition for food.

The Falkland Islands are located in the south-west
Atlantic Ocean, approximately 500 km east of Argentina.
Spanning 51°-53° S and 57°—62° W, there are 778 islands
in the archipelago (FITB, 2016). Eleven islands are
permanently inhabited, although only the two largest of
these are home to more than one family. The Falklands
are unique among subantarctic islands in that much of
the land is privately owned, and conservation-minded
landowners have been at the forefront of environmental
work in the islands (for example Strange, 2007; Poncet,
et al., 2011). Invasive species eradications began in 2001
with the removal of Norway rats from two small islands
(Brown, et al., 2001). Rats have since been successfully
cleared from a further 66 islands, while the Patagonian
grey fox was eradicated from one island in 2008 (Poncet, et
al., 2011; FIG, 2015). The project covered here is the first
Falklands attempt to eradicate mice and rabbits, and the

first to attempt the simultaneous removal of three species:
R. norvegicus, M. musculus, and O. cuniculus. These were
the only introduced mammal species on the Bense islands.

Although conservation gains can be made by eradicating
a single mammal species where more than one invasive
species is present (Helmstedt, et al., 2016), eradication
attempts that simultaneously target all invasive species
are desirable when logistically and financially feasible.
Simultaneous multi-species eradications can avoid
magnifying the problems caused by one pest species when
another is removed. On subantarctic Macquarie Island, the
removal of cats prior to the eradication of rabbits may have
contributed to a population increase of the latter species,
which in turn exacerbated grazing pressure on plants and
soil erosion (Bergstrom, et al., 2009; but see Springer
(2016) for a discussion of the role of rabbit population
fluctuations).

METHODS
Site description

Bense (c. 107 ha) and Little Bense (c. 37 ha) Islands are
found in Port North, in the north-west Falkland Islands at
51°29’S 61° 31’W. These two islands have been home to
Norway rats, house mice, and European rabbits for more
than 100 years. Rabbits were deliberately introduced by
whalers whereas rats and mice arrived as stowaways on
vessels anchored in the nearby harbour or used to move
livestock (R. Napier pers. comm.). The islands are joined
by a rocky reef, exposed at low tide, and therefore were
treated as a single island for eradication purposes (Fig. 1).

The vegetation is broadly similar across the two islands,
with at least 20 species of vascular plants recorded (Table
1). The coastal zone is maritime tussock formation, with
lush stands of tussock grass (Poa flabellata) growing to
3 m in height. The interior is low-growing oceanic heath

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 108-113. Occasional Paper SSC no. 62. Gland, Switzerland: I[UCN.
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Fig. 1 Bense Island (bottom left), Little Bense Island (top)
and West Falkland Island (bottom right). Note the dark,
burned area along much of the east coast of Bense. At
low tide, Bense and Little Bense Islands are connected
by a rocky reef. Bense is 750 m away from West Falkland
at its closest point.

formation, dominated by diddle-dee (Empetrum rubrum)
(Moore, 1968). Bense Island has had greater grazing
pressure with horses, cattle, and sheep wintering on the
island at various times during the 20" century. These same
species were also placed on Little Bense but would quickly
migrate to Bense Island as Little Bense has no water on
it. (W. Goodwin, pers. comm.) This may explain why
palatable species such as boxwood (Hebe elliptica) are
more prevalent on Little Bense, and why there are also
greater expanses of dense tussock on the smaller island.
Both islands have been free of livestock since 1985.
Also in 1985, a fire burned about 20% of Bense Island.
The scorched area remains an unvegetated barren zone
of peat and ash, with loose peat creeping downwind and
smothering some areas of unburned vegetation.

The western coast of Bense Island has vertical cliffs up
to ¢. 25 m in height. The terrain gradually tilts lower as
one moves east, with gentle cobble or sand beaches found
on the east coast. Little Bense is lower (c. 18 m maximum
height) with a coastline of sloping rocks in the west and
north, and sand beaches in the east and south. At its closest
point, the mainland of West Falkland Island is 750 m away
from Bense Island.

Despite the presence of invasive mammals, the avifauna
of these islands is not completely extirpated (Table 1)

Table 1 Plants and birds commonly found on Bense and Little Bense Islands.

Birds Plants

Magellanic penguin Spheniscus magellanicus Tussock grass Poa flabellata

Rock shag Plalacrocorax magellanicus Couch grass Agropyron pubiflorum
(magellanicum)

Imperial shag

Black-crowned night
heron

Upland goose

Kelp goose
Ruddy-headed goose
Falklands steamer duck
Crested duck

Turkey vulture
Variable hawk

Striated caracara
Magellanic oystercatcher
Blackish oystercatcher
Two-banded plover

Magellanic snipe

Brown skua

Dolphin gull

Kelp gull

South American tern
Dark-faced ground tyrant
Grass wren

Falklands thrush
White-bridled finch
Long-tailed meadowlark
Black-chinned siskin

Phalacrocorax atriceps albiventer

Nycticorax nycticorax
falklandicus

Chloephaga picta
Chloephaga hybrida
Chloephaga rubidiceps
Tachyeres brachypterus
Lophonetta specularioides
Cathartes aura jota
Geranoaetus polyosoma
Phalcoboenus australis
Haematopus leucopodus
Haematopus ater
Charadrius falklandicus

Gallinago paraguaiae
magellanica

Catharacta antarctica
Larus scoresbii

Larus dominicanus

Sterna hirundinacea
Muscisaxicola maclovianus
Cistothorus platensis
Turdus falcklandii
Melanodera melanodera
Leistes loyca

Spinus barbatus

Common bent grass

Hair grass

Small fern
Chickweed
Wavy hair grass
Diddle-dee
Tufted fescue grass
Cudweed

Pig vine

Native boxwood
Mountain berry
Meadow grass
Sheep’s sorrel

Sea cabbage

Procumbent pearlwort

Groundsel
Christmas bush
Wood rush

Agrostis tenuis

Aira sp.

Blechnum penna-marina
Cerastium arvense
Deschampsia flexuosa
Empetrem rubrum
Festuca cirrosa (erecta)
Gamochaeta nivalis
Gunnera magellanica
Hebe elliptica
Pernettya pumila

Poa sp.

Rumex acetosella

Senecio candicans

Sagina procumbens
Senecio vulgaris
Baccharis magellanica

Luzula alopecurus
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and the islands were listed within the Falklands as a top
priority for mammal eradication (Miller, 2008). While 26
land and sea bird species were commonly found on the
islands, conspicuously absent were the only Falklands
endemic passerines: Cobb’s wren (Troglodytes cobbi)
and blackish cinclodes (Cinclodes antarcticus). Neither
of these species breeds on islands with rats (Tabak, et al.,
2016). The islands are also bereft of burrowing seabirds
such as sooty shearwater (Puffinus griseus) and thin-billed
prion (Pachyptila belcheri), both of which breed on nearby
rat-free islands (Woods & Woods, 1997).

Bense and Little Bense have never had a resident human
population, but because they were a desirable site for
wintering livestock, for much of the 20th century they were
occasionally home to shepherds and farmhands for a few
days at a time. A small shanty, built on Bense in 1926, was
the only building found on either island until 2002, when
a second shanty was built next to the original structure.
All farming ceased in 1996, when Bense and Little Bense
Islands (along with neighbouring Cliff Island and Bradley
Islet) were purchased by the SubAntarctic Foundation for
Ecosystems Research (SAFER) with a goal to restore the
islands’ ecology and improve them as wildlife habitat.

Index trapping

Index trapping to ascertain habitat preferences and
relative abundance of rodents was conducted on Bense
Island over eight visits, spanning 10 years and most
seasons (i.e. November 2004, October 2006, July 2007,
August 2007, September 2008, March 2010, January
2013, January 2014). Trap lines followed the methods
described in Cunningham and Moors (1996), using Victor
Easy Set wooden snap-traps (Woodstream Corp., Lititz,
Pennsylvania, USA), with an interval of 25 m between
trapping stations. A trap which caught an animal or which
was sprung with no catch, was deemed to have been
effective for half the night, and was therefore counted as
0.5 of an effective trap-night. Trap lines were placed in
two different habitats: coastal tussock formation (1,612.5
effective trap-nights), or inland heath communities (1,077
effective trap-nights).

Eradication operation

Following basic ecological studies, including surveys
of birds and invertebrates, an operation to eradicate rats,
mice, and rabbits was undertaken in winter 2016. For
bait distribution, local field staff were hired in Stanley,
the Falklands capital. None had previous experience
with hand-baiting so training was provided the day prior
to the beginning of operations. The operation ran from 8
August to 3 September and was timed to coincide with the
period when natural food on the islands is most scarce.
Cereal pellets laced with brodifacoum at 25 ppm (25-W
Conservation Pellets, manufactured by Bell Laboratories)
were hand-broadcast along parallel transects in two
applications, with an interval of 10 days between them.

A baiting map of the islands, comprising a series
of parallel transects spaced at 20 m intervals laid over a
high-resolution satellite photo, was created using QGIS
software. Along each of these transects, baiting points were
located every 20 m (Fig. 2). This resulted in an imaginary
grid with 20m squares across both islands. Baiting points
were also created at 20 m intervals along the coastlines
of both islands, following the natural contours of the
shoreline. Map data were loaded onto handheld GPS units
(Garmin GPSMAP64) with an audible alarm set to sound
whenever the unit reached a baiting point. Field personnel
could then navigate to a desired transect line and follow it
exactly, with the alarm telling them when they had reached
a baiting point. GPS units were accurate to around 2 m.
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Fig. 2 Detail of the baiting map of Bense Island. Each white
or purple dot represents a baiting point. Baiting points
are 20 m apart.

The walking tracks of field staff were monitored using GPS
tracking and were checked each night against a base map.
Any areas not covered properly were thus identified, and
targeted for remedial attention the following day.

At each baiting point, five full scoops of bait were
flung in five different directions as per hand broadcast
best-practice (Broome, et al., 2011). Thus, coverage at
each baiting point overlapped with bait thrown from
neighbouring baiting points. Bait pellets were thrown with
plastic scoops cut to hold 100 g when full. Staff carried the
pellets in 20-litre plastic buckets, which could hold about
15 kg of bait. Rubber gloves, Tyvek coveralls, and dust
masks were available to all field personnel.

Bait was transported to the islands from Stanley. It first
went by barge to a protected bay on West Falkland Island,
and from there it was moved to Bense and Little Bense
in loads slung under a Chinook helicopter. The helicopter
deposited the bait in six depots across the approximate
midline of Bense Island, and at one location in the centre
of Little Bense Island. A total of 4,400 kg of bait was
delivered to the islands for this operation.

At the end of the operation, seven bait stations were
established along the north-eastern coast of Bense Island,
in areas thought to be the most likely zone of landfall for
any rats that might swim from West Falkland Island. Bait
was placed inside lengths of polyethylene pipe, 15 cm in
diameter. Wax baits (containing 0.0005% w/w difenacoum
and 0.001% w/w denatonium benzoate) were wired to the
inside of the pipe and a handful of brodifacoum cereal
pellets were also added. Bait stations were secured to the
ground with wire staples and rocks.
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Post-eradication monitoring

The islands were re-visited briefly in December 2016
(three months post-baiting) and in November 2017 (14
months post-baiting) to search for survivors of the baiting
operation. During the latter visit, two hundred chewsticks
(PCR Wax Tag, Pest Control Research) with peanut butter-
flavoured wax attractants were installed in all coastal areas
and in vegetated interior zones, with preference given to
those areas known to be good rodent habitat. Chewsticks
were checked for bite marks from rabbits and rodents before
departure (up to 14 days after installation) and were left in
place to be checked on subsequent visits to the islands. Staff
actively searched for tracks, fresh droppings, and other
signs of mammals throughout the visit. Daytime searches
for rabbits were made by a dedicated hunter, including
extensive observations by binoculars from a camouflaged
position on high ground and by careful downwind stalking
through areas known to be favoured by rabbits. A thermal
camera (Thermapp) was used to replicate these searches at
night without the use of lights that could frighten rabbits.

Weather during eradication operation

Temperatures ranged from -3° C to +7° C, with
moderate to strong winds on all days. Snow and sleet
showers frequently swept the islands but accumulation
was slight and short-lived. No precipitation fell as rain.
Weather did not prevent baiting except for one half-day
during Application 1 and one full-day during Application
2, when wind speeds were too high to cast bait effectively.

RESULTS
Index trapping

Index trapping showed rats were much more prevalent
in coastal tussock areas, with 82 rats caught there from
1,612.5 effective trap nights, whereas on inland heath
areas, only three rats were recorded from 1,077 effective
trap nights. Mice were more evenly distributed between the
two habitats sampled, with 50 caught in coastal tussock,
and 32 caught in inland heath.

Rabbits were not targeted with snap traps but individuals
were observed on most parts of Bense, except the denuded
burn-zone. Rabbits were not thought to be present on Little
Bense until a single animal was observed there in February
2015. This was the only time in 18 visits that a rabbit was
seen on Little Bense, suggesting that if there was a resident
population on the island, it was likely much smaller than
that on Bense.

Effectiveness and coverage of Application 1

For the first application (8—16 August), a team of
five field staff covered Bense and Little Bense with bait,
resulting in a mean density of 15.3 kg/ha. However, bait
was more densely applied along the shoreline and in dense
tussock, while it was applied less densely in the burn zone,
which is devoid of vegetation. All cliffs were baited along
their top edges and on all lower ledges that were safely
accessible. Where safe access was not possible, pellets
were thrown from above. Along accessible shorelines,
particular attention was paid to the beach margin where
vegetation began and to areas just above the high tide line
where debris had accumulated.

Although Little Bense is only a third the size of Bense,
baiting there proved to be much more challenging due to
the extremely dense tussock grass and the fragmented,
convoluted northern coast. Overland access to the many
coastal chasms and rock slabs was particularly difficult
since it required climbing through or over the worst of the
tussock (over 2 m high). To apply bait to this northern coast

more efficiently, a small boat was used. In some chasms
the boat could be used as a mobile baiting platform, with
pellets broadcast into the tussock from the deck. In other
areas, personnel were landed to climb to the vegetated
margin, then re-boarded and moved to the next position.

Effectiveness and coverage of Application 2

For the second application (26 August-3 September), a
team of three field staff attempted to duplicate the coverage
achieved in Application 1. However, due to the smaller
team and staff injuries, this was not possible. Instead,
Application 2 made selective coverage, with priority given
to areas known from index trapping to be the best rodent
and rabbit habitat. On Bense Island, Application 2 covered
all tussock areas, all shorelines, and all areas north of the
island’s midline, regardless of vegetation type. Not covered
were some areas of inland heath south of the midline, and
the denuded burn zone. These latter areas still had intact
bait remaining from Application 1.

On Little Bense Island, Application 2 covered all
tussock areas and all shorelines, but did not cover inland
heath areas. As on Bense, the inland heath here still had
intact, uneaten bait remaining from the first application. On
Little Bense, staff injuries also curtailed coverage in the
tussock area: bait was applied on every second transect,
meaning there was a gap of 40 m (instead of the normal
20 m) between each baiting line. To help reduce the size of
the potentially un-baited space between transects, bait was
thrown wider on lateral throws, and a greater quantity was
thrown. The coastline was baited as in the first application,
including the use of the boat to access the north coast.
Mean baiting density on Application 2 was 11.7 kg/ha.
Over the whole operation, c. 3,900 kg of bait were applied
to the islands.

Daily reviews of the GPS tracks of workers revealed
that some areas were missed in the earliest days of baiting
but these were easily remedied the following day. After the
first two days, all workers had mastered navigation and no
further areas needed remediation.

Mammal and non-target mortality

Staff stayed on the islands from the start of Application
1 until seven days after the completion of Application 2
and during this time staff searched for animals killed in
the operation. In total, 64 dead rabbits were found on
Bense Island but none was found on Little Bense. All
intact carcasses found were placed under heavy tussock
grass or in burrows to hide them from scavenging birds.
However, many carcasses were discovered after they had
been scavenged, so some secondary poisoning is likely
to have occurred. Three dead mice were found on Bense
Island and one was found on Little Bense. No dead rats
were found on either island, presumably because they died
in their burrows.

Dolphin gulls (Larus scoresbii) were the most common
non-target casualty with a total of 23 carcasses discovered.
This species was observed to eat bait pellets directly,
often fighting conspecifics for them. Dolphin gulls were
the only species seen to eat the pellets. Three dead adult
turkey vultures (Cathartes aura jota) were found, as was
one adult striated caracara (Phalcoboenus australis) and
one short-eared owl (A4sio flammeus). The owl had been
scavenged before discovery. Dissection of the striated
caracara showed no visual evidence that it had directly
ingested bait pellets, so perhaps it died from eating parts
of a poisoned animal, most likely a rabbit or dolphin gull.
Striated caracaras were observed playing with pellets but
were never observed to ingest them. Two dead flightless
steamer ducks (Tachyeres brachypterus) were found (one on

111



Island invasives: scaling up to meet the challenge. Ch 1B Rodents: Review

each island). Direct consumption of bait may explain these
deaths, but this species is known to eat offal occasionally
(Woods, 1975) so it is also possible they were victims of
secondary poisoning from eating a dead dolphin gull. Kelp
gulls (Larus dominicanus) and snowy sheathbills (Chionis
alba), two birds known for their curiosity and scavenging
habits, were both present but were not seen to touch the
pellets and no dead kelp gulls or sheathbills were recorded
during the operation.

Post-operation follow-up

During the December 2016 follow-up visit, informal
observations did not detect any live mammals, and no
footprints were found despite careful examination of areas
with soft soil or wet sand, where rabbit or rat tracks had
been commonly seen in the past. The bait stations on
Bense were also completely undisturbed with no evidence
of gnawing on the wax baits. Three freshly-dead kelp
gulls were found and evidence of pellet consumption was
discovered upon dissection: the crops of two of the birds
were discoloured with the bright green biomarker found in
the pellets. It is thought these birds consumed bait that was
inadvertently exposed during this visit when stored bait
was moved near the campsite.

The more thorough post-operation visit in November
2017 did not discover any evidence of rodents or mammals
on the islands. No live rodents or rabbits were seen,
nor were any fresh droppings or tracks discovered. No
chewsticks had been sampled by rodents, although the bite
marks of striated caracaras and other birds were found on
10 sticks. Nocturnal observations with the thermal camera
also found no mammals. However, bait blocks inside bait
stations were found to be heavily sand-blasted and in need
of replacement.

DISCUSSION

The first application of bait achieved 100% coverage
as per the project design. However, Application 2 was
less complete and several compromises were made, with
priority given to bait the areas shown by index trapping
to be the most important as habitat for invasive mammals.
However, one area of concern was the dense tussock on
Little Bense where the second application of baiting could
have left gaps between baiting lines.

Rats have proved easier to eradicate from islands than
mice, with rats successfully removed from islands in 92%
of the operations attempted (Howald, et al., 2007), whereas
early reports found success was achieved in only 62%
of mouse operations (MacKay, et al., 2007). However,
recent findings show a more optimistic picture, with mice
successfully eradicated in 77% of operations in New
Zealand, and this figure rises to 100% when considering
only operations that followed current best-practice
techniques (Broome, et al., 2019). Mice may be harder to
eradicate because of behavioural traits such as aversion
to cereal (Humphries, et al., 2000) or smaller home range
(Clapperton, 2006; MacKay, et al., 2011). This necessitates
a denser and more meticulous application of bait to ensure
that all mice encounter pellets. The possible gaps in bait
availability in dense tussock areas on Little Bense are thus
a cause for concern.

Eradication operations carry a risk of killing non-target
species through direct ingestion of poison pellets or by
eating an animal that was poisoned. At South Georgia,
brodifacoum pellets were consumed directly by skuas,
sheathbills, and pintails, while other scavengers such as
kelp gulls and giant petrels were less likely to eat baits
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(Lee, et al., 2013). In contrast, at Campbell (McClelland,
2011) and Macquarie Islands (Springer & Carmichael,
2012) kelp gulls were found to be extremely vulnerable
to primary poisoning. In the Falklands, the death of non-
target species is not well known since most islands have
been without observers immediately after the completion
of baiting operations. However, on Great Island, the bodies
of many kelp and dolphin gulls were found following a rat
eradication operation in July 2016 (T. Poole, pers. comm.).
Dolphin gulls were the most common bird species poisoned
on Bense and Little Bense Islands and their corpses were
possibly a source of secondary poisoning of turkey vultures
and striated caracara. It is suggested that future eradication
operations in the Falklands plan for some personnel to
remain on the island after the completion of baiting in
order to improve understanding of non-target mortality.

That no evidence of mammals could be found on
the island 14 months post-baiting is cause for optimism.
However, the overall success of this operation will not
be known until late 2018 (26 months post-baiting) after
further monitoring has taken place. Elsewhere, rabbits have
proven particularly difficult to eradicate using poison alone
(Torr, 2002) and monitoring may reveal the need to use
additional techniques on Bense and Little Bense Islands.
There are no trained detection dogs in the Falklands and
snares and fumigants are not advised as they could have
an impact on burrowing penguins. In addition, biosecurity
concerns prevent the import of rabbit-specific pathogens,
thus leaving spotlight shooting as the most effective tool
available for eliminating any remaining rabbits.

This Bense and Little Bense islands operation was
intended to help restore native biodiversity with the potential
to re-establish populations of the endemic Cobb’s wren
and blackish cinclodes. However, it will also contribute
to future operations on other Falkland islands by allowing
landowners to understand which eradication techniques do,
or do not, work. As the first attempt to eradicate mice in the
Falklands, the results will be especially helpful in planning
for eradications on mouse-infested islands such as Steeple
Jason Island, which is home to many seabird species and
has been identified as an Important Bird Area. (Falklands
Conservation, 2006). In the Falkland Islands, private
landowners have been a driving force in many ecological
restoration projects, so the training and experience gained
by local residents in the course of the Bense operation
also serves to increase the pool of skilled staff who can
participate in future eradications on other islands.
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Abstract Following the incursion of rats (Rattus rattus) on Taukihepa (Big South Cape Island; 93.9 km?) off southern
New Zealand in 1963, and the subsequent extirpation of several endemic species, the New Zealand Wildlife Service
realised that, contrary to general belief at the time, introduced predators do not reach a natural balance with native species
and that a safe breeding habitat for an increasing number of ‘at risk’ species was urgently needed. Offshore islands offered
the best option for providing predator free habitat but there was a limited number of predator-free islands available and
most were very small. Eradicating rodents on larger islands to provide a wider range and greater area of habitats was
required and hand treating these larger areas using trapping and hand application of toxicants, the only methods available
at the time, proved problematic and often impossible. Helicopters had been used to distribute bait for the control of
rabbits and brushtail possums in the past but eradication of any particular predator species was considered ‘not feasible’.
The development of a GPS-based aircraft guidance system, a suitable bait product, specialised bait delivery systems and
second-generation anti-coagulant toxicants changed that. Now islands as large as South Georgia (3,900 km?) have been
treated using this method.

Keywords: aerial application, brodifacoum, eradication, helicopter, Mus musculus — house mouse, Rattus exulans —

Pacific rat, Rattus norvegicus — Norway rat, Rattus rattus — ship rat

INTRODUCTION

New Zealand’s terrestrial flora and fauna evolved in
isolation from mammalian predators leading to many
species being highly susceptible to any ground-based
predators that hunt by smell and sight (e.g. Tennyson &
Martinson, 2006). Since the arrival of humans, this unique
environment has suffered from the deliberate or accidental
introduction of a range of species that have decimated
native biodiversity. This includes four species of rodent,
Norway rat (Rattus norvegicus), ship rat (R. rattus), Pacific
rat or kiore (R. exulans) and house mouse (Mus musculus),
which continue to have a devastating impact on New
Zealand’s native flora and fauna (King, 2005).

Polynesians arrived in New Zealand bringing with
them the Pacific rat or kiore. The rats, along with kuri or
native dog (Canis familiaris), were brought for food and
clothing and led to the first wave of extinctions in New
Zealand (Tennyson & Martinson, 2006). In 1770, James
Cook mentions vermin in his journals and this may refer to
Norway rat (Innes, 2005). House mice had arrived in New
Zealand by 1830 (Ruscoe & Murphy, 2005). Ship rats were
introduced with early European settlers between 1860 and
1890 and had both cumulative and additional impacts to
the rodent species that were already present (King, 2005;
Tennyson & Martinson, 2006).

Invasive species have caused ecological problems
around the world since humans started exploring but it was
in New Zealand, where biodiversity loss was obviously
due to introduced predators (Tennyson & Martinson,
2006), that organisations began to consider ways to
minimise these impacts. It was not until the mid-1990s that
technology advanced to a stage where this human induced
disaster could be offset on any significant scale (Towns, et
al., 2013).

This paper outlines the key events that led to the
development of a rodent eradication tool used around the
world today and discusses the role played in this process by
the New Zealand agricultural aviation industry.

RECOGNITION OF THE DAMAGE RODENTS
COULD DO TO NEW ZEALAND WILDLIFE

The ship rat invasion of Taukihepa (Big South Cape
Island; 93.9 km?) in the early 1960s and the extinction of

three species of endemic vertebrates sent shock waves
through conservation circles (Bell, et al., 2016). A fourth
species was saved only by transferring to it a nearby
predator-free island. This disaster led to an increased
interest in the ecology of rodents and their impact on native
species as well as ways to control or eradicate them along
with other introduced predators (Towns & Broome, 2003).

ERADICATION TOOLS AND ADVANCES

Early application of aircraft in New Zealand
agriculture

Demobilised World War II pilots in New Zealand
began an industry applying fertiliser and grass seed to hill
country and established the skills to fly accurate parallel
swath patterns. The spread of fertiliser and seed initially
used fixed wing aircraft as outlined by Alexander & Tullett
(1967), but the skills were later transferred to the use of
helicopters.

The skill and experience of the pilots is a crucial
component of any aerial baiting operation. In addition to
having experience with all the systems that are to be used

Fig. 1 Auster aircraft loading rabbit bait, MacKenzie Basin
1951.

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 114-119. Occasional Paper SSC no. 62. Gland, Switzerland: I[UCN.
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in the operation (e.g. helicopter, bucket, GPS etc.), they
are often required to fly under adverse conditions such
as during poor weather, across islands with challenging
topography and frequently a high risk of bird strikes.
Pilots are expected to fly accurate lines in spite of these
challenges whilst also monitoring the bait flow out of the
bucket. It is highly desirable that the pilots are involved in
the planning for an eradication as they can identify both
risks and opportunities associated with the bait application.

The establishment of the Department of Conservation

The establishment of the New Zealand Government’s
Department of Conservation (DOC) out of the Wildlife
Service, Forest Service and Department of Lands and
Survey brought the various government agencies charged
with protecting biodiversity under one management regime
and allowed better focus on prioritising ‘endangered
species’ programmes, including predator removal. The
Department of Conservation was able to provide the
financial and political support necessary to carry out this
work. This was especially so with the larger projects such
as Campbell Island (113.3 km?) in the New Zealand sub-
Antarctic. Current operations now follow the international
trend of joint venture or partnership operations with
Non-Government Organisations (NGOs) and private
conservation trusts.

IMPROVEMENTS IN TECHNOLOGY
Development of toxins

On the mainland, compressed grain bait (pellets)
suitable for dispersal through a mechanised spreader
bucket (Fig. 2) were also laced with 1080 and phosphorus
to target brushtailed possums (7richosurus vulpecula) (Bill
Simmons pers. comm.). Prior to this, aerial bait application
had been predominantly diced carrot or grain.

The development of the second-generation blood
anticoagulant toxicant brodifacoum in England in the mid-
1970s provided a toxicant suitable for large-scale rodent
eradication (Dubock & Kaudeinen, 1978). The delayed
action of the anticoagulant toxicants meant that rodents
would consume a lethal dose of toxicant before showing
any symptoms, thus eliminating the risk of bait avoidance.
Brodifacoum also has the ability to kill arodent with a single
feed, compared to the first-generation anti coagulants that
required multiple feeds over several days. Brodifacoum is
currently registered in over 40 countries in the form of over
100 separate registrations covering different formulations
or product forms (Kaudeinen & Rampaud, 1986).

bait

Fig. 2 Compressed cereal
brodifacoum.

impregnated with

Fig. 3 Purpose built eradication bucket 2001.

Development of bait spreading equipment

Various New Zealand agricultural helicopter companies
had been developing underslung cargo hook-mounted
spreader buckets for the application of fertiliser and seed.
By 1980, these spreader buckets had been modified to
spread toxin-laced chopped carrot and cereal-based pellets
for the control of rabbits and possums (Peter Garden,
unpublished data).

Purpose-built bait-spreading buckets have continued to
be developed (Fig. 3), and these now allow for a consistent
swath width and density of bait application on a large
scale. Buckets have been repeatedly refined to provide a
wider bait swath and, most importantly, the addition of an
internal deflector to direct bait just out one side minimising
any bait that may go into the marine environment as well
as being able to treat cliffs. Additional improvements
including linking the bait flow to the flight track recording
system are currently being developed.

Development of guidance and data recording
equipment

Various methods to assist pilots in following straight
lines have been tried. One of these, the Decca Navigation
System, was used on forestry spraying operations as
early as 1980 and used in a possum control operation on
Rangitoto Island in 1990. Another method trialled was
using reciprocal compass headings at the end of each run.
This required the pilot to make calculations using compass
variation, deviation and cross wind headings.

The United States military developed a constellation of
global orbiting satellites in the late 1970s to provide very
accurate navigation information. The Global Positioning
System (GPS) relies on highly accurate time and position
information transmitted by these satellites to receivers on
the ground or in aircraft. The receivers use triangulation
to compute three-dimensional position, direction and
speed of travel information. To preserve security of this
information, deliberate errors were factored in and the
corrections for these errors were only available to those
with security clearance to use them. This error factor was
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known as ‘selective availability’. The civilian world was
keen to access this information and several companies
developed simple navigation devices that could be used
for guidance within the expected error range. The error
range was not consistent but was never much more than
a few hundred meters, which was acceptable to support
other navigational equipment. However, to be an effective
guidance tool for aerial application this error could be no
more than one or two metres. In 1993, attempts were made
to use GPS for guiding bait spread onto Cuvier Island, but
a suitable satellite triangulation system at that time was not
available (D.R. Towns, pers. comm.).

In 1995, an American avionics manufacturer, Trimble
Navigation, set up a facility in Christchurch New Zealand
with the specific purpose of developing systems for use
in aerial agricultural application that could meet the very
stringent accuracy requirements of that industry. The
system required the use of a ‘base station’ that recorded
satellite signals transmitted over time and calculated the
errors. The corrected information was then transmitted to
the aircraft by radio telemetry.

By 2000, the US military had switched off the
‘selective availability” function so the use of base stations
was no longer necessary. More recently, a New Zealand
based company, TracMap Ltd™, has developed a system
designed specifically for aerial application — for the
distribution of both agricultural products and bait (Fig. 4).

The first island eradication where GPS guidance
equipment was successfully used was on Tiritiri Matangi
(1.7 km?) in 1993 (Veitch, 2002d).

ERADICATION HISTORY
Early aerial application of toxicants

Rabbits (Oryctolagus cuniculus) were introduced for
sport and as supplementary food for settlers in the 1830s
(King 2005). However, the animals soon developed into
plague proportions, particularly in the drier inland areas
where they contributed to significant land erosion (King,
2005). Systems were developed for the aerial application of
toxicants to control rabbits using fixed wing aircraft (Fig. 1).
This was predominantly using either carrot pieces or grain
laced with the toxin 1080 (sodium monofluoroacetate).

The first recorded island rat eradication in New Zealand
was the removal of Norway rats by hand baiting from
Maria Island (1 ha), Noises Islands, in 1960 (Towns &
Broome, 2003). as the first in a series of unintended rodent
eradications when control had been the expected outcome.

Fig. 4 TracMap™ GPS guidance equipment fitted to South
Georgia Heritage Trust aircraft,2015.
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The first use of bait stations was by lan McFadden on
Rurima Island (0.045 km?) in 1983, using maize laced with
the anticoagulant bromadialone and the same product was
used successfully on Korapuki Island (0.18 km?) in 1986.
Both campaigns were against Pacific rats (and rabbits on
Korapuki, McFadden & Towns, 1991). Between 1986
and 1988, commercially available Talon™ (brodifacoum)
wax blocks in bait stations were used to eradicate Norway
rats from Hawea (9 ha) and Breaksea (1.70 km?) islands
in Fiordland (Thomas & Taylor, 2002). While this type
of technique has been used on islands as large as 31
km? Langara Island, Canada (Taylor, et al., 2000), the
usefulness of this method is limited by topography of
the target island and logistical difficulties associated with
ensuring complete coverage of the island.

Early use of aircraft targeting rodents on islands

In 1986, Moutohora Island (1.43 km?) in the Bay of
Plenty was the first island in New Zealand to be treated
using aerially distributed toxic bait (Talon™ 20P, active
ingredient brodifacoum) to target rabbits using a fertiliser
spreading bucket. As an unplanned side effect, Norway rats
were also removed as part of this operation (Jansen, 1993).

The first attempt at aerially distributing rodenticide
targeting rats in New Zealand occurred on the Mokohinau
Islands (0.73 km?) in the Hauraki Gulf in 1990 (Towns &
Broome, 2003). This operation was carried out using a
‘monsoon’ firefighting bucket to spread Talon™ 20P and
resulted in the removal of Pacific rats. However, it was
identified that the bait spread was concentrated along a
narrow swath, due to the bucket not having a spinner to
spread the bait out, and hand spreading was required to fill
in the gaps (McFadden & Greene, 1994).

Between 1991 and 1993 a partnership was developed
between DOC and ICI Crop Care, to improve the durability
of Talon™ 20P (brodifacoum) and to license the product
for aerial spread against rodents. An efficient means of
spreading the baits also needed to be developed. By 1993,
Ian McFadden of DOC and Tony Monk of Heletranz
had developed a bait bucket with spinner, for use against
rodents on offshore islands. The bucket was used to spread
Talon™ 20P to target Pacific rats on Cuvier Island (1.81
km?) in 1993 (Towns & Stephens, 1997).

Increasing the scale

The first large scale aerial application operation
specifically targeting rodents (Norway and Pacific rats)
was carried out on 19.65 km? Kapiti Island (Fig. 5) off
the south-west side of the North Island, New Zealand
(Miskelly & Empson, 1999). The operation succeeded in
removing both species. This island was four times larger
than any previously attempted (Broome, 2009).

Fig. 5 Mechanical loading of bait for Kapiti Island, 1996.
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Fig. 6 Hand loading bait on Codfish/Whenua Hou, 1997.

Pacific rats were eradicated from Putauhina Island
(1.41 km?) and Raratoka Island (0.88 km?) off southern
Stewart Island in 1997 in the lead-up to rodent eradication
on Whenua Hou (Codfish Is; 13.96 km?). (McClelland,
2002) Although these islands had significant conservation
values in their own right, the removal of rats was largely to
establish procedures and issues for the treatment of Whenua
Hou in order to provide a predator free environment to
establish a kakapo breeding base (Merton, et al 2006)

In August 1998, two applications of brodifacoum-laced
compressed cereal bait were aerially applied to 13.96 km?
Whenua Hou (Fig. 6) to remove Pacific rats (McClelland,
2011). The Kapiti project used two applications and this
has become the standard methodology for aerial bait
applications for eradicating rats on islands worldwide, with
modifications as required for each island.

Tuhua/Mayor Island (12.83 km?) in the Bay of Plenty,
New Zealand was successfully treated for the removal of
Norway rats and Pacific rats in 2000, largely to test the
methods required against rats and cats on the much larger
and more remote Raoul Island in the Kermadecs (Williams
& Jones, 2003).

Campbell Island followed on from the success of the
Kapiti and Codfish/Whena Hou eradication programmes.
DOC embarked on a very ambitious plan to eradicate
Norway rats from this 113.31 km? island, 700 kilometres
south of mainland New Zealand. The logistics of this
project far exceeded anything that had been contemplated
previously and required a rethink on how such operations
could be streamlined to make them logistically and

Fig. 7 Spreading bait on cliffs, Campbell Island, 2001.

Fig. 8 Bait spreading on Mokonui Island, off Stewart Island,
2006.

financially feasible. The resulting operational plan called
for a single application of just 50% of the standard bait
rate. This was a substantial risk but the GPS navigation
and spreader bucket technology and experienced pilots
gave planners confidence in being able to achieve complete
coverage. A 600 ha trial involving the aerial application of
non-toxic bait with a biomarker was carried out to test the
proposed methodology before the full operation (Fig. 7)
was started. (McClelland, 2011). Over the period 2000 to
2008, more than a dozen islands around the New Zealand
coastline were treated including: Raoul (29.38 km?) in the
Kermadecs (Ambrose, 2006; Little Barrier (30.83 km?) in
the Hauraki Gulf (Griffiths, et al., 2019); Bench (1.21 km?)
and Pearl (5.12 km?) off Stewart Island (Brent Beaven pers.
comm.); Coal (11 km?) Preservation Inlet, (Brown, 2013);
Pomona (2.62 km?) and Rona Islands (0.6 km?) (Shaw &
Torr, 2011). Notable during this period was the Rakiura Titi
Islands restoration project (McClelland, et al., 2011) which
included Mokonui (0.86 km?) (Fig. 8) and Taukihepa/
Big South Cape (9.39 km?) islands. Managing non-target
risks, multi-species eradications and reinvasion issues are
all now part of the planning process and this culminated
in the Rangitoto/Motutapu project 34.81 km? in 2009 that
targeted seven species of introduced mammals including
the four species of rodent (M. musculus, R. rattus, R.
norvegicus, R. exulans). (Griffiths, et al., 2015).

Mice removal from 20.02 km? Antipodes Island 850
km south-east of Bluff (New Zealand) occurred in winter,
2016 (Horn & Hawkins, 2017) (Fig. 9). Success has been
confirmed.

Fig. 9 Mouse eradication operations Antipodes Island,
2016.
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INTERNATIONAL PROJECTS
Exporting the technology

Because of the concern for the critically endangered
Seychelles magpie robin (Copsychus sechellarum), an
operation to carry out the eradication of Norway rats from
Denis (1.43 km?), Frigate (2.19 km?) and Curieuse (2.86
km?) Islands in the Seychelles was completed in June and
July 2000 (Merton, et al., 2002).

The same basic technique, usually using New Zealand-
made spreader buckets and often with experienced New
Zealand pilots, has been and is used to eradicate rodents
on islands worldwide. Methods are modified for each
island with alterations made to sowing density, number
of drops, timing between drops etc., To date rodents
have been eradicated from more than 300 islands using
this technique, making it the most widely used and most
successful technique for rodent eradications compared
to bait stations, hand broadcast or traps. (Howald, et al.,
2007). Whereas there are still some situations where the
other techniques are the most suitable option, e.g. on
islands where it is not practical to use aerial eradication
methods it has allowed islands that could never previously
have been considered for eradication programmes to be
treated successfully. The largest island worked on to date
is 3900 km? (1070 km? treated) South Georgia Island in the
sub-Antarctic (Black, et al., 2013), which had Norway rats
and an isolated population of mice treated in three phases
over a five-year period from 2011 to 2015. Other successful
international eradications using this methodology include
Macquarie (128 km?) where rabbits, ship rats and mice
were eradicated in 2012 (Parks and Wildlife Service, 2014)
and Rat Island/Hawadax (10 km?) in the Aleutians where
Norway rats were eradicated in 2008 (Buckelew, et al.,
2011).

Aerial distribution of bait has now been successfully
used for the eradication of rodents in more than ten
countries including Australia, USA, Canada, Mexico,
Japan, Italy and several smaller Pacific Island nations.

CONCLUSION

The aerial dispersal of rodenticide has been a ‘game
changer’ allowing large and geographically challenging
islands and tracts of land to be treated quickly and efficiently.
The advent of GPS guidance and recording equipment and
purpose-built distribution systems (spreader buckets) has
given project managers confidence that a lethal dose of
toxic bait can be delivered into each home range of the
target species, maximising the chances of eradication.

Many organisations and islands around the world have
benefited from the developments carried outin New Zealand
since the availability of second-generation anticoagulant
toxicants. Now NGOs and Government departments in
all corners of the globe are using this information to carry
out their own projects. These in turn are now providing
feedback to advance the knowledge base needed to carry
out ever more complex and challenging projects.

While aerial application of toxic bait has been a
major advancement in habitat restoration, ground based
techniques — bait stations and hand broadcast — are still used
where relevant. These methods tend to be used on smaller,
more accessible islands as well as around dwellings on
inhabited islands during aerial operations. However, the
ability to treat large areas in a short space of time and the
lower overall cost per hectare of treatment make aerial
application a valuable tool in the continuing fight against
invasive predators. The scale of islands that may be treated
in the future is limited only by the supporting logistics,
funding and political support.
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The fact that much of the aerial application expertise
resides in New Zealand has more to do with the incremental
development of systems, procedures and technology that
has occurred here over the past 30 years. As the baiting
pilot has the final control over the success of any project,
it is vital that they have complete commitment to that end.
Project managers should involve the likely application
pilot(s) at an early stage to ensure this commitment.

Many challenges still exist, especially in tropical and
subtropical regions where success rates have been lower,
and there is room for continued development of equipment
and systems, but the use of this method of distribution
of rodenticide will continue into the foreseeable future.
An increasing number of inhabited islands is now being
treated and this brings a new series of challenges for
project managers. Numerous issues that do not need to be
considered on uninhabited islands come into play, making
these operations considerably more complex.
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Abstract Rat eradication is a highly effective tool for conserving biodiversity, but one that requires considerable planning
effort, a high level of precision during implementation and carries no guarantee of success. Overall, rates of success are
generally high but lower for tropical islands where most biodiversity is at risk. We completed a qualitative comparative
review on four successful and four unsuccessful tropical rat eradication projects to better understand the factors influencing
the success of tropical rat eradications and shed light on how the risk of future failures can be minimised. Observations
of juvenile rats surviving more than four weeks after bait application on two islands validate the previously considered
theoretical risk that unweaned rats can remain isolated from exposure to rodent bait for a period. Juvenile rats emerging
after bait was no longer readily available may have been the cause of some or all the project failures. The elevated
availability of natural resources (primarily fruiting or seeding plants) generated by rainfall prior to project implementation
(documented for three of the unsuccessful projects) may also have contributed to project failure by reducing the likelihood
that all rats would consume sufficient rodent bait or compounding other factors such as rodent breeding. Our analysis
highlights that rat eradication can be achieved on tropical islands but suggests that events that cannot be predicted with
certainty in some tropical regions can act individually or in concert to reduce the likelihood of project success. We
recommend research to determine the relative importance of these factors in the fate of future tropical projects and suggest

that existing practices be re-evaluated for tropical island rodent eradications.

Keywords: best practice, conservation, invasive, restoration, rodent

INTRODUCTION

Marine islands house an estimated 15-20% of
terrestrial biodiversity and are home to 61% of IUCN
Extinct species and 37% of IUCN Ceritically Endangered
species (B. Tershey unpubl. data). Invasive species have
been the most frequent cause of extinctions on islands and
the second leading cause of Critical Endangerment (B.
Tershey unpubl. data). Commensal rats (Rattus spp.) are
considered the most damaging group of invasive species
on islands because of their near global distribution and the
frequency with which they cause extinctions, extirpations
and ecosystem-level impacts (Towns, et al., 2006; Howald,
et al., 2007; Kurle, et al., 2008). Rats can be eradicated
from islands (Keitt, et al., 2011) resulting in significant
species and ecosystem recovery (Bellingham, et al., 2010).
Thus, rat eradication is a powerful tool with which to
prevent extinctions.

Although this tool has been widely deployed, with
more than 500 successful rat eradications to date (DIISE,
2017), most rat eradications have been on small, mid
to high latitude islands (Howald, et al., 2007) where
endemic species diversity is lower. If rat eradication is to
realise its full potential to prevent extinctions, then future
eradications need to be more frequently conducted where
endemic species diversity is high: on larger tropical islands
(Kier, et al., 2009). However, while rat eradication is being
successfully conducted on increasingly large, high latitude
islands, with a failure rate of less than 3% (Russell &
Holmes, 2015), success on both large and small tropical
islands has been more elusive, with a failure rate of 10%
and very little understanding as to the underlying causes of
failure (Holmes, et al., 2015; Keitt, et al., 2015).

In an attempt to better understand the mechanisms
responsible for eradication failure on tropical islands and
improve the rate of success of future projects, a global
review of rodent eradication practice on tropical islands
was instigated (Russell & Holmes, 2015). In support of
the review, Holmes, et al. (2015) performed a statistical

analysis on as many rat eradication attempts as possible to
determine correlative factors that might pinpoint important
influences on tropical rat eradication success. However,
rat eradication projects are complex and multifaceted
(Cromarty, et al., 2002) and, like complex projects within
other disciplines, it can be challenging to determine the
reason(s) for project failure. To reduce the risk that the
broad-brush approach utilised by Holmes, et al. (2015)
overlooked important and influential factors, we completed
a second review, this time using a qualitative framework on
a subset of the projects assessed by Holmes, et al. (2015).

Qualitative comparative reviews are used extensively
in the social and behavioural sciences (e.g. Ragin, 1989;
George & Bennett, 2005; Bennett & Elman, 2006), but also
in other fields such as software engineering (Abrahamsson,
etal., 2003), human resource management (e.g. Allen, etal.,
1997), and political science (e.g. Bennett & Elman, 2006).
A qualitative comparative review offers the opportunity
to compare projects and their nuances in detail, which
superficially, statistical analyses cannot do, but also allows
for the possibility for making generalisations if they exist
(Ragin, 1989). This approach, which we believe has greater
utility in conservation biology, offered a complementary
mechanism for verifying or dispelling the importance of
factors identified as significant or insignificant in Holmes,
et al. (2015).

We examined in depth, reported data from eight
well-planned and sufficiently resourced tropical rat
eradication attempts, balanced among four successful and
four unsuccessful projects, to better understand: 1) the
variability in factors influencing tropical rat eradication
projects irrespective of outcome, 2) the factors that
consistently differentiate successful from failed tropical
rat eradication attempts for projects where full reported
data are available, 3) what steps can be taken to improve
eradication reporting and minimise the risk of failure for
future tropical rat eradications.

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 120-130. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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METHODS
Island eradication study sites

For the purposes of this study we focused on rat
eradication projects that used the method shown to have
the greatest chance of success, but which faced all of the
challenges associated with tropical islands and described
by Keitt, et al. (2015). We did not consider geographical
location to be important if these conditions were met.
Projects that met the following criteria were selected for
our analysis:

e Rodent bait was applied by helicopter, guided by
GPS. Projects that used the aerial application of bait
were the focus for our study because this method
has the best record of success in both temperate and
tropical climates (Howald, et al., 2007).

e The project was undertaken on a tropical island or
islands. Although Henderson lies just south of the
tropic of Capricorn at a latitude of 24°21°S, we
considered this island to be tropical in the context
of rodent eradication due to the island’s temperature
range, vegetation and absence of pronounced
seasonality (Spencer, 1995; Brooke, et al., 1996).

e The project was undertaken on an island or islands
with a Precipitation Coefficient of Variance (CV)
of mean monthly rainfall of less than 50% (Fig.
1). We focused our analysis not on particularly
wet or dry islands, but on islands where rainfall
and ecosystem productivity were more difficult to
predict. We excluded projects completed on arid or
semi-arid islands such as along the Pacific Coast
of Mexico or North-western Australia because, for
rodent eradication, these islands share the seasonality
associated with temperate islands i.e. an eradication
operation can be undertaken when natural food
resources are scarce and breeding, within the rat
population, is less likely. The island of Banco
Chinchorro, Mexico was excluded from our analysis
because it had a rainfall CV greater than 50%.
Nevertheless, Banco Chinchorro is another well
documented project and could have been a useful
addition to our comparative review.

e The project was undertaken on an island or islands
with land crabs. The presence of land crabs was
identified as a significant influence on project success
in Holmes, et al. (2015).

e Projects where reinvasion could be dismissed as an
unlikely cause of failure. Projects were only included
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Fig. 1 Monthly Precipitation Coefficient of Variance (CV)
for tropical islands where rodent eradications have been
attempted using rodent bait containing a 2nd generation
anticoagulant applied by helicopter.

if reinvasion had been ruled out through comparative
DNA analysis or were undertaken on uninhabited
islands that were rarely visited and extremely remote.
This excluded islands such as Denis and Curieuse in
the Seychelles (Merton, et al., 2002) and the Aleipata
Islands in Samoa (Butler, et al., 2011).

e Sufficiently detailed information was available
to allow the project to be reviewed within the
framework recommended by Keitt, et al. (2015).

Of the 17 discrete projects completed on tropical
islands that applied rodent bait containing a second
generation anticoagulant by helicopter, eight were selected
for analysis. Six were completed on islands located in the
tropical Pacific; Henderson (part of the United Kingdom
Overseas Territory of Pitcairn), Wake (an unincorporated
territory of the United States north of the Marshall Islands),
Palmyra (an unincorporated territory of the United States
in the Northern Line Islands), Enderbury and Birnie (part
of the Phoenix Islands Group of the Republic of Kiribati)
and the Ringgolds (part of Fiji). Two projects were
located outside of the Pacific Region; Desecheo (Puerto
Rico Archipelago) located in the Caribbean and Frégate
(Seychelles) in the Indian Ocean.

Island size varied from 49 to 4,310 ha (Table 1) and all
islands experienced relatively similar temperature ranges
and annual rainfall (Table 1). Except for the Wake project
that targeted Pacific rat (R. exulans) and Asian house rat
(R. tanezumi), the eradication operations targeted the
removal of just one species. R. exulans was targeted in
four operations, ship rat (R. rattus) in two and Norway rat
(R. norvegicus) in one (Table 1). Holmes, et al. (Holmes,
et al., 2015) found no significant difference in eradication
success between rat species for projects that applied bait
aerially. Four of the islands were inhabited; Wake, Frégate,
Palmyra and the Ringgolds (Table 1).

Determining success and failure

In line with best practice guidelines produced by the
New Zealand Department of Conservation (Broome,
et al., 2011), we considered an eradication project to be
successful where the absence of rats was determined after
a minimum of two breeding seasons (at least one year)
after the completion of the operation, as rat populations
may remain low and undetected for shorter periods. Rats
were first reported as being present five months after the
operation on Wake Island; eight months after on Henderson
Island; 13 months after on Desecheo; and two years after
on Enderbury. At the time of writing 14, six, four and
three years have passed for the Frégate, Ringgolds, Birnie
and Palmyra projects, respectively, and all four islands
remain rat free. A failed attempt to eradicate rats from
Palmyra Atoll in 2001 was hampered by both technical
and implementation constraints and was not evaluated
(USFWS, 2011).

Identifying potential factors that influenced success
and failure.

While there are other alternate or contributing
hypotheses (Table 2; Holmes, et al., 2015), the most
proximate reason for the reduced rate of success for tropical
rodent eradications is likely to be that not all rats consumed
a lethal dose of brodifacoum, the rodenticide used in most
rat eradications (Howald, et al., 2007) either because they
did not have access to sufficient bait or because they did
not consume bait that was available (Holmes, et al., 2015).
We used the framework outlined in Keitt, et al. (2015) to
review the four unsuccessful projects. To determine if some
individuals within the rat population could not eat a lethal
dose of bait, we reviewed operational design, operational
procedures, GIS maps of bait coverage, baiting density,
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Table 2 Hypotheses to explain increased failure of rat eradications on tropical islands.

Proximate

Underlying cause
cause

Possible response to increase success rates

Some individuals within the island s rat population could not eat a lethal dose of bait

Land crabs or other species
consume bait

Rats have small home ranges
Bait decomposes rapidly

Lactating females or young in nest
when bait available

Rats don’t leave human dwellings

Higher bait application rates
Additional bait applications
Bait at a time when competitors are at lower density or less active

Higher bait application rates
Flexible scheduling to apply bait when food supply low

More preservatives in bait
Additional bait applications

Bait available longer (more bait, additional applications)
Flexible scheduling to drop bait when breeding is reduced or non-
existent.

Comprehensively bait entire island including within commensal

areas

Some individuals within the island’s rat population would not consume a lethal dose of bait

Bait biodegrades rapidly

More wax or preservatives in bait

Additional bait applications

Abundant natural food

Multiple bait formulations

Bait available longer (more bait, additional applications)
Flexible scheduling to drop bait when food supply low

Individual foraging preferences

Multiple bait formulations

Bait available longer (more bait, additional applications)

Lactating females very neophobic

Different dietary preferences of
lactating females

Bait available longer (more bait, additional applications)

Multiple bait formulations
Bait available longer (more bait, additional applications)

Flexible scheduling to drop bait when food supply low

Poor quality planning and implementation

Lack of capability

More training & collaboration

Appointment of experienced staff
Adequate resourcing
Peer review during the planning process

Lax regulatory requirements

Insufficient resourcing

Plan & implement using internationally recognised standards

Source more funding

Increase collaboration

Higher rate of reinvasion

Warm water allows increased
swimming distances

Human use characteristics

Select more isolated islands

Better biosecurity

Incorporate human use into island selection criteria

bait availability over time, timing between applications,
and any operational difficulties noted. The statistical
approach of Holmes, et al. (2015) could not address all of
these issues because of the scarcity of well documented
projects such as those we investigated. We also assessed
bait toxicity and the chance that rats were resistant or
tolerant to anticoagulants. Insufficient information was
available to evaluate the impact of any spatial variation in
land crab density across each of the islands.

To evaluate if some individuals within the rat
population would not eat a lethal dose of bait, we looked
at the operational design, the bait type, data from trials
completed, the environmental conditions present at the
time of the eradication and any observations made during
implementation. Evidence for and against each factor
was evaluated and used to form an opinion on its relative

importance to the project’s outcome. Evidence for the
existence of a similar or different set of conditions for the
successful projects was used to inform this analysis.

Not all projects monitored bait availability over
time and for those projects that did, different methods
were used, making it difficult to compare how long bait
remained available to rats after its application. To compare
between projects we used both the minimum period of time
that bait was available in all plots or transects sampled
and, where data were available, the lower limit of 99%
CI of the T-Statistic for bait availability four days after
its application as recommended by Pott, et al. (2015). For
those islands where no monitoring was undertaken we used
anecdotal reports to provide an estimate of the minimum
period of bait availability.
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Comparison among projects

We undertook a qualitative comparative review
because the number of projects that formed the basis of our
assessment was small, there was inconsistency between
projects in the data collected and the methods by which
data were obtained. A qualitative comparative review
allows for generalisations to be made among cases and
we considered it the best option for this study. Akin to
Abrahamsson, et al. (2003), we cross-examined all projects
to identify factors common to successful or unsuccessful
projects. To inform this cross examination we drew from
Holmes, et al. (2015) and our cumulative experience to
identify a set of environmental variables and components
of operational design we considered to be important to
the success of rat eradication operations. These variables
are listed in Tables 1-3. Information on each project was
obtained from documentation prepared prior to and after
project implementation and from personal communications
with project team members.

RESULTS

Identifying causes of operational failure

Some individuals within the island s rat population could
not eat a lethal dose of bait

The design of each of the four unsuccessful eradications,
encompassing aerial application, overlapping aerial bait
swaths, application rates comparatively higher than those
applied in temperate regions and a minimum of two
applications (Table 4), should have ensured comprehensive
coverage of the islands with rodent bait. During the first
bait application on Desecheo, some technical difficulties
resulted in several small areas of the island (the largest
being ~0.8 ha in size) receiving bait at less than the planned
application rate. These issues were remedied for the second
application when a more even spread of bait was achieved
and, between both applications, comprehensive coverage
of the island was achieved. Similarly, with the exception
of areas deliberately excluded from bait application such
as the sealed runway on Wake, we could not discern any
biologically significant gaps in bait distribution from a
review of the GIS data accumulated for any of the four
unsuccessful projects. A biological gap was defined for our
analysis as a gap greater than 0.015 ha in area. This was the
smallest home range size reported in the literature for any
of the four rat species targeted (Wirtz, 1972; King, 1990;
Shiels, 2010; Low, et al. 2013).

On this basis we conclude that the operational strategy
employed on Henderson, Desecheo and Enderbury likely
ensured that all foraging rats encountered rodent bait.
Although not identified from GIS maps of bait spread, it
was more difficult to reach the same conclusion for Wake
because of the more complex operational strategy (multiple
methods of bait application) employed there (Griffiths, et
al., 2014). The existence of interspecific competition, not
a factor for the other islands, also likely limited access
to bait for some individual rats. However, the successful
eradication of R. tanezumi, formerly widespread across
the atoll (Griffiths, et al., 2014), demonstrated that broad
coverage across all habitats was achieved.

All four projects had factored bait consumption by
non-target species such as land crabs into operational
decisions on application rates (Table 4). However, bait
disappeared more rapidly than anticipated from some
transects monitored on Wake and Desecheo (Brown, et
al., 2013; Brown & Tershy, 2013) (Table 4). Bait persisted
in all transects monitored on Henderson until close to
the end of the 30-day monitoring period (Brooke, et al.,
2011). However, as described by Pott, et al. (2015), a
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different monitoring method was used and, because of
the inaccessible nature of the island, monitoring was
confined to a small part of the island. No monitoring of
bait availability was undertaken on Enderbury but ad hoc
observations suggest that rodent bait was broadly available
for at least the first five days after its initial application
(Pierce & Kerr, 2013).

Rat pups yet to emerge from the nest may not have
had immediate access to bait. Evidence of rat breeding
activity was documented on all four islands at the time of
implementation (Brooke, et al., 2011; Brown, et al., 2013;
Brown & Tershy, 2013; Pierce & Kerr, 2013). A rat of
indeterminate age was sighted and captured on Desecheo,
23 days after the first bait application. On Wake, a juvenile
R. exulans was found inside a bait station 18 days after
bait was first applied and a second juvenile R. exulans was
caught alive at the base of a coconut (Cocos nucifera) palm
after 47 days. A low body weight and large head relative
to body size indicated the latter individual had suffered
from malnutrition likely because of having been weaned
prematurely. As evidenced by liver assay, it had been
exposed to brodifacoum (Griffiths, et al., 2014). No live rats
were seen by project team members monitoring Henderson
rails (Porzana atra) at the north-east end of Henderson
beyond five days after the initial bait application, despite
being on the island for more than three months after the
operation. However, two very small, freshly dead, likely
juvenile, rats were discovered 11 and 14 days after bait was
applied suggesting these animals had survived for 10-13
days after the initial bait application.

Operational procedures were in some instances modified
during project implementation due to environmental
and physical factors encountered during the operation
and/or the detection of a small number of rats after bait
application. Lack of accurate geographical data led to an
underestimate of island size for Henderson during project
planning. As a consequence, the application rate for the
second application across the island’s plateau had to be
reduced from 7 kg/ha to 6 kg/ha (Torr & Brown, 2012).
Methods for applying bait to vegetated intertidal habitats
were modified during implementation on Wake (Griffiths,
et al., 2014). Bait stations were also deployed and bait
was hand spread at several sites on Wake to target rats
detected within five months of bait application, although
such efforts were eventually abandoned after increasing
numbers of rats sighted confirmed the eradication had been
unsuccessful for R. exulans (Griffiths, et al., 2014). We do
not consider the operational changes made for these three
projects to have reduced the availability of bait to rats.
No significant changes to the operational strategy were
reported for the Enderbury project and bait application,
as described by team members, followed the prescription
outlined within the project’s operational plan.

Based on the evidence available, we conclude that some
individuals within the island’s rat populations could not eat
a lethal dose of bait. Unweaned rats present at the time of
bait application did not have immediate access to bait and,
as evidenced by individuals surviving for so long after bait
application on Wake, this is also likely for some breeding
female rats. However, we cannot conclude that this factor
was the only cause of failure for the four failed projects.

Bait toxicity

Assays of samples of the rodent bait applied on
Henderson (mean brodifacoum concentrations of 16.4 ppm),
Wake (28.3 ppm) and Desecheo (29.3 ppm) confirmed that
bait toxicity was within normal tolerances (Brown, et al.,
2013; Brown & Tershy, 2013; RSPB, unpublished data).
Inadequate bait toxicity is unlikely to have been a factor
on Enderbury because the bait used there was produced
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at the same time as the bait used for the successful Birnie
operation. Mortality associated with the operation and a
rapid decline in rat numbers was also observed at all sites.
All three bait types used are produced via an industrial
production process with quality assurance checks in place
to ensure appropriate rodenticide concentrations prior
to shipping and all have been used successfully on both
temperate and tropical islands. Based on the evidence
available we conclude that inadequate bait toxicity was
not a factor in the failure of the four unsuccessful projects
reviewed.

Resistance

There were no indications to suggest rats on Henderson,
Wake, Enderbury and Desecheo were resistant or tolerant
to anticoagulants. Rats on Henderson, Enderbury and
Desecheo had no prior exposure to anticoagulants so
there was no selection pressure for pharmacodynamic
resistance involving mutations in the Vkorcl gene. For
Henderson, subsequent testing of rats from the surviving
population confirmed the lack of any genetic basis for
resistance to brodifacoum (RSPB, unpubl. data). Although
anticoagulants were used on Wake prior to the eradication
(Mosher, et al., 2008) available evidence, as discussed
in Griffiths, et al. (2014), did not support resistance as a
factor in the project’s outcome. Most importantly, although
increased tolerance to brodifacoum has been documented
for some rat populations, ‘practical’ resistance, as defined
by Buckle & Prescott (2012), that might have caused the
Wake project to fail, has never been encountered, even at
sites where anticoagulants have been used repeatedly for
long periods of time (Lund, 1984; Bailey, et al., 2005).
It is unknown if any plant species present on Henderson,
Wake, Desecheo and Enderbury contained elevated levels
of vitamin K, but dietary-based resistance is not considered
a major mechanism of resistance elsewhere (Buckle &
Prescott, 2012). Based on the lack of evidence for resistance
or increased tolerance to anticoagulants we conclude that
this mechanism was not a factor in the recorded failures.

Some individuals within the island s rat population would
not consume a lethal dose of bait

All four of the unsuccessful projects used proven bait
types (Table 4) that have achieved rat eradication on other
tropical islands. In addition, palatability of two of the bait
types was proven by bait exposure trials undertaken on
Henderson and Desecheo that showed, through use of a
biomarker, 100% acceptance by trapped rats (Swinnerton
& McKown, 2009; Brooke, et al., 2010). On Wake,
concerns about behavioural resistance were generated
after some rats in a two-choice laboratory trial undertaken
on the island (Mosher, et al., 2008) were documented
not eating rodent bait. Three R. exulans also avoided
exposure during an in situ biomarker trial (Wegmann, et
al., 2009). However, as outlined by Griffiths et al. (2014),
the successful elimination of R. tanezumi from the atoll,
the complete removal of R. exulans from a discrete part
of the atoll (Peale Island), and the marked reduction of R.
exulans for a period of time, are not consistent with a bait
shy rat population. No pre-eradication trials to assess bait
palatability were undertaken on Enderbury.

Some evidence for neophobia or rats preferring
alternative foods over rodent bait was seen at the time of
bait application for Enderbury and Wake. On the first night
after the initial application of bait on Enderbury, rats were
observed walking past rodent bait, despite it being readily
available, to forage on the flowers and fruits of Tribulus
cistoides on the island (Pierce & Kerr, 2013). Observations
of rats foraging on natural foods in the presence of bait
were also made on Wake (Griffiths, et al., 2014). However,

it is unknown if such observations are unusual or should be
considered the norm for rodent eradications, because of a
lack of information.

Relative to previous site visits, signs of elevated
resource availability were observed on Henderson and
Enderbury islands (Cuthbert, 2012; Pierce & Kerr, 2013)
at the time of project implementation. Rainfall leading up
to the operations is presumed to have led to this increase
(Cuthbert, 2012; Pierce & Kerr, 2013). On Henderson,
three plant species, Cyclophyllum barbatum, Myrsine
hosakae and Eugenia reinwardtiana were observed with
more fruit than seen in previous years and the presence of
a large number of recently fledged fruit doves (Ptilinopus
insularis) indicated that a large fruiting event had occurred
shortly prior to the operation (Cuthbert, 2012). On
Enderbury, 10 of the 11 common plant species present were
recorded as either flowering or fruiting at the time of the
operation including the four dominant plants 7. cistoides,
Portulaca lutea, Boerhavia albiflora and Sida fallax. Higher
than average rainfall prior to the unsuccessful Desecheo
eradication (as evidenced by mainland weather records)
may have also generated increased food availability
there (Brown & Tershy, 2013). It is unknown if resources
on Wake were elevated at the time of the operation, but
abundant seed observed on Casuarina trees growing across
the island at the time of the operation and high numbers of
rats observed at the time of the operation correspond with
this possibility.

Based on available evidence we cannot reach a definite
conclusion on the role of this factor in the outcome
observed in the four unsuccessful projects. However, the
elevated availability of alternative resources may have
compounded other factors such as rat breeding to influence
project outcome.

Comparison among all eight projects

We could not separate unsuccessful projects from
successful projects based on geographic location, habitat
or standard climatic variables (Table 1). However, three
of the unsuccessful projects were undertaken on islands
significantly larger than those that were successful. Rats
were also successfully removed from the smaller of the
two disconnected land masses that comprise the Wake
Atoll complex (Griffiths, et al., 2014). Commensal
issues associated with the presence of a resident human
population, a known risk factor for rodent eradications
(Oppel, et al., 2011), were a significant component of the
Wake project but were also present, albeit on a smaller
scale, on three of the islands where rats were successfully
removed suggesting these issues were not insurmountable.

Similarly, more parallels than differences were evident
between successful and unsuccessful projects for the
environmental variables identified by Holmes, et al. (2015)
and ourselves as important to eradication success (Table
3). Elevated rainfall preceding the eradication operation
differentiated three of the unsuccessful projects, Desecheo,
Henderson and Enderbury. However, abundant natural
food resources, as observed on Henderson, Enderbury,
Desecheo and Wake at the time of project implementation,
were also observed on Palmyra, the Ringgolds and Frégate
where rats were successfully removed. Fruiting Pandanus
tectorius, coconut and nesting sooty terns (Onychoprion
fuscatus) on Palmyra, Terminalia littoralis fruit and
coconut on the Ringgolds and coconut, multiple fruiting
tree species, breeding seabirds, kitchen refuse, cultivated
crops and food for livestock on Frégate all offered
plentiful resources to rats. However, the level of natural
food availability during project implementation relative
to other times of the year for these islands is unknown.
An abundance of natural resources was not documented
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on Birnie, where rats were successfully removed. Little
flowering or fruiting by the four common plant species
that are present was noted on this island at the time of the
implementation (Pierce & Kerr, 2013).

Land crabs were an influential factor on all eight
islands. Bait availability data provided some indication
of their relative impact on each of the operations but,
in the absence of crab survey data for each island, an
independent assessment of relative crab population density
among islands was not possible. Such data would have
provided a clearer picture of the relative impact of land
crabs on project success. Anecdotal observations suggest
that rat numbers were high on all eight islands at the
time of project implementation, but relative population
densities were once again unknown. Reproduction was not
investigated on the Ringgolds, but evidence indicates that
rats were breeding at the time of the eradication at the other
sites. On Palmyra, where rats were successfully removed,
a juvenile rat was sighted and captured 28 days after the
initial bait application within the island’s commensal area
where bait stations were being maintained. This individual
was near death and an assay of its liver confirmed
exposure to brodifacoum. Like the second of the two
juveniles discovered on Wake after bait application, this
rat also appeared malnourished. It is possible, based on
observations of elevated rainfall and increased resource
availability, that the intensity of rat breeding was higher
on Henderson, Enderbury and possibly Desecheo than
on the islands where rats were successfully removed but
in the absence of data this cannot be confirmed. Two of
the successful projects targeted rat populations that had
previously been exposed to anticoagulants (Table 3). Rats
on Palmyra, where anticoagulants had been used previously,
were thought to be tolerant to brodifacoum because some

individuals survived for longer than anticipated during a
toxicity trial (Howald, et al., 2004), yet this project was
successful.

Details for each of the eight eradication operations
are presented in Table 4. All projects used a helicopter
and bait spreading bucket as the principal method for bait
application, utilised proven rodent bait types and applied
bait with a similar swath overlap. The main difference
between operations was in the amount of bait applied,
which ranged between 10 and 84 kg/ha for the first
application and between 6 and 79 kg/ha for the second.
Difference in application rate was largely a function of
decisions made by respective project teams based on an
assessment of relative bait competition by land crabs for
each island. While this difference was evident, there was no
clear relationship between application rate and success or
failure for the eight projects (Table 4). Relative to the three
unsuccessful projects where monitoring of bait availability
was undertaken, bait on Palmyra also disappeared rapidly
but remained at higher densities beyond the seven-day
observation period in coconut canopy (Berentsen, et
al., 2013), a preferred habitat for rats (Wegmann, 2008).
Bait persisted in all plots monitored on Frégate for 10
days after its application and bait availability would have
been extended by the third application (Merton, et al.,
2002) but this was not monitored. No monitoring of bait
was undertaken on Birnie or the Ringgolds, but bait was
reported to be widely available on both islands for the six
days between the first and second applications of bait.

Aswithtwo ofthe failed projects, operational procedures
were also modified during project implementation for
two successful projects. For instance, an unplanned third
application of bait was completed following the sighting of

Table 3 Environmental variables present at the time of project implementation that could have influenced the project’s

outcome.

= >
2 g 2 = = o
3 o S = 2 = S =
E : ¢ ¥ E 2 e f
= = a = & & & =
Project outcome Failed Failed Failed Failed Succeeded Succeeded Succeeded Succeeded
Hermit crabs present Yes Yes Yes Yes Yes Yes Yes Yes
Other land crab species present No No Yes No No Yes Yes Yes
Ant species present Yes Yes Yes No No Yes Yes Yes
Permanent human population No Yes No No No Yes Yes Yes
present
Rat population had been
previously exposed to No Yes No No No Yes No Yes
anticoagulants
Higher than anticipated rainfall Yes No Yes Yest Unknown No No No
preceded operation
Observations of high natural food
availability immediately prior to  Yes Yes Yes Yes No Yes Yes Yes
or during project implementation
Seabirds nesting at time of Yes No No Yes Yes Yes Yes Yes
implementation
Rat population breeding at time of Yes Yes Yes Yes Yes Yes Unknown Yes

project implementation

‘Inferred from observations of flowering and fruiting during project implementation.
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a surviving rat on Frégate Island (P. Garden, pers. comm.).
On Palmyra, bait was hand broadcast across a 10 ha area
on Cooper Island following the discovery of the juvenile
rat mentioned above (Wegmann, et al., 2012). No changes
to the operational strategy were reported for the Ringgolds
and Birnie projects and, as with the Enderbury project, bait
application proceeded according to plan.

From our qualitative comparative analysis, we could
not reach a conclusion on the role of geographic, habitat,
climatic and environmental variables or operational
parameters on the relative outcome of the eight projects
reviewed. The two variables that best differentiated
unsuccessful from successful projects were elevated
rainfall preceding the operation and island size.

DISCUSSION
Reasons for project failure

Based on the robust design of the eradication operations
reviewed and GIS maps of bait coverage, we conclude
that bait was made available to all rats actively foraging
at the time of the operation for the Henderson, Enderbury
and Desecheo projects. We cannot be as confident of
this for Wake, despite one rat species being successfully
eradicated, because the more complex operational strategy
employed there coupled with competitive exclusion may
have led to functional gaps in bait availability (Griffiths, et
al., 2014). Notwithstanding the greater risk on Wake, some
individuals within the rat population were not actively
foraging at the time of bait application on all four islands

Table 4 Key elements of operational design for the eight projects.

Henderson
Wake
Desecheo

Enderbury

Birnie
Palmyra
Ringgolds
Frégate

Project outcome Failed  Failed Failed

Bait type® 20R 25W 25D
Application rate 1*
/2/3w bait applications

(kg/ha)’

Mean total bait
application rate (kg/ha)

10/6¢ 18/9  19/10

17.4 27.7 29
Percentage swath

o 50/50
overlap per application

50/25 50/50
Area of plot/transect
used to sample bait

availability

Number of days that bait
remained available in all
sampled plots/transects
after 1* application

Number of days that bait
remained available in all
sampled plots/transects
after 2" application

~270m?> 25m?> 25m?

25+ 3 2 6!

20+ 5 1

Number of days between 5 9 10 5
applications

Lower 99% CI of the
T-statistic for bait
available four days after
the 1* application
(kg/ha)

Areas excluded from N
. A N A 0
aerial bait application

1.93 633 025

T
o
=
)
o,

20R

22/17

384

50/25

NA

Unknown Unknown  1¢

Unknown Unknown

Yes No No

Succeeded Succeeded Succeeded Succeeded

20R 25W 20R 20R

25/25 84/79 16/11 14/9/12

50 165 27 35

50/25 50/50 50/50 50/50/50

NA 249 m? NA 10 m?

6 I¢ 104 10f

Unknown 5¢

5/24

19.16 Unknown -3.32

No Yes No Yes

* Bait pellet types listed are 20R — Pestoff 20R rodent bait produced by Animal Control Products, Wanganui, New Zealand; 25W — Brodifacoum-
25W Conservation manufactured by Bell Laboratories, Wisconsin, USA; 25D — Brodifacoum-25D Conservation manufactured by Bell Laboratories,

Wisconsin, USA.

® Areas subject to hand broadcast were applied at the same rates as for aerial application.
¢ Rates listed here were used across the island’s plateau which amounted to 95% of the island’s area. Higher bait application rates were applied in the

vicinity of the island’s beaches where hermit crabs were most numerous.

¢ No monitoring of bait availability was undertaken and figures are inferred from ad hoc observations. The project team left the islands after the

number of days listed.

¢ The figure reported is for terrestrial plots: bait persisted longer in coconut palm canopy.
"No monitoring was undertaken after the 3« application which would have extended the number of days that bait was available.
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where rats survived. Rats were breeding on Henderson,
Wake, Desecheo and Enderbury at the time of project
implementation and evidence suggests that brodifacoum is
not passed on in sufficient amounts via lactation to cause
mortality (Milne, et al., 2001; Gabriel, et al., 2012). Pups
in the nest at the time of bait application were therefore
effectively isolated for the period they were dependent on
the lactating female.

Such a scenario has been previously considered by
eradication practitioners as a theoretical possibility (e.g.
Broome, et al., 2011), but the discovery of juvenile rats on
both Palmyra and Wake after bait application validates it as
a very real concern for tropical island rodent eradications,
where breeding cycles cannot be predicted with certainty.
Weaning times reported for R. exulans (Wirtz, 1972; Tobin,
1994), R. rattus (Cowan, 1981; Yom-Tov, 1985) and R.
norvegicus (King, 1990) range from 21 to 28 days, much
longer than the period over which bait is typically available
for tropical rat eradication projects including a number of
the projects reviewed here.

It has generally been accepted that breeding females,
like other individuals within a rat population, would access
and ingest a lethal dose of bait and die within a few days of
bait application. However, there are reasons to be sceptical
that this will always occur. Home ranges for female rats
(e.g. R. rattus) can be significantly smaller than those of
males (Pryde, et al., 2005) and, as has been documented
for house mice (Mus musculus) (Krebs, et al., 1995),
lactating female rats may have constricted foraging ranges.
Changes in dietary requirements by rats can also occur
during lactation (Leshner, et al., 1972) potentially affecting
bait palatability. The maximum period of time documented
for mortality following the ingestion of a lethal dose
of brodifacoum is 21 days, from a trial conducted with
captive R. rattus on Palmyra (Howald, et al., 2004). Any of
these traits could increase the chance of juveniles emerging
after bait is no longer readily available on an island and,
with natural food abundant on many tropical islands, these
individuals have an enhanced probability of survival.

The fact that bait remained available in all transects
monitored on Henderson for more than 25 days challenges
the premise of juvenile survival as a potential cause of
failure for this project. However, as described by Pott, et al.
(2015), a different method of monitoring bait availability
was used for this project and monitoring was confined to
one small corner of the island (Brooke, et al., 2011) so
comparison with other projects is difficult. It is also possible
that bait disappeared more rapidly in unmonitored parts of
the island. Bait was applied at a lower rate on Henderson
than in the other projects reviewed and this, coupled
with the island’s complicated ‘makatea’ or uplifted coral
substrate, may have reduced the rate at which breeding
female rats encountered bait.

Rats were confirmed as breeding during project
implementation on Birnie, Palmyra and Frégate where
rats were successfully removed. Why did these projects
succeed? Some explanations can be tendered but, without
additional evidence, cannot be verified. For example, the
high bait application rate used on Palmyra likely ensured
that breeding female rats rapidly encountered bait plus
bait in the coconut palm canopy, a known nesting habitat
for female rats, was accessible for a longer period. On
Frégate, a third bait application extended the period of bait
availability out beyond 24 days and less competition by
hermit crabs and lower rat densities on Birnie may have
increased bait availability there. It is also plausible that
in the absence of the supplementary interventions made
on Palmyra and Frégate, these projects could also have
failed. Insufficient information is available to form similar
conclusions for the Ringgolds project.
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We were able to rule out inadequate bait toxicity and
resistance as factors for the survival of rats on Henderson,
Enderbury and Desecheo and the persistence of R. exulans
on Wake. Neither has been documented for any of the 490
attempted higher latitude rat eradications and we know of
no viable hypothesis that would predict a greater incidence
of resistance in rats or insufficient bait toxicity for tropical
rat eradication projects. For the unsuccessful projects
we reviewed we reject bait toxicity as a factor based on:
factory test results demonstrating that the bait used on
Henderson, Wake and Desecheo contained a sufficient
concentration of brodifacoum; the marked reduction in rat
numbers on all three islands; and the fact that R. tanezumi
was successfully removed from Wake. The bait applied on
Enderbury was produced as part of the same consignment
as that was used successfully to remove rats from Birnie.

Similarly, we found no evidence to support anticoagulant
resistance as a factor in the unsuccessful outcome seen
on Henderson, Wake, Desecheo and Enderbury. Rat
populations on Henderson, Enderbury and Desecheo had
no prior exposure to anticoagulants and the successful
eradication of R. tanezumi from Wake, the removal of
R. exulans from part of the atoll, and the reduction of R.
exulans to undetectable levels elsewhere is at odds with
the levels of survivorship reported for rodent populations
in which practical resistance has been documented (e.g.
Drummond & Rennison, 1973; Greaves, et al., 1982).
Most importantly, ‘practical’ resistance to brodifacoum
that might have caused the failure of these projects, has
never been encountered, even at sites where anticoagulants
have been used repeatedly for long periods of time (Buckle
& Prescott, 2012). Increased tolerance to brodifacoum
has been detected in some locations (Buckle & Prescott,
2012) and may have been present on the three islands
where anticoagulants had been used previously. However,
rats were successfully removed from two of these islands
including Palmyra where a bait toxicity trial had suggested
the possibility of anticoagulant tolerance.

Conflicting evidence meant we could not rule out the
possibility that some rats avoided rodent bait in preference
for natural foods. Certainly, for all four unsuccessful
projects, natural food was readily available to rats at the time
of project implementation. Observations of rats foraging on
natural foods after bait application on Enderbury and Wake
lend weight to this hypothesis. However, this may simply
have been a function of neophobia, as described by Barnett
(1956), and not necessarily active bait avoidance. We are
unaware of similar observations from other projects, but
this is likely a result of insufficient observational effort.
The discovery of recently weaned juvenile rats on Palmyra
and Wake, more than four weeks after bait application,
suggests that some individuals, in this case lactating female
rats, may have avoided bait for a period. Rats detected on
Desecheo and Fregate after bait application also point to
this possibility. Set against this evidence is the fact that
natural food was also available on the islands where rats
were successfully removed, and signs of malnutrition
and early weaning of the juveniles found on Palmyra
and Wake suggest that the females producing these pups
died because they consumed bait. A necropsy verified bait
consumption for the Desecheo rat and the Frégate project
was ultimately successful, confirming all individuals there
were eventually exposed. The successful removal of the
more dominant rat species on Wake also perhaps points
to bait availability rather than bait palatability as the more
important influence.

In summary, it is unknown if the elevated availability
of natural resources on Henderson, Enderbury, Wake and
Desecheo led to bait avoidance, but the possibility cannot
be discounted. Increased natural food availability may
have also compounded other factors influencing project
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success such as the intensity of rat breeding. Given the
unpredictability of resource availability within many
tropical island ecosystems this will need to be an important
consideration for future rat eradication projects.

Comparative analysis

We could not separate unsuccessful projects from
successful projects based on habitat or standard climatic
variables. However, three of the unsuccessful projects were
undertaken on islands significantly larger than those that
were successful and both rat species present on Wake were
removed from Peale Island, one of the two land units that
make up the Wake Atoll complex. This is consistent with
the trend identified by Holmes, et al. (2015) of an increasing
failure rate for larger islands. It is therefore possible that the
outcomes observed on Henderson, Wake and Enderbury
were simply a consequence of biogeographic theory.
Larger populations on the bigger islands increased the
chance that some individuals would avoid bait or that some
breeding females would survive for long enough to wean
juveniles when bait was no longer readily available. No
threshold for island size has yet been identified for rodent
eradications undertaken using the methodology reviewed
in this paper. However, the threshold may be smaller for
tropical islands because of increased availability of natural
resources, higher rat population densities and the likelihood
that a proportion of the population will be breeding during
project implementation.

Rainfall is closely linked to ecosystem productivity
on tropical islands (Murphy & Lugo, 1986) and elevated
rainfall levels preceding the eradication were associated
with three of the unsuccessful projects reviewed.
Variability in rainfall was also found by Holmes, et
al. (2015) to be correlated with failure for tropical rat
eradications. However, as discussed above, we could not
fully resolve whether rainfall contributed to an increased
risk of failure for these projects because palatability of
rodent bait was reduced in the presence of increased natural
food availability or greater reproductive activity within
the targeted rat populations led to juveniles surviving the
eradication attempt.

In summary, although our review of eight tropical
rodent eradications could not discern the relative
importance of bait availability or bait palatability in the
outcome of the four unsuccessful projects, it suggests that
both are important to consider in the planning of future
rodent eradications on tropical islands. In the absence of a
more palatable bait type, we recommend greater emphasis
is placed on operational design for future tropical island
rodent eradications. As recommended by Keitt, etal. (2015),
projects should aim to ensure that bait is readily available
within all rat territories for a period of time that allows all
individuals within the population to encounter bait. Even
though the projects we reviewed were well documented,
our analysis was limited by a lack of consistency in data
collection. Until more is known about the mechanisms
that promote survival during a rat eradication attempt,
future monitoring of eradication projects undertaken on
tropical islands should aim to document as many of the
variables discussed in this paper as possible to determine
the relative importance of these factors in the project’s fate.
Standardisation of monitoring protocols, as promoted by
Keitt, et al. (2015) and Pott, et al. (2015), should also be
instigated.
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Eradication of mice from Antipodes Island, New Zealand
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Abstract In winter 2016, the New Zealand Department of Conservation (DOC) eradicated mice (Mus musculus) from
the Antipodes Islands located at 49°S 178°E, 760 km south-east of New Zealand’s South Island. Mice were the only
mammalian pest species present. They have extensively impacted the abundance and survival of invertebrates, with
likely secondary impacts on endemic terrestrial birds and nesting seabird fauna. Public-private partnerships with DOC
instigated the project and provided essential financial support. Baseline scientific data for operational planning and
outcome monitoring were collected by a research expedition in July 2013 and project planning began in 2014. At the
time of writing, this is the largest eradication of mice undertaken where mice are the sole mammalian pest species.
Logistical challenges were complicated by a broad range of regulatory obligations. The expedition-style project used a
ship to deliver a team and equipment to Antipodes Island where they established camp and remained until the completion
of baiting. Bait spread was completed incrementally as weather allowed, comprehensively covering the islands in two
separate treatments between 18 June 2016 and 12 July 2016. The last sign of mice was detected 20 days after the first
application of bait and the eradication of mice was confirmed by monitoring in late summer 2018. Public engagement was
achieved with regular operational updates across multiple platforms and positive media coverage. Non-toxic bait trials
accurately predicted some by-kill of pipit (4dnthus novaeseelandiae steindachneri) but did not anticipate poisoning of
some Antipodes parakeet (Cyanoramphus unicolor) and Reischek’s parakeet (Cyanoramphus hochstetteri). Known pest-
free islands were not baited, providing refuge for land birds to mitigate the risk. Fledging success of Antipodean albatross
(Diomedea antipodensis antipodensis) chicks was not impacted by the operation and those species that were affected had
recovered by summer 2018.

Keywords: brodifacoum, house mouse, Million Dollar Mouse, Mus musculus, non-target impacts, subantarctic

INTRODUCTION X 4 d A i 1800 and seal
. . The Antipodes were discovered in and sealers
The Antipodes Islands group (2,100 ha) is in New  iived by 1804 (Taylor, 2006). A small shelter (castaway
Zealand’s Subantarctic Islands region and was gazetted depot) was built in 1886 to support shipwreck survivors.
as a Nature Reserve in 1978 and a World Heritage site  y¢ ya5 resupplied periodically until 1927 (Taylor, 2006).
in 1998. The group comprises six islands and one islet  \fice were first recorded on Antipodes Island in 1907 but
located in the Southern’ Ocean, at 49°41°S, 178°48’E, 760 probably arrived earlier (Mclntosh, 2001) with sealers or
km from New Zealand’s South Island (Fig. 1). The islands 5 he result of a foreign shipwreck (Spirit of the Dawn) in
are uninhabited and administered by New Zealand’s 189 (Taylor, 2006). DNA studies of the mouse population
Department of Conservation (DOC). House mouse (Mus jgentified a mtDNA haplotype also found in Spain but not
musculus) was the only mammalian pest species present  o|sewhere in New Zealand (Searle, et al., 2009.).
and known only on the main island, Antipodes Island
(2,012 ha). Mice were abundant; their density has been recorded
as high as 147/ha in the coastal zone (Russell, 2012). They
have had a significant detrimental impact on the endemic,

s s rare and threatened animal species. Invertebrates have been
Antipodes Islands N Archway Island severely depleted. Mice are responsible for the general
0 1 2 e absence of large beetles and the extirpation of at least two
e [ E taxa: Loxomerus n.sp. and Tormissus guanicola (Marris,
2000); and several large ground dwelling species are
severely restricted in distribution (Marris, 2000; Russell,
* Load Site Bollons Island)  2()12). Mice also compete with the four endemic land birds
& HutSite and have suppressed at least two species of burrowing
) seabirds: black-bellied storm petrels (Fregetta tropica) and
[ A subantarctic little shearwater (Puffinus elegans) (Imber, et
nchorage Bay al. 2005)
Reef ’ ’
West Windward Island Point The aim of the project was to eradicate mice from the

archipelago to halt the degradation of biodiversity and
allow native species to recover and flourish. Eradicating
mice would also protect potentially vulnerable species,
for example the nationally critical Antipodean albatross

\sland (Diomedea antipodensis antipodensis), from potential
O attacks as recorded on Gough Island and Marion Island
(Davies, et al., 2015; Dilley, et al., 2016).

The site has good ongoing biosecurity integrity. The
islands are remote and isolated, landing requires a permit
Ringdove Bay and the coastline is generally inaccessible, with no harbour.
In 2012, DOC partnered with the Morgan Foundation to
initiate the project. The Morgan Foundation fronted a
highly publicised fundraising campaign “Million Dollar
Mouse” (MDM), and matched public donations dollar
. . for dollar. Additional funding came from DOC and other
Fig. 1 Map of the Antipodes Island group. partners, WWF New Zealand and Island Conservation.
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MATERIALS AND METHODS
Planning

DOC planned and managed the operation from its
Murihiku Office in Invercargill. Planning started in
February 2014, with the employment of a full-time project
manager, and took two and half years with a core team of
two increasing to four in the last six months. A much larger
DOC team supported pre-departure preparations. The
Department’s Island Eradication Advisory Group (IEAG)
was engaged from the start, providing technical oversight.
Eradication design was based on agreed best practice
(Broome, et al., 2019). DOC’s Animal Pest Framework
and elements of DOC’s Project Management Framework
(PMF) provided the tools to manage the project.

Procurement

Helicopter and shipping services were sourced using
government processes. In early 2016, DOC contracted the
services of the M.V. Norfolk Guardian, a coastal freighter
flagged in Kingdom of Tonga and a yacht, S.V. Evohe, to
supplement passenger transport.

An experienced eradication pilot was engaged as a
consultant to progress planning while a helicopter supplier
was being sought. Following consultation with potential
suppliers, a temporary hangar (16 m x 12 m x 5. 6 m high)
and a large wooden platform (29 m x 13.8 m) incorporating
a helipad were added to the planned infrastructure to help
protect helicopters and other sensitive equipment from
the elements. The hangar was fastened to the wooden
platform and the whole structure anchored with 38 t of
water ballast positioned around the base of the hangar
frames in palletised 1,000 1 cage tanks (Intermediate Bulk
Containers). The anchoring system was designed for ecasy
installation and extraction and to withstand winds of up to
190 km/hr.

A specialist company “Island Aerial Solutions Ltd”
(IASL) was contracted to supply helicopter services and
a helicopter engineer. Three helicopters were taken to the
island, two AS350 Squirrels (1 x B2 and 1 x FX2) and one
Robinson R44. The R44 provided contingency for marine
search and rescue, enabling baiting to continue using one
AS350 if the other became inoperative.

Preparations

The hangar construction was trialled in a large
warehouse prior to departure. The International Chamber
of Shipping Guide to Helicopter/Ship Operations (2008)
was used in the development of protocols for managing
shipborne helicopter operations. Ship preparations included
establishing a helipad and upgrading emergency response
capabilities onboard. Two months before departure,
interaction trials allowed pilots to practice shipborne
helicopter operations and familiarise the ship’s crew.
Two methods were also trialled for loading helicopters
onto the ship and baiting systems were tested during the
same period. Bucket calibration was done by sowing non-
toxic bait across a line of marked quadrants (5 m x 10 m)
extending 65 m perpendicularly from each side of a flight
line over tarmac. Baits were counted in every quadrat to
determine “usable swath width” — the distance to which
bait is reliably spread at or above the desired rate.

An experienced operational team was selected, with
additional skills and experience including engineering and
mechanical repairs, a recovery doctor with extensive patient
extraction and remote emergency medicine experience,
biodiversity monitoring, bait bucket mechanics, technical
eradication knowledge, remote construction, digger
driving and rigging and receiving external helicopter loads.
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Biosecurity was a significant part of preparations,
and actions were coordinated with a biosecurity plan. A
dedicated DOC team quarantined equipment and supplies
arriving from all around New Zealand. Quarantined items
were generally wrapped in plastic or sealed in plywood
boxes (pods). Pest detection and prevention devices,
including inked tracking cards in tunnels, insect traps, and
rodent bait stations, were in place at the ports of departure
and facilities where equipment and supplies were stored.
The cargo ship’s holds were fumigated for insects.
Transport vessels required a certified clean hull to travel
to the island. A dive inspection of the Norfolk Guardian
discovered biofouling on its hull and the invasive organism
Mediterranean fan worm (Sabella spallanzanii) in the
seachests. A hull clean and treatments of the seachests were
completed and inspected before each voyage to the island.

Animal Control Products (ACP now trading as Orillion)
based in Whanganui, New Zealand, produced 65.5 t of
Pestoff® 20R Rodent Bait containing 20 ppm brodifacoum
between 21 April 2016 and 3 May 2016. ACP analysed
samples from each 500 kg batch of bait, measuring toxicity
using Liquid Chromatography Mass Spectrometry with a
detection limit of 1x10°% (0.1ppm). The agreed acceptable
range was 16 ppm to 24 ppm brodifacoum by weight.

The bait was packed in four-walled paper bags each
containing 25 kg of bait and transported and stored on
Antipodes Island in large plywood boxes (pods) portable by
forklift and helicopter. The maximum safe load capability
of the helicopters determined the size of the pods (each
contained 28 bags of bait and weighed a total of 805 kg).
The weatherproof pods included a large plastic liner to
protect bait against water ingress.

On 23 May 2016, the Evohe departed Dunedin, New
Zealand, for Antipodes Island with 12 of the project
team onboard. On 25 May 2016, the Norfolk Guardian
departed Timaru, New Zealand with seven project team
members, three helicopters, bait in 94 pods, 30 t of jet
fuel and 20 t of sundry equipment and supplies. Two 1.6
tonne diggers were taken to the island to prepare a level
site for the helicopter hangar. A satellite dish was installed,
providing a fast internet connection. The Evohe remained
at the island while the cargo ship was present, transferring
personnel between ship and shore, and ready to respond in
case of an incident over water during helicopter unloading
of the ship.

Poison baiting

Bait uptake trials were conducted on Antipodes Island
in winter 2013 to assess the palatability of the proposed
bait to mice and the potential risks to non-target species.
The trial used a non-toxic version of Pestoff® 20R Rodent
Bait with the biotracer pyranine added. Baits were spread
by hand over 6 ha at 16 kg/ha. Subsequently, mice were
captured in a grid of Longworth live capture traps and land
birds were captured with hand nets. Captured individuals
were inspected for signs of bait consumption using a UV
light. Observations of birds interacting with baits were
also recorded. Bird faeces were collected opportunistically
along a transect and inspected under UV light. Faecal
samples were assigned to a species by visual inspection
or by DNA analysis for a subset of samples that tested
positive for pyranine (Elliott, et al., 2015).

A boundary flight recorded the treatment area as 2,114
ha before baiting commenced. The boundary was flown
again more tightly before treatment two, recording the area
as 2,075 ha. An advisory team (technical advisor, chief
pilot and assistant project manager) assisted the project
manager with finalising the load site location and layout,
and daily assessment of conditions for baiting. AS350
helicopters, directed by Tracmap GPS systems, spread
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65.5 t of 2 g Pestoff® 20R Rodent Bait from underslung
bait buckets to complete two comprehensive treatments.
The nominal application rate was 16 kg/ha for treatment
one and 8 kg/ha for treatment two. A minimum interval of
14 days between treatments was preferred, to increase the
likelihood of bait availability for emergent young if mice
were breeding. Parallel flight lines were set at 45 m apart
for a usable swath width of 90 m, giving 50% overlap of
baiting swaths to minimise the risk of gaps. During each
treatment, additional bait was applied to the coastline, steep
slopes (50° to 70°), cliffs (greater than 70°) and other areas
of concern to the pilots or identified by geospatial analysis
as having potentially insufficient coverage. An observer in
the back of the helicopter monitored distribution of bait
on cliff baiting flights, which were undertaken at about 40
metre vertical increments.

Bait was made available inside storage containers
and the interior and sub floor spaces of buildings by hand
spreading or placing baits in bait stations. A bait station
comprised a numbered shallow clear petri dish with ten
Pestoff® 20R Rodent Bait pellets. These were placed in
each compartment or room of a structure and checked
daily. A total of 72 bait stations were placed in structures
on 18 June. Baits were thrown by hand to achieve coverage
of approximately four bait pellets per square metre under
the hut and Castaway Depot and in the open wastewater
drain. Toilet pits were checked daily and a handful of
baits were scattered down each pit as required to maintain
availability to mice. Holes were drilled in the floor of the
helipad and hangar to access the subfloor space, and baits
dropped through. Mouse activity was monitored around the
accommodation area using inked tracking cards secured in
tunnels (tracking tunnels) and baited with Pestoff® 20R
Rodent Baits; and three trail cameras focused on bait
stations under the hut and Castaway Depot. Approximately
4 kg of bait was used for structure baiting.

West Windward Island (7.0 ha) and East Windward
Island (8.5 ha) were not baited during the first treatment
as it was unknown if mice were present. These islands
were monitored for mice between treatments using ten
inked tracking cards baited with peanut butter and placed
in tunnels (tracking tunnels) for 12 nights. Bollons Island
(52.6 ha) was believed to be mouse-free prior to the
operation but six tracking tunnels were installed between
bait treatments for 12 nights and baited with peanut butter
to provide further confidence in its status.

Monitoring to determine if mice had been eradicated
occurred in late summer 2018, approximately 18 months
after the baiting operation. By this time, a surviving mouse
population should have recovered to detectable levels. Late
summer was chosen as any breeding would have peaked
and juveniles would have been present. Monitoring for
mice was undertaken using 280 inked tracking cards in
tunnels baited with peanut butter and distributed along
28 transect lines. Each transect comprised 10 tracking
tunnels spaced 200 m apart. The transects were distributed
extensively across Antipodes Island. They were placed
in all habitat types, particularly in areas where mice had
previously been in high abundance (e.g. near penguin
colonies) and adjacent to inaccessible terrain. Tracking
cards were checked and replaced approximately every
five days for a period of three weeks. Supplementing this,
two rodent detection dogs and their handlers searched the
island for mice between 21 February and 15 March 2018.
The dogs searched in accessible areas across the plateau
and southern coast.

Non-target species

A non-target species technical advisory group
recommended a strategy for managing risks to native

species that did not include captive management but
relied on natural populations outside of the treatment area.
This strategy became part of the application to DOC, as
administrators of the site, for consent to spread bait. Three
of the four endemic land bird taxa were considered at risk
from either primary or secondary poisoning. Bollons Island
(52.6 ha) and Archway Island (6.2 ha) were excluded from
the treatment area during planning because evidence from
historic studies of invertebrates (Marris, 2000; McIntosh,
2001; Russell, 2012) and limited monitoring for mice on
Bollons Island in 2014 (B. Rance pers. comm. 2014) gave
sufficient confidence that mice were not present. These
islands provided a natural refuge of 58.8 ha, 1.5 km north
of Antipodes Island, where species would not be exposed
to bait.

Baseline monitoring of endemic land bird taxa was
conducted on Antipodes Island between 2013 and 2016
including immediately prior to bait application in winter
2016. Post-eradication monitoring occurred in the weeks
after bait application in July 2016, and in the summers of
2017 and 2018, to record any population impacts of the
operation. Distance sampling (Buckland, et al., 2001)
was used to estimate the density and abundance of the
endemic Antipodes parakeet (Cyanoramphus unicolor),
Reischek’s parakeet (Cyanoramphus hochstetteri), and
the endemic subspecies of the New Zealand pipit (4nthus
novaeseelandiae  steindachneri). The perpendicular
distance to individuals or groups of birds was measured
from transect lines of variable length to the nearest metre
using a laser range-finder. Transects were distributed
throughout the island and repeated as often as practicable.
The aim was a sample of 60 to 80 encounters of each
species for robust modelling of the detection probability
and resultant population density. The technique relies on
sightings of birds, so sampling was generally avoided when
the weather was wet and cold as birds are less conspicuous.
The computer software ‘Distance 6.2’ (Thomas, et al.,
2010) was used to analyse the data and compute population
estimates. As the number of detections recorded was low
for many of the survey periods, data were pooled and a
global detection function was computed, from which survey
specific estimates of density were calculated (Buckland
et al. 2001). Visual comparison of point estimates and
their 95% confidence intervals were reinforced using
a comparison of Poisson rates (poisson.test; R
Core Team, 2013) for three paired pre- and post-toxin
application survey dates and departures from a hypothesis
of no change in density tested.

Antipodes  snipe  (Coenocorypha  aucklandica
meinertzhagenae) were monitored by recording the number
of snipe seen per hour by observers traversing the island on
foot, to give an encounter rate. The change in encounter
rate between years was assessed using a generalised linear
model with negative binomial errors.

To determine if the breeding success of Antipodean
albatross was impacted by the operation, the fledging
success of Antipodean albatross chicks within 50 m of
the load site was recorded in summer 2017 by visiting the
nests prior to chicks fledging. The results were compared
with fledging success of chicks, alive at the time of bait
application, in two study areas on Antipodes Island.

No formal searching for potentially poisoned animals
was done but carcasses found opportunistically were
examined. The gut cavity was opened and inspected for
haemorrhaging and or the presence of green bait in the
stomach or intestines indicating poisoning by brodifacoum.
Liver samples were collected from the carcasses of
pipits and snipe and stored frozen. Samples were sent to
Landcare Research and analysed using High Performance
Liquid Chromatography with a detection limit of 1x10%%
(0.001ppm).
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Project communication

Public engagement was measured by recording the
number of media articles about the project (on television,
radio, print) and visits to the project’s website www.
milliondollarmouse.org.nz) and Facebook page (www.
facebook.com/milliondollarmouse) during the operational
phase.

RESULTS

The baiting operation was implemented and completed
in winter 2016. Insufficient resourcing in the first year
of planning and competition with other organisational
priorities put pressure on the project team and risked
delaying implementation. The development of project
knowledge and a wealth of experience enabled quality
advice from DOC’s IEAG. Their strong support maintained
focus on objectives and influenced the prioritisation of
resources in the preparation phase. Procuring helicopter
services and a cargo ship were the crux of logistics planning
but proved difficult due to a small pool of suitable suppliers
and complex processes. Over a year and a half was spent
investigating options and developing trust with potential
suppliers to prove the viability of the work and find capable
operators who were willing to commit.

Calibration of bait buckets gave a usable swath width
of 90 m for standard buckets (360° spread) and 40 m
for the deflector bucket (180° spread). Pre-departure
trials identified important improvements in systems and
componentry including changes to the pneumatic feed from
helicopters to the bait bucket, replacement of incorrectly
sized bracing elements on the hangar and refinement of
the system for its construction. Trials identified that lifting
helicopters by the rotor head was the best technique to
manoeuvre them in and out of the ship’s hold.

The toxicity of all 131 batches of bait supplied met the
contract standards. The average toxicity was 19.8 ppm of
brodifacoum and the range was 16.5 ppm to 23.9 ppm +
7%. The operational team arrived at Antipodes Island on
27 May 2016. It took approximately 90 minutes to extract
each helicopter from the ship’s hold and ready them for
flying. Ship unloading was completed with 250 loads flown
ashore over 12 days with suitable weather for helicopter
operations occurring periodically on five of those days.
Helicopter long-line operations to unload and load the ship
were challenging and required precision from the pilots
and a strong communicator on the deck of the ship to
inform the pilot of the position of the hook and help direct
the work. The construction team of six people established
the field camp, completed complex site preparations and
safely installed temporary infrastructure within 11 days
before departing with the transport vessels on 7 June 2016.
An emergency response exercise was conducted on 8 June
to practice helicopter recovery of a person from the water
with a rescue scoop net and a rescuer in a human sling on
a long-line.

Readiness for baiting was achieved by 9 June 2016
but poor weather delayed baiting until 18 June 2016 when
a brief respite in conditions allowed baiting of a small

area (54 ha). This gave the opportunity for an initial test
of personnel, loading systems and equipment ahead of
better weather windows. The baited area incorporated the
field camp and load site, enabling structure baiting to be
completed to make bait available early in the programme
around the accommodation area where there was the
highest risk of alternative food sources for mice. Aerial
baiting continued incrementally as the weather allowed
until coverage was complete. Suitable weather windows
for baiting operations were generally short, and conditions
were changeable and generally windy. The longest
continuous period of bait application achieved was 3.5
hours. Each day’s baiting built on previous work using a
“rolling front” approach, with the aim of minimising the
area needing rebaiting if work was interrupted for too long.

Treatment one was completed on 29 June 2016 with
bait application occurring on 18, 21, 22, 27, 28 and 29
June. The interruption after baiting on 22 June was greater
than three days, so the last two bait swaths sown that day
were sown again on 27 June with 50% overlap. A total
application of 45.6 t of bait was applied during treatment
one at an average rate of 21.6 kg/ha. No mouse sign was
detected on either of the Windward islands so neither were
baited, increasing the area where land birds would not be
exposed to bait to 75.3 ha.

Treatment two commenced on 8 July, continued to 10
July and was completed on 12 July 2016. A total of 19.9
t was spread at an average application rate of 9.6 kg/ha.
The average sowing rate for both treatments combined was
31.2 kg/ha, including application of all the contingency
bait. Contingency bait was additional bait (20% of the
planned total) taken to mitigate the risk of loss or damage
during transport and storage, or of the treatment area being
larger than expected. The rate of bait spreading averaged
1.79 t/hr for the first treatment and 0.93 t/hr for the second,
giving an overall average of 1.44 t/hr. The interval between
treatments was at least 16 days for 97% of the area, and
between ten and twelve days for the remainder. Few
technical issues with bait spread were encountered and
none limited operations.

Rainfall data were collected daily, and some form
of precipitation fell most days. A total of 7.9 mm fell in
the 48 hours following application of 15.6 t of bait on 22
June in treatment one. Bait degradation was not formally
monitored. However, visual inspection showed baits were
weathered but generally intact at the start of treatment two,
20 days after application.

Analysis of GPS flight records for aerial bait spread
showed that comprehensive bait coverage was achieved
with no apparent gaps. The total maximum amount of bait
taken from all bait stations set up for structure baiting was
240 g of the 4 kg available. Most of the bait take occurred
in the first three nights and 73% of consumption occurred
by night six. Imagery from a trail camera showed mice
picking up and carrying away the 2 g bait pellets. Two
mice were last recorded taking bait on 7 July, 20 days after
application. Dissection of a mouse trapped nearby on the
same day showed the stomach and intestines were green
and full of bait.

Table 1 Incidental dead bird finds on Antipodes Island following bait application.

Species Autopsy Brodifacoum (ng/g) £ 6%
Antipodes parakeet Cyanoramphus unicolor 1 poisoned Unknown

Reischek’s parakeet Cyanoramphus hochstetteri 1 poisoned Unknown

Pipit Anthus novaeseelandiae steindachneri 3 poisoned 0.028; 0.034; 0.01

Snipe Coenocorypha aucklandica meinertzhagenae 2nosign  0.015; 0.031

Mallard duck Anas platyrhynchos 1 poisoned Unknown
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Table 2 Comparison of Poisson rates at two time points pre- and post-application of toxin on Reischek’s parakeet,
Antipodes parakeet and Antipodes pipit. Rate ratios, their 95% CI's and tests of departure from a hypothesis of
no change in density between surveys are reported. Rate ratios <1.0 indicate population decline and those >1.0

population increase between surveys.

Comparison of Poisson rates between surveys

Pre-drop 2016 & Post-
drop 2016

Pre-drop 2016 & Jan/Feb

Post-drop 2016 & Jan/Feb

2018 2018

Reischek’s parakeet 0.17 (0.13-0.23)"
0.57 (0.36-0.95)

0 (0.05-0.10)"

Antipodes parakeet
Antipodes pipit

0.85 (0.63-1.17)
2.91 (1.81-4.88)"
1.38 (1.08-1.76)"

4.97 (3.92-6.30)"
5.09 (3.81-6.77)"
19.44 (13.84-27.94)"

“ P <0.001; " P <0.05; * not significant

No mouse sign was detected from 7,170 tracking tunnel
nights and searching with dogs during mouse monitoring
in summer 2018. The search effort and the evidence were
reviewed by DOC’s Island Eradication Advisory Group
and the eradication of mice from Antipodes Island was
declared successful in March 2018.

Non-target species impacts

Bait trials in 2013 demonstrated 100% uptake of the
bait by mice and suggested a risk of primary poisoning for
pipits but not for parakeets or snipe (Elliott, et al., 2015).
During the eradication operation itself, eight dead birds
of five species were found incidentally and all had been
poisoned (Table 1). The associated search effort was at
least 103 hours of extensive field work for monitoring land
birds. Additionally, staff walked an 800 m route between
Reef Point and the load site (Fig 1) almost daily for the
six weeks between initial bait application in the area and
departure. During the operation, some pipits were observed
occasionally pecking at baits and some baits were found
to have been chewed by parakeets, but most baits were
untouched.

Despite the use of a global detection function, low
numbers of observations led to large confidence intervals
about density estimates derived from distance sampling
(Figs 2, 3 and 4). Prior to 2016, only the sampling of
Reischek’s parakeets in October 2014 (61 encounters)
reached the desired sample size of 60 to 80 encounters.
In 2016, pre-baiting sampling for Antipodes parakeets
(22 encounters) and post-baiting sampling for pipits (40
encounters) failed to reach this target. Overall, more
sampling was done immediately post-baiting in 2016
(329 encounters) than before (186 encounters) due to
time constraints. Poor weather also often constrained the
method. The results (Table 2; Figs 2, 3, and 4) suggest
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Fig. 2 Distance sampling results for Reischek’s parakeets,
Antipodes Island.

that a significant number of pipits and parakeets probably
succumbed to brodifacoum poisoning immediately
following the application of bait. However, the populations
of pipits and both parakeet species were able to persist and
have increased greatly each year, recovering to densities
that are similar to or higher than pre-eradication estimates
by summer 2018 (Table 2; Figs 2, 3 and 4). Pipits have
responded particularly strongly with very large year on
year increases in density estimates since 2016. Anecdotal
observations in summer 2018 were consistent with the
reported increase. On most occasions when monitoring
team members sat down in the field, pipits would
immediately appear and walked around and on them,
finding food items such as caterpillars within minutes (F.
Cox, pers. comm. 2018).
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Fig. 3 Distance sampling results for Antipodes Island
parakeets, Antipodes Island.
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Fig. 4 Distance sampling results for pipits, Antipodes
Island.
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Table 3 Results of snipe encounter rate surveys recorded on Antipodes Island between 2013

and 2017.

Year Person hours Snipe seen Snip?“s)fﬁ.n per Chz;,légisb((zzv)een p
2013 341 38 0.1079
2014 206.75 26 0.1322 123 0.4938
2015 140.5 17 0.1279 97 0.9267
2016 178 6 0.0330 26 0.0085%*a
2017 224 8 0.0345 105 0.9373
2018 783 132 0.1640 475 0.00071***®

2 Note significant difference in encounter rate between 2015 and 2016 prior to the eradication operation.
® Note significant difference in encounter rate between 2018 and 2017.

Snipe have been monitored each summer between
2013 and 2018. Snipe were more abundant in 2018 than
ever before, but there has been considerable inter-annual
variation in snipe abundance and the difference between
2018 and all the other years is not significant (Table 3).
The between-year change in snipe abundance is probably
more informative. Significant changes in snipe abundance
occurred in 2015-2016 (a decline) and 2017-2018 (an
increase). The large decline (72%) in the snipe encounter
rate between 2015 and 2016 occurred before the mouse
eradication so was not a result of the poison operation.
The reason for this is unknown. There was a small, non-
significant increase in the snipe encounter rate between
2016 and 2017 (Table 3), suggesting little or no by-kill of
snipe during the mouse eradication. In contrast a dramatic
increase (475%) occurred in snipe encounters between
2017 and 2018.

Helicopter activity did not have a detrimental effect
on nearby Antipodean albatross chicks. All seven chicks
within 50 m of the bait loading site were alive at the
completion of operations and six out of the seven of them
(86%) fledged successfully in early 2017, comparable with
90% outside the load site.

Scientists visiting Antipodes Island in summer 2017
and summer 2018 also noted a greater abundance of moths
and the endemic fly (Xenocalliphora antipodea) than
before the eradication of mice, observing them on flowers
of the native groundsel (Senecio radiolatus) and Macquarie
Island cabbage (Stilbocarpa polaris). This endemic fly was
also abundant inside the Antipodes Hut for the first summer
in over 20 years of visitation. A gathering of hundreds of
large noctuid moths, suspected to be Graphania ustistriga,
was also observed for the first time in 2018 despite 10
previous month-long summer visits to Antipodes Island
between 1996 and 2017 (K. Walker, pers. comm. 2018).
Large caterpillars, suspected to be larvae of the same
noctuid moth species were regularly seen and observed
being preyed on by pipits (K. Walker, pers. comm. 2018).

Project communication

Media coverage of the operation included seven prime-
time television news stories and several radio interviews,
print and online stories. Social media engagement peaked
in June 2016 with 23,906 views of the MDM website and
71,967 on the MDM Facebook page. DOC social media
also peaked at 77,710 views for the month. Outreach was
amplified through the communications networks of project
partners, the Morgan Foundation, WWF-New Zealand and
Island Conservation.

136

DISCUSSION

A robust plan was formulated and delivered despite
initial difficulties sourcing shipping and helicopter services.
Complex projects require good resourcing in the planning
phase and organisational prioritisation with significant scale
up in resourcing for the preparation phase. Key factors for
the delivery of the project were a) quality technical advice,
b) single point accountability for overseeing the work
and a team approach during preparations and operational
phases, c) use of experienced personnel in key roles, d) a
proven bait product, ) dependable and tested equipment, f)
extensive contingency planning, g) a partnership approach
with suppliers and e) the financial and moral support of
private and public partners.

The brevity and inconsistency of weather opportunities
in this environment showed the importance of being
prepared and effectively using every opportunity to
complete baiting. Additional skills and operational
experience improved team performance and self-
sufficiency. Equipment could generally be maintained on
site and situational decision-making benefitted from the
advice of senior team members. High speed internet access
and video production capabilities enabled the team to
communicate the project directly and engage an audience.
Pilots’ long-lining capabilities for ship operations could be
considered a separate skill from baiting and, if necessary,
pilots with specific skills should be engaged for the task.
Similarly, coastal baiting with the deflector bucket requires
specific attention and experience.

Non-target impacts

Monitoring evidence suggests the adverse effects of the
operation on land birds were short lived. These impacts
are expected to be outweighed by the long-term benefits to
native species from the permanent removal of competition
with mice. The risk to non-target species was effectively
limited by relying on natural populations on Bollons and
Archway Islands where they weren’t exposed to bait. Prior
to the mouse eradication, both parakeets and the pipit had
rarely been observed making flights of more than 100 m
on Antipodes Island, so while they are capable of crossing
the 1.5 km strait between Bollons Island and the main
Antipodes Island, it must have been a rare event. The risk
of parakeets and pipits, resident on Bollons and Archway
Islands, being killed by poison when they commuted across
the strait was judged low. This reasoning eliminated the
need to catch and maintain a captive population. During
the bait uptake trial neither parakeet species was detected
eating bait, yet both species were killed by the poison.
Parakeets may have become habituated to the bait during
the operation because of the longer exposure (more than 35
days) and changing palatability of baits as they weathered
relative to the non-toxic trial (14 days). The large
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variability in population density estimates derived from
distance sampling were largely driven by the relatively
low encounter rates for all three species monitored using
this method and should be treated as indicative only. More
data would have improved the robustness of the results as
would an improved sampling design to account for only
recently discovered shifts in winter distribution for both
parakeet and pipits. This, however, is difficult to achieve
for such a remote and expensive site to visit and for one that
frequently experiences less than ideal survey conditions in
generally time-constrained survey periods.

It is unlikely that recruitment alone could account for
the apparent rapid recovery of pipits and parakeets by
summer 2017 (Figs 2, 3, and 4), suggesting the distance
sampling results overestimated the losses and/or recovery.
For both parakeet species, the large increases in population
density, relative to post-baiting lows, were observed before
most chicks had fledged (G. Elliott pers. comm. 2017).
Pipits are unlikely to have raised more than one clutch by
January 2017 which doesn’t account for the nearly 500%
increase in the population density estimate in summer 2017
since their post-baiting low. The similarly large increase in
the estimated density of pipits between 2017 and 2018 (Fig.
4) is more likely to be real considering the observations of
field staff.

The very large increases in the encounter rate of
snipe and the density estimate of pipits in summer 2018
are presumed to be the result of large increases in the
abundance of invertebrates following the eradication of
mice and the resultant increases in reproductive output and
survival.

Effective distance sampling for pipits within dense
coastal vegetation, a habitat favoured by pipits in winter,
was problematic. The short time-frames available during
the operation for monitoring immediately before and after
baiting meant distance sampling occurred in variable
conditions and with variable effort across different habitat
types, which may have exaggerated the estimated population
declines following bait application. The extraordinarily
large estimate of pipit population density pre-baiting in
2016 (Fig. 4) is possibly biased by proportionally greater
sampling effort of abandoned penguin colonies (where
pipits and parakeets are now known to congregate in
winter) relative to that within the island interior (and where
most of the 2013 counts were done). This reinforces the
uncertainty of results.

The seasonal timing of distance sampling for land birds
before and after baiting was also inconsistent (Figs 2, 3
and 4). The observed changes in seasonal distribution of
these species therefore makes the use of a global detection
function (which assumes constant detectability across
surveys) problematic and dilutes direct comparability
of the density results. Changes in detectability caused
by movements to and from the coast may be biasing the
results and at least partly account for the relatively low
population density estimates so soon after the bait spread.
It is recommended that results from surveys done at the
same time be pooled if sufficient data are available.

The eradication of mice from Antipodes Island is
a huge achievement for conservation in New Zealand.
Hundreds of years of ecological devastation by mice has
been halted and indigenous wildlife has started to recover.
The importance of the result is reflected by the national and
international protection of the site, recognising its special
natural heritage values. The result provides momentum to
New Zealand’s Predator Free 2050 initiative and is a step
closer to the vision of a New Zealand Subantarctic Islands
region free of mammalian pests. Of the five island groups
in the region, only Auckland Island now has mammalian
pests: pigs (Sus scrofa), cats (Felis catus) and mice (Mus

musculus). Over time it is expected that the invertebrate
fauna on Antipodes Island will recover to reflect the
abundance and species diversity recorded on Bollons
Island and Archway Island, where no mice were present. It
is hoped that species of larger-bodied ground invertebrates
(for example tenebrionids), reduced to low abundance, will
recover and others which became extinct on Antipodes
Island through predation by mice (for example the
unidentified weta and Loxomerus sp.), can be successfully
reintroduced from the offshore islands where they may
survive. The population densities of land bird species are
expected to further increase and stabilise with the recovery
of food sources and lack of competition with mice. Absent
burrowing seabirds, for example black-bellied storm
petrel, are also expected to recommence breeding on
Antipodes Island. Further monitoring for land birds will
occur opportunistically on an annual basis in conjunction
with albatross research. Broader outcome monitoring will
be repeated in approximately five to ten years’ time and
will include a repeat of invertebrate sampling, sampling
of the seabird species breeding on Antipodes Island and
measurement of change in vegetation monitoring plots.
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Abstract A successful ground-based eradication of black rats (Rattus rattus) was undertaken on the remote, uninhabited
Shiant Isles of north-west Scotland over winter (14 October—28 March) 2015—16. The rat eradication was carried out as
part of the Shiants Seabird Recovery Project, which aims to secure long-term breeding habitat for protected seabirds and
to attract European storm petrels and Manx shearwaters to nest on the Shiants. Throughout the eradication operation,
teams were stationed on two of the three main Shiant islands (Eilean an Tighe, Eilean Mhuire), with access to the
third (Garbh Eilean) via a boulder causeway from Eilean an Tighe. Bait (Contrac® blocks containing the anticoagulant
bromadiolone 0.005% w/w), was deployed in a grid of 1,183 bait stations covering all areas of the islands and sea stacks.
Bait stations were set 50 m apart, with intervals reduced to 25 m in coastal areas of predicted high rat density. Difficult
areas were accessed by boat and cliffs of ~120 m in height were accessed by abseiling down ropes made safe using either
bolted anchors or ground stakes. The team of staff and volunteers worked through difficult conditions, deploying bait and
monitoring intensively for any surviving rats using a combination of tools. The islands were declared rat free in March
2018. This ambitious and challenging project has greatly enhanced UK capacity in rodent eradications for the purposes
of conservation.

Keywords: biosecurity, conservation priority, eradicate, incursion, invasive alien vertebrate, island restoration, reinvasion

INTRODUCTION

The Shiant Isles is a group of small, uninhabited islands
that lie in the Minch (57.9° N, 6.4° W), ca. 6 km east of
the island of Lewis and Harris, north-west Scotland. Of the

is occupied only during visits by the islands’ owners, or by
tourists.

Shiants’ three main islands, the largest two: Garbh Eilean
(GE, 88 ha) and Eilean an Taighe (ET, 54 ha) are connected
by a boulder causeway, and ~500 m to the east of GE lies
Eilean Mhuire (EM, 31 ha). A chain of sea stacks, the
Galtachan, lie to the west of GE (Fig. 1).

Archaeological  evidence documents  previous
inhabitation of these islands by humans dating back perhaps
to the Iron Age (Foster, 2000) but since the 18" century the
Shiants have remained uninhabited, and the last remaining
building (the ‘bothy’ on ET, close to the boulder causeway)

LEWIS

{7 Shiant Isles .-

HARRIS

~..__ Scotland

SKYE

5°W

Fig. 1 Location of the islands in the wider area of north-
west Scotland.

The Shiants consist mainly of dolerite sills, formed by
intrusion of igneous rock between overlying sedimentary
rock strata. These sills were then exposed to reveal
impressive, columnar structures that now rise steeply
to a height of ~ 150 m at their highest point on GE and
have been eroded to form extensive boulder scree areas,
particularly on the east side of GE (Walker, 1930). The
smallest of the three main islands, EM, has cliffs rising to
around 80 m, and more conglomerate substrate than ET
and GE (Walker, 1930; Gibb & Henderson, 1996).

Habitats present on the islands range from blanket
bog and wet heath across the interior of GE and ET, to
fertile, species rich grasslands along the coasts of GE and
ET and across ME. The maritime environment has a strong
influence on the composition of the islands’ vegetation
and soils have been enriched by guano from centuries of
seabird occupation and from past human cultivation. The
three main islands have all been historically grazed by
sheep (Ovis aries) (counts of sheep performed year-round
gave estimates of 50 to 80 per island). A colony of grey
seals (Halichoerus grypus) breeds on the islands, and both
common seals (Phoca vitulina) and otters (Lutra lutra) are
frequent visitors. Other than the sheep and an introduced
population of black rats (Rattus rattus) there are no other
known resident populations of terrestrial mammals.

The remoteness of the Shiants, their large amount of
suitable habitat and proximity to feeding grounds makes
the islands ideal breeding sites for various seabirds.
Their importance is internationally recognised through
designation as a Site of Special Scientific Interest (SSSI;
site code 8575) and as a Special Protection Area (SPA;
EU code UK9001041) for breeding populations of puffins
(Fratercula arctica) (approximately 10% of the UK
breeding population, Mitchell, et al., 2004), razorbills (4/ca

In: C.R. Veitch, M.N. Clout, A.R. Martin, J.C. Russell and C.J. West (eds.) (2019). Island invasives: scaling
up to meet the challenge, pp. 138-146. Occasional Paper SSC no. 62. Gland, Switzerland: IUCN.
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torda), common guillemots (Uria aalgae), European shags
(Phalacrocorax aristotelis), black-legged kittiwakes (Rissa
tridactyla), and northern fulmar (Fulmarus glacialis), and
wintering barnacle geese (Branta leucopsis). The seabird
assemblage also includes great skua (Stercorarius skua),
black guillemots (Cepphus grylle), herring gulls (Larus
argentatus), common gulls (L. canus), great black-backed
gulls (L. marinus) and lesser black-backed gulls (L.
fuscus). White-tailed eagles (Haliaeetus albicilla) returned
to breed on the islands in 2014 after an absence of over
100 years, following the re-introduction of the species to
Scotland (Love, 1983). Other seabirds such as European
storm-petrel (Hydrobates pelagicus) and Manx shearwater
(Puffinus puffinus) have not been recorded as breeding at
the Shiants, despite the large amount of suitable habitat
for these birds. Both of these species are of international
conservation concern. At the last major census, European
storm petrels breeding on the isles of the UK and Ireland
were estimated to number 125,000 pairs, representing
3—-11% of the global population. In the same census Manx
shearwaters were estimated at 332,000 pairs breeding in
the UK and Ireland, with the majority found on the islands
of Rum, north-west Scotland (120,000 pairs), Skomer,
Wales (102,000 pairs) and Skokholm, Wales (46,000
pairs, Mitchell, et al., 2004). A further survey of Manx
shearwaters on Rum has also estimated 70,000 breeding
pairs at the Rum colony (Murray & Shewry, 2002).

Rats (Rattus spp.) are among the highest risk invasive
species, having had devastating effects on native wildlife
on island groups such as New Zealand (Towns, et al., 2006)
and worldwide through predation, and both competition
for and modification of habitat (Jones, et al., 2008). Rats
have been recorded on more than 80% of the world’s island
groups (Atkinson, 1985), but their successful removal from
islands ranging in size from less than 1 ha to 12,875 ha has
been pioneered in New Zealand and is being applied across
the globe. In the UK, rats have been successfully eradicated
from islands ranging in size from just one hectare (e.g.
Inchgarvie, Firth of Forth, Scotland) to 1,300 ha (Canna
& Sanday, Scotland) (Ratcliffe, et al., 2009; Thomas,
et al., 2017a; Bell, 2019). Of the successful UK island
rat eradications, all were of brown (Norway) rat (Ratfus
norvegicus) except in the case of Lundy, which included
populations of both brown rat and black rat (Thomas, et al.,
2017a; Bell, 2019). The removal of rats is essential where
predation either limits productivity or threatens to lead to
the complete loss of important seabird colonies.

Black rats were introduced to the Shiant Isles
(accidentally, it is assumed) by humans, either through
stock movements by previous island inhabitants or by
shipwreck (e.g. Haswell Smith, 2004), though no evidence
has established how the rats arrived. The rats are thought to
have had negative impacts on the seabirds at these islands
as follows. Diet analysis at the Shiants has indicated that
rats consumed a range of material of marine origin (Stapp,
2002) as well as vegetation and invertebrates present at
the Shiants (Stapp, 2002; Bell, 2013). The stable isotope
ratios of carbon and nitrogen, extracted from rat tissues of
individuals caught at seabird colonies were closer to those
from tissues of seabird origin than those of rats caught
from areas away from seabird colonies (Stapp, 2002).
This indicated that in the seabird breeding season, coastal
colonies of rats were likely to have fed upon on seabird
eggs and chicks.

Following a detailed assessment of UK islands
with invasive, non-native species the Shiant Isles were
identified as being a priority site for rat eradication because
of their abundance of potential petrel and storm-petrel
breeding habitat (Ratcliffe, et al., 2009). A successful rat
eradication at these islands would additionally benefit the
existing colonies of protected seabirds. Since the islands

lie approximately 6 km offshore and are uninhabited by
humans, the risk of natural invasion by brown rats from the
nearest islands of the Outer Hebrides is considered to be
low. A feasibility study commissioned by the Royal Society
for the Protection of Birds (RSPB), and undertaken by
Wildlife Management International Ltd (WMIL) in April
2012, found that eradication of the black rat population at
the Shiants was feasible (Bell, 2013).

Subsequently, the Shiant Isles Seabird Recovery
Project (SSRP) was established as a four-year partnership
between the islands’ owners (the Nicolson family), RSPB
and Scottish Natural Heritage (SNH). The four core aims
of the project were: i) to eradicate the invasive black rat
population; ii) actively encourage petrels (European storm
petrel and Manx shearwater) to nest at the islands; iii)
audit island biosecurity at UK SPAs and iv) increase UK
capacity in island restoration. Funding for the project was
provided by the EU LIFE fund (LIFE13/NAT/UK/000209
LIFE+ SHIANTS), SNH, and RSPB.

The eradication component of the SSRP was undertaken
over the period 2015-2016. An open tender process was
used to invite operators to bid for a contract to undertake
eradication work at the Shiants. This resulted in the
selection of WMIL to carry out the eradication operations.
The eradication set up, methods and technical operations
will be reported on here.

METHODS
Pre- and post-eradication monitoring

Monitoring of the two main islands’ (ET and GE)
existing seabirds, land birds, vegetation and invertebrates
was carried out for one year before the eradication and
for the subsequent three years post-eradication. The aims
of this ecosystem monitoring were to detect changes, if
possible, and hence assess the benefits of the eradication.
Full methodology and results for this will be presented
elsewhere. A population census of all seabirds, carried out
by RSPB and SNH, was undertaken at the Shiants during
June 2015, as part of SNH’s programme of Common
Standards Monitoring of protected areas (SSSIs and SPAs)
(Taylor, et al., 2018). A pre-eradication assessment site
visit was undertaken during July 2015 to finalise plans,
logistics, and health and safety requirements.

Permits and authorisations

A Habitats Regulations Appraisal (HRA) was carried
out by SNH to assess the likelihood of any adverse impact
of the rat eradication on the qualifying features of the SPA.
This required a full Appropriate Assessment under the
Conservation (Natural Habitats, &c.) Regulations 1994 (as
amended). In addition, a full assessment of the Operations
Requiring Consent (ORC) was also undertaken for the
Shiant Isles SSSI. Justification of the chosen rodenticide
(bromadiolone)  formulation,  estimated  quantity
needed, and method of application was presented in the
Appropriate Assessment and ORC application, detailing
how the operation would be undertaken across all islands
and sea stacks of the Shiants. A licence under the Wildlife
& Countryside Act (1981) was granted to cover possible
disturbance to breeding golden eagles (Aquila chrysaetos)
and white-tailed eagles which are specially protected by
Schedule 1 of the Act. Planning permission was obtained
from the Combhairle na Eilean Siar (Western Isles Council)
to allow the temporary installation of portable cabins on
the island to store rodenticide bait and provide shelter
for winter eradication teams. For the installation of two
temporary moorings, a five-year marine license (issued by
Marine Scotland) was granted for which an annual fee was
paid to the Crown Estate. Assessments of archaeological
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sensitivity were carried out in person by experts from the
Comhairle nan Eilean Siar and also by RSPB. Maps of
archaeologically sensitive sites were used to ensure that
these features were not disturbed by placement of cabins,
bait stations or by the passage of workers around the
islands during the eradication.

A detailed health and safety plan was written in
collaboration by RSPB and WMIL. This outlined living
and working protocols and the establishment of emergency
procedures. As part of health and safety requirements,
the islands were zoned to indicate areas considered too
dangerous to access without the use of support ropes. Rope
access was hence deemed necessary to place bait and to
check bait stations on steep vegetated slopes or ground
ending abruptly at steep cliffs.

Contracts with two local boat operators (Sea Harris
Ltd and Engebret Ltd) were established in order to provide
boat access to and around the Shiants through the winter
operations. An invitation to quote was issued, with the
subsequent selection of contractors based on project needs,
cost, and suitability of boat service provision.

Rodent anticoagulant resistance tests

An assessment of potential resistance of the rats on
the Shiants to bromadiolone rodenticide was carried out
by Reading University (Vertebrate Pests Unit), using
protocols developed to extract and sequence DNA for
the identification of anticoagulant resistance mutations
in brown rats (Pelz, et al., 2005; Prescott, et al., 2010).
A similar protocol developed specifically for black rat
rodenticide resistance testing was not available. However,
the approach used represented the best option available
because of the lack of rodenticide resistance work that had
been undertaken on black rats at the time of the eradication.
Rat DNA samples were collected by project personnel from
ET in July 2015. Snap traps placed inside tunnels were set
overnight and baited with peanut butter. These were visited
early the next morning and any rat specimens caught were
collected and dissected. A portion of the tail was placed in
100% ethanol for subsequent rodenticide resistance testing.
Morphometric measurements (body length, tail length,
hind foot length, ear length) were recorded. Stomach
contents, sex and reproductive status were also assessed
for all of these trapped rats (Bell & Boyle, 2015). All DNA
samples were archived for reference in case of resistance
or reinvasion by rats at the islands.

Equipment preparation

Off-island preparation of equipment included the
construction of 0.75 m long bait stations (Fig. 2) from
lengths of 10 ¢cm diameter plastic drain coil. Help was
sought from local community volunteers from the Isle of
Harris and construction of approximately 700 bait stations
was carried out over two days at the Harris Volunteer Centre
in Tarbert. The remaining bait stations were constructed by
project personnel off and on the Shiants. Bait stations and
other equipment were airlifted to the Shiants over two days
as part of the set-up phase of the eradication.

Access to challenging terrain

Camps were established on ET and EM for the winter
teams. Portable cabins were installed for safe storage of
rodenticide baits and shelter for winter eradication teams.
The flat-packed cabins were airlifted to the islands by
helicopter in October 2015 and constructed on-site. The
existing bothy on ET was re-roofed during the summer of
2015 and was also used as a base camp during the winter
operation. Two moorings were installed close to ET, to
improve safety for boat access. Boats were used to land on

140

less accessible areas such as the Galtachan sea stacks, and
a large rock to the east of EM.

Rope access training was undertaken by seven WMIL
and RSPB personnel. Bolts were set in rock at the top of
twelve rope access routes (eleven on ET and one on EM). A
further eight routes (one on ET, two on EM and five on GE)
were accessed using ropes secured by anchors manually set
up using a series of three lashed metal stakes.

Non-target mitigation

Measures to prevent secondary poisoning of eagles
were provided by the establishment of diversionary
feeding protocols. Dead rabbits (Oryctolagus cuniculus,
collected by manual trapping at a nearby site on the Isle
of Harris) were attached to two tables located on GE, with
motion activated cameras set up to monitor acti