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About IUCN

IUCN, International Union for Conservation of Nature, helps the world find pragmatic solutions to our most
pressing environment and development challenges.

TUCN works on biodiversity, climate change, energy, human livelihoods and greening the world economy by
supporting scientific research, managing field projects all over the world, and bringing governments, NGOs,
the UN and companies together to develop policy, laws and best practice.

TUCN is the world’s oldest and largest global environmental organization, with more than 1000 government
and NGO members and almost 11,000 volunteer experts in some 160 countries. IUCN’s work is supported by
over 1000 staff in 60 offices and hundreds of partners in public, NGO and private sectors around the world.
WWWw.iucn.org

TIUCN Species Survival Commission

The Species Survival Commission (SSC) is one of six volunteer commissions of [UCN — the International
Union for Conservation of Nature and Natural Resources - a union of sovereign states, government agencies
and non-governmental organizations. [UCN has three basic conservation objectives: to secure the conservation
of nature, and especially of biological diversity, as an essential foundation for the future; to ensure that where
the earth’s natural resources are used this is done in a wise, equitable and sustainable way; and to guide the
development of human communities towards ways of life that are both of good quality and in enduring harmony
with other components of the biosphere.

The SSC’s mission is to conserve biological diversity by developing and executing programs to save, restore and
wisely manage species and their habitats. A science based volunteer network comprised of nearly 7500 scientists,
field researchers, government officials and conservation leaders from almost every country in the world , the
SSC membership is an unmatched source of information about biological diversity and its conservation. As
such, SSC members provide technical and scientific counsel for conservation projects throughout the world and
serve as resources to governments, international conventions and conservation organizations. Most members are
deployed in more than 100 Specialist Groups and Task Forces.

The ITUCN/SSC Occasional Paper Series focuses on a variety of conservation topics including conservation
overviews on a regional to taxonomic basis and proceedings of important meetings.

TUCN/SSC also publishes an Action Plan series that assesses the conservation status of species and their habitats,
and specifies conservation priorities. The series is one of the world’s most authoritative sources of species
conservation information available to nature resource managers, conservationists and government officials
around the world.

The Invasive Species Specialist Group (ISSG) - one of five Disciplinary Groups of the Species Survival
Commission (SSC) of the International Union for Conservation of Nature (IUCN) - aims to reduce threats
to biological diversity by increasing awareness of invasive alien species, and of ways to prevent, control
and manage their spread. ISSG promotes the exchange of invasive species information across the globe and
ensures the linkage between knowledge, practice and policy so that decision making is informed. Founded in
1994, the ISSG Secretariat was based at the University of Auckland in New Zealand until early 2009, when
it was moved to Rome, Italy, with the appointment of the new Chair, Dr. Piero Genovesi. A Regional Pacific
Office has been established in New Zealand, to serve as the Pacific node for ISSG activities and serve as the
Invasive Species focal point for the IUCN Oceania Regional Office based in Fiji. ISSG is currently a network
of 196 invasive species experts from over 40 countries, providing technical and scientific advice to National
and Regional agencies and to civil society in developing policy and strategies to manage the risk of biological
invasions. The group hosts a website (www.issg.org) and publishes a newsletter “Aliens”- biannually. The
ISSG also hosts a listserve Aliens-L with more than 1085 subscribers and operates a referral service for global
stakeholders. ISSG manages and maintains the Global Invasive Species Database (GISD) — recognised as a
significant repository of global invasive species information. As of late 2011 the GISD featured 853 species
profiles.

Centre for Biodiversity and Biosecurity

The Centre for Biodiversity and Biosecurity (www.cbb.org.nz) brings together researchers from the University
of Auckland and Landcare Research, including many of New Zealand’s pre-eminent experts in biosecurity,
invasion ecology, conservation biology and biodiversity research. Landcare Research holds a number of
nationally and internationally significant collections at Auckland — including the NZ arthropod and NZ fungi
collections, the National Nematode collection and the International Collection of Micro-organisms from
Plants. The University has expertise in animal behaviour, invasion ecology, plant ecology, molecular ecology,
conservation biology and restoration ecology. At its Tamaki Campus it also hosts the Pacific Invasives Initiative
and the Regional Pacific Office of the Invasive Species Specialist Group of SSC/IUCN. Through the CBB, the
combined expertise of the University and Landcare Research provides opportunities for joint research, and a
strong platform to exploit new opportunities nationally and internationally. Such interactions (including joint
supervision of postgraduate students) are leading to novel research to enhance the capacity, efficiency and
quality of biodiversity management, conservation and biosecurity in New Zealand and globally. The CBB is
proud to be hosting this conference.
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The papers and abstracts published in this book are the outcome of the conference on Island Invasives: Eradication and
Management held at Tamaki Campus, University of Auckland, New Zealand, from 8 to 12 February 2010, hosted by the
Centre for Biodiversity and Biosecurity (University of Auckland and Landcare Research), in collaboration with the [IUCN/
SSC Invasive Species Specialist Group.

This conference had “islands” and “eradication of invasive species” as the focus, with emphasis on the work done
and results or learning achieved. The conference endeavoured to cover the full breadth of this work by breaking the
subject down to: Gaining political, community, financial, and physical support; Eradication techniques tested and used;
The immediate results of eradication operations; The longer-term outcomes as seen in the biota of the island and among
communities involved; Biosecurity measures for such islands from planning to implementation.

All papers have been peer-reviewed but the content is the choice of the author. The style of presentation has been
modified in consultation with the editors. Nomenclature follows international published standards.

The designation of geographical entities in this book, and the presentation of the material, do not imply the expression of
any opinion whatsoever on the part of [UCN or the CBB concerning the legal status of any country, territory, or area, or
of its authorities, or concerning the delimitation of its frontiers or boundaries.

The views expressed in this publication do not necessarily reflect those of [UCN or the CBB.
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Recognition that invasive alien species pose a major threat to the survival of indigenous species
and functioning of natural ecosystems is relatively recent (Mack et al. 2000). The first concerns
about invaders were voiced in countries such as Australia and New Zealand after the ill-informed
releases of game animals such as rabbits (Oryctolagus cuniculus), which then caused massive
damage to agriculture. Attempts to reverse the impacts of such invasions with introduced predators
simply added other invasive species to the mix and made the situation even worse (e.g., Young
2004). Often, the only solutions have been to control invasive species for short or long periods, or
to remove samples of those species threatened by the invaders and hold them in safe locations. Over
time, invaded ecosystems can become irreversibly changed and some, or many, indigenous species
may be lost from them.

The ecological value, and potential of islands around New Zealand as conservation sites has
been recognised for more than 100 years; initially by individuals such as Richard Henry (Hill and
Hill 1987) and more recently by groups such as the Offshore Islands Research Group (Wright and
Beaver 1986).

At the same time, islands have been used for the farming, mining, lighthouse stations, prisons,
defence emplacements, and more, with these activities destroying natural ecosystems and introducing
invasive alien species. There has also been deliberate introduction of edible species to islands in case
of need by shipwrecked mariners. The ships wrecked on their shores often brought new invaders.
Nevertheless, the natural barriers around islands offer opportunities to remove and then exclude
invasive alien species. This allows regeneration and protection of ecosystems, the species in them,
and possible reintroductions of species that were previously present.

Early attempts to restore natural ecosystems by removing introduced species, especially large
herbivorous mammals, met with great success. This success flowed on to removal of smaller
mammals, and other invasive species. By the time of the first New Zealand conference on the
restoration of islands (Towns ef al. 1990) invasive species had been removed from more than 60
islands around New Zealand, and more in other parts of the world.

The international value of this type of work was recognised in the 2001 ‘Turning the Tide’
conference held in Auckland, New Zealand (Veitch and Clout 2002), and an associated one on the
science of invasive species held in Wellington.

This current volume stems from a conference held in Auckland in 2010 and attended by 240
delegates from at least 20 countries. The conference content covered any aspect of invasive species
relating to natural insular ecosystems. This diverse array of subject matter is divided into four
sections in the book. The first section deals with overviews and planned or attempted eradications.
The second section introduces new technologies and approaches to eradications, such as dealing
with multiple invasive species. Papers in the third section concentrate on the results and outcomes
of eradications, especially responses by native species. The final section covers the roles and
approaches that involve people, policy and invasion prevention (biosecurity).

The major purposes of holding the conference, and publishing these peer-reviewed proceedings,
are to encourage and assist the management of invasive species, particularly on islands. We thank all
of those who have contributed and encourage you to share and distribute this information.
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OPENING ADDRESS

Invasive species, nature’s systems and human survival

A. Morrison

Director-General, Department of Conservation, New Zealand

LIFE ON EARTH

This year (2010) is the United Nations International Year
of Biodiversity. Theme years, even under the UN banner,
can too easily pass by with little more achieved than the
already committed renewing their commitment. We must
not let that happen in this, the Year of Biodiversity.

Social surveys indicate that biodiversity is not a readily
understood word. I do not much care for it and have been
guilty of dismissing it as no more than a complicated way
of saying our native plants and animals. That is wrong, of
course. Biodiversity is not confined to endemic species, as
it also encompasses the inter-relationship between species,
the ecological health of their habitat, and the state of the
ecosystem services that flow from them. It is a complex
web upon which much depends. We should not shrink from
the word and one of our key tasks this year is to increase
general awareness and understanding of biodiversity and
what it means. That includes a better realisation of our place
and role as a species within nature’s systems. We can do
that on present knowledge, but there are significant gaps in
what we know and understand about our biodiversity, and
too frequently the information we have takes us no further
than to advise a precautionary approach. We need to know
more; much more. It is to that purpose that this conference
follows on from the 2001 Island Invasives Conference held
in this city. The proceedings of that 2001 meeting and the
further research and collaboration that emerged from it
have proved invaluable. It is timely to again meet to share
knowledge and best practice, reassess priorities and set
new objectives. That is the work of this conference, and
the workshop that is to follow in April.

In the past, conservationists’ inherent interest and
intellectual thirst for greater knowledge about biodiversity
was sufficient to bring us together. A belief in the intrinsic
value of nature and an ethical responsibility to protect and
preserve was sufficient purpose. Intrinsic value was the
driving force of the legislation passed in New Zealand 22
years ago to establish the Department of Conservation, and
the justification for placing one third of New Zealand’s land
mass, much of its fresh waters and some marine functions
under conservation management.

We must maintain that high ethical commitment. It is
part of what distinguishes us as a species. But to rely on
it alone is to expose biodiversity to the dangers of those
who do not share the same values, have the same level of
appreciation, or exhibit the same degree of commitment. We
have the opportunity to leverage off a growing pragmatic
reasoning for protecting and enhancing our biodiversity,
and there is too much at stake not to do so.

Since the 2001 conference, there has been a slow,
belated and somewhat reluctant global recognition that the
degradation and destruction of ecosystems on a massive
scale is destroying the biodiversity that provides the
services that we rely on for our prosperity, and ultimately
for our survival.

This gives added purpose, and a sense of urgency, to
your work. If humanity is to give itself the best chance,
then we need to understand the interrelationship between

species, places, and ecosystem services much better, and
the critical importance of respecting, protecting, enhancing
and creating biodiversity health. This situation, which we
find ourselves in, is somewhat humbling. The plain simple
fact is, the planet is not at risk, but we are. In its 4 to 5
billion years of existence, planet earth has been through
many radical environmental changes. Species have come
and gone as a result. Dinosaurs existed for 165 million
years before their mass extinction in a catastrophic event.
When they became extinct, new forms of life evolved in the
new environmental conditions, and the planet continued to
spin.

How long we, as a species, have existed depends on
your evolutionary starting point, but it is certainly no more
than a million years and arguably only 100,000. Either
way it’s considerably less than the 220 million years that
New Zealand’s tuatara (Sphenodon punctatus) have been
around.

We are nothing but a brief blink of the eye in the life of
the planet. It was here for billions of years before us, and if
we become extinct, there is no reason to believe it will do
anything other than continue on for billions of years after
us. The oil peak, deforestation, climate change — none of it
is of any concern to the planet. The dependency is entirely
ours. If we cannot live in harmony with the natural systems
that allowed our evolution and are the key to our ability to
survive and thrive as a species, then the problem is ours,
not the planet’s.

It is of no moment to the planet whether the changes
we are experiencing to our detriment are the result of our
actions or natural causes. The best that the sceptics of
anthropogenic climate change can do is absolve us and
draw us towards threatened species status; free of blame
and thus with a clear conscience. Their protestations will
have no impact on nature’s systems, or the inevitable
outcome of degrading those systems to a point that they
can no longer support us.

A HISTORY OF DEGRADATION

This situation, which we face, is neither new, nor unique.
In 360 BC Plato described the Athenian’s destruction of
nature’s systems through deforestation, and commented on
their political failure to implement a solution that had been
drawn up (Wright 2004). This self-destructive behaviour
marked the decline of Greek supremacy. History is littered
with civilizations that have sown the seeds of their own
destruction by pushing nature’s systems beyond their
ability to sustain the society that depends on them.

This behaviour runs counter to the instinct of species
to replace themselves with their finest and fittest. But is
it explicable for a species with the intellectual ability to
build behaviour around value systems? Environmental
exploitation typically advantages the present generation
while the costs lie in the future. So an ethic of self-interest
is sufficient to justify capturing for yourself the immediate
benefits that can accrue from environmental exploitation,

Pages 1-3 In: Veitch, C. R.; Clout, M. N. and Towns, D. R. (eds.). 2011. Island invasives: eradication and management.
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and transfer the costs to future generations. And if your
conscience is bothering you, all you need do is comfort
yourself with the age-old excuse that future generations
will discover new solutions to clean up your mess.

Two factors do, however, make the present-day situation
significantly different to that faced by past civilizations.
First, the scale of our environmental exploitation is such
that the effects are borne by water and air far beyond the
boundaries of the worst perpetrators. The impacts are not
confined to the culprits; they are global. So no boundary
smaller than the planet itself can be drawn if we are to put
things right. Second, the future has caught up with us and
the costs of environmental degradation that once seemed
so distant as to be unreal are now ours to pay. Or if we
refuse to pay, then the consequences are ours to bear.

We are not the only species that has sewn the seeds of
its own demise. Scientist John Flux records that for 607
islands where the fate of introduced rabbits is known, the
population died out in more than 10 percent of cases. They
ate themselves out of house and home. More specifically,
in 1944, 29 reindeer (Rangifer tarandus) were introduced
to St Matthew Island, west of Alaska, by the United States
Coast Guard to provide an emergency food source. The
coast guard abandoned the island a few years later, leaving
the reindeer. Subsequently, the reindeer population rose to
about 6,000 by 1963 and then died off in the next two years
to 43 animals. A scientific study attributed the population
crash to the limited food supply in interaction with
climatic factors. By the 1980s, the reindeer population had
completely died out. The difference between us and the
reindeer is that we have the intelligence to know what we
are doing, see the implications, and do something to avoid
it. The question is whether we have the wit to acknowledge
that we cannot defeat nature, the smarts to work out what
we need to do to live in harmony with it, and the will to
take the necessary corrective action. The evidence to date
is not comforting.

Ignorance is neither a reason, nor an excuse, for inaction.
In Plato’s dialogue he records how the Athenians developed
a solution to the deforestation of their catchments. The
problem definition and the solution were not missing, but
the political will to act was. Sound familiar? Two thousand
four hundred years on, the failure of the 2009 meeting on
climate change in Copenhagen to address the threats posed
definitively is a repeat performance.

INVASIVE SPECIES IN NEW ZEALAND

There could not be a better place to make this point
than New Zealand. European colonisation took place in
an era of some knowledge about the complex impacts of
introduced and invasive species. But it had little impact
on those who sought to recreate their home country on the
other side of the world amidst a completely different native
biodiversity. The results were predictable, and within short
time the colonists were both engaged in trying to mitigate
the impacts on their economic endeavours while continuing
to introduce problem species. Don’t look for the logic!

The Dog Nuisance Ordinance was passed in 1844, but
its bark didn’t bite. The ubiquitous Scotch thistle (Cirsium
vulgare) was the subject of no less than five provincial
government ordinances between 1854 and 1862 in attempts
to prevent its spread, and various other ordinances around
that time were designed to prevent gorse (Ulex europaeus)
and broom (Cytisus scoparius) spreading. The weeds took
no notice of the will of Parliament. The joy of seeing little
bunny rabbits (Oryctolagus cuniculus) hopping in the
fields of colonial pastures quickly wore off as they tore in

to the pastoral economy and in 1876 Parliament passed the
Rabbit Nuisance Act. It didn’t stop the rabbits breeding
like rabbits.

By 1875, introduced sparrows (Passer domesticus) had
eaten their way through crops to a point that the farmers
convinced the Canterbury Provincial superintendent that
bird kill was in order. Farmers’ clubs paid a bounty of a
penny half-penny a dozen for sparrow eggs, and one club
alone gathered in 21,000 eggs. But Cock Robin’s revenge
was short-lived and the sparrow plague returned.

It was 70 years before a bounty scheme was introduced
to control deer numbers, with marginal effect, and despite
years of debate it took 96 years for official policy to
declare war on Australian brushtail possums (7richosurus
vulpecula). The entire effort failed dismally to turn the tide
of devastation wrought by introduced pests. All the while
there were, in many cases, sufficient data and warnings to
have avoided the problems.

A case in point is the introduction of stoats (Mustela
erminea). Landholders wanted to introduce stoats to
control the rabbits. Ornithologists in England warned that
the stoats would more likely turn on New Zealand’s bird life
and protests here led to Parliament passing a Bill in 1876 to
prohibit their introduction. But the Upper House of the time,
dominated by landowners plagued by rabbits, overruled
it. The stoats came in, the rabbit problem worsened, and
the bush fell silent of birdsong. Similarly John Cullen was
warned against introducing heather (Calluna vulgaris) into
Tongariro National Park but he did so anyway, motivated
by a vision of a Scottish game reserve. The heather took
over and remains a problem to this day, but the red grouse
(Lagopus lagopus) that were supposed to feast on it failed
to establish.

In 1872, the journal Nature editorialised against the
reckless transportation of species to New Zealand and
predicted: “the importations will inevitably become the
greatest of nuisances”. One hundred and forty years on,
taxpayers, ratepayers and landowners in New Zealand are
forking out some $800 million a year, every year, just to
control the menu of animal and weed pests that threaten
our native biodiversity.

How has this happened? Stupidity, ignorance, and
a selfish ethic provide some of the reasons. So does the
disconnect with nature that urbanisation brings, but there is
also an institutional tool that helps to drive this behaviour.

ENVIRONMENTAL DEBT

Currently, the way we describe and measure economic
progressisanincentivetoignoretheimpacts ofunsustainable
natural resource use and management, and capture the
benefits and subsidies from that with a clear conscience.
The widely accepted international measure of an economy
is gross domestic product, GDP. The International Monetary
Fund is the keeper of GDP measures. It can be measured
in terms of income, expenditure, or production, but over
time all three produce much the same result. None of
the measures take a systematic account of environmental
impacts. Creating an environmental mess is good for GDP.
It typically produces immediate benefit for the development
at issue, and down the track the cost of cleaning up the mess
generates further economic activity. This subsidisation of
the developer, and transfer of costs to future generations, is
built in to the system. Conventional economics discounts
environmental impacts and that in turn affects the way we
think, talk and act. Thus financial debt is seen as something
that must be paid back. Institutionally, we reward early
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payment, penalise late payment and punish non payment,
but we are reluctant to even talk about environmental debt
and when we can’t avoid it, we use the language of cost and
debate whether we can afford to pay it back. We typically
conclude that we can’t, or certainly not in full. When the
current recession revealed a collapsing financial system,
some 12 trillion dollars was found in quick time to prop it
up. But when nations met at Copenhagen to try and restore
a collapsing environmental system, that sense of urgency
and decisiveness was missing. The cupboard that stored
trillions for financial collapse was apparently bare.

GDP is increasingly being questioned internationally
as a suitable measure of economic growth, and not just
because we look like being the generation that has to start
paying back the huge cost of cleaning up the mess from
previous generations. GDP measures wealth but takes little
account of its distribution. If an increase in GDP translates
into improved wellbeing across society, then it is a valid
measure of progress. But the trend for increased wealth
to be retained in fewer hands now means an increase in
GDP does not necessarily translate to higher standards of
living generally. Measurements show that for a number of
wealthy countries, GDP is rising while general wellbeing
is falling. That is a recipe for social instability, and social
instability is dangerous.

If GDP is failing as a measure of both social stability
and environmental sustainability then surely that is a
powerful incentive to find a new construct that measures
true progress. Itis no easy task to construct one. The simple
solution is to balance economic, social and environmental
considerations and reach a pragmatic compromise. But
that won’t do it. Living in harmony with nature’s systems;
living sustainably, is not apart from the economy, it is a
key component of it. Nature’s systems lie at the base of
any economy. If they are not functioning efficiently, then
the economy cannot function efficiently. If we destroy
them, we destroy the economy. Accepting a definition and
measure of wealth that discounts the impact of our activity
on those systems ultimately acts against our own interests.
It exposes us to the risk of threatened species status, and
ultimately to extinction as a species.

THE VALUE OF SPECIES AND ECOSYSTEMS

I make no apology for spending this time on economic
measures at a conference on invasive species. It lies at the
heart of why the loss of habitat, and the accompanying loss
of species, is so poorly appreciated and accounted for in
public policy.

The context it creates for you is to appreciate the need
for conservationists not to appeal to intrinsic value alone
in the battle to save our species. We must be able to argue
their importance in the natural cycles and systems that
humanity relies on to survive and prosper. The health of
our native species indicates the health of our ecosystems,
which in turn determine the health of the services that flow
from them, and upon which we rely. We are dependent on
this natural capital. That is the economics of ecosystems
and biodiversity. Investing in it provides a healthy return.

Since the last conference there has been good progress
in controlling invasive species on both the prevention and
control fronts. But the declining state of our biodiversity
requires even more rapid progress. If we are to be more
effective in this critical work, and we need to be, then you
are the people who are going to provide the knowledge to
make that happen. This is a great opportunity to share your
thinking and determine what needs to be done in the decade
ahead. I wish you every success in this endeavour.
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Abstract Biological invasions are a major driver of the ongoing loss of biodiversity, and if the global community wants
to reverse this trend it is crucial that formal commitments be transformed into action. On the basis of the more than
1000 eradications attempted worldwide, we can now say that eradication projects are a powerful conservation tool that
has contributed to improving the conservation status of several threatened species. The growing sophistication of the
scientific and technical basis of eradications now allows us to target much larger areas than in the past, and the eradication
of species in much more challenging taxonomic groups. Also, it is now possible to minimise the risk of undesired effects
of eradications, ensuring selectivity of the removal methods and minimised impacts on the environment. Despite these
advances, the implementation of removal campaigns is still limited, partly by prejudices and ignorance, but also by
serious concerns from a part of society, which we need to take seriously into account. It is important to ensure a correct
and transparent flow of information. If the global community wants to fulfil the commitment to reverse the present rate of
biodiversity loss, it is crucial to increase the application of invasive species removal campaigns and to support large scale
flagship projects, as well as by developing frameworks that permit the rapid detection and removal of newly established

invasive species.
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INTRODUCTION

In 2002, the global community committed to achieve, by
2010, a significant reduction in the loss of biodiversity and -
in order to verify what has been done to reach this goal - the
UN declared 2010 the International Year of Biodiversity.
Unfortunately, the indicators that have been collected in
recent years show that there is little to celebrate. The global
rate of biodiversity loss appears to have increased, and so
have most of the pressures affecting the diversity of life on
earth. For example, the overall status of birds in different
regions of the world from 1988 to 2008 has declined, with
the proportion of threatened birds increasing from 11.1%
to 12.2% in that 20-year period (Butchart et al. 2004),
and other taxa appear to be in a worse conservation shape
(Vie et al. 2009). The continuing loss of biodiversity is
particularly alarming on island ecosystems, which host a
large proportion of the world endemics. Most threatened
species are, in fact, found on islands (Vié et al. 2008);
about one-fifth of the world’s threatened amphibian fauna,
one-quarter of the world’s threatened mammals and more
than one-third of the world’s threatened birds are endemic
to island biodiversity hotspots (Fonseca et al. 20006).
And it is these hotspots that have had most of the recent
extinctions; 88% of known bird extinctions have been on
islands (Butchard et al. 2006), mostly because of biological
invasions. Invasive species have in fact been identified as
a key factor in 54% of all known extinctions, and the only
factor in 20% of extinctions (Clavero and Garcia-Berthou
2005).

ARE WE TURNING THE TIDE?

Instead of recording a mitigation of the drivers of
biodiversity loss, all the evidence confirms that the
number of invasive alien species is rapidly growing in all
environments and among all taxonomic groups (Genovesi
et al. in press), raising extinction risks for birds, mammals
and amphibians (Clavero et al. 2009). The most effective
way to address this threat is through a combination of
prevention measures, early detection at and near borders,
prompt eradication of newly-arrived unwanted aliens, and
effective management of established invasive species.
Eradication is thus a key component of a global response
to invasions, and for this reason Dan Simberloff, in his

opening speech at the 2001 international conference on
island invasive species, stressed the urgent need for a much
wider application of this conservation tool. He challenged
decision makers and practitioners to be much more
ambitious in their efforts to combat invasions, overcoming
the prejudices and groundless opposition that have so
far limited the potential range of application of removal
campaigns. In the present contribution I will thus discuss
developments since 2001, and try to assess to what extent
we have been able to respond to the call for more action
that was launched on that occasion.

ERADICATION: AN EFFECTIVE RESPONSE TO
INVASIONS

There is increasing evidence that successful invasive
species removal campaigns have played a crucial role in
improving the conservation status of several taxonomic
groups. Many endemic and rare species have recovered
following the eradication of invasives threatening their
persistence. An assessment of red list data has shown that
11 bird, five mammal and one amphibian species have
improved their conservation status as a result of eradications
of invasive species (McGeoch ef al. 2010). These positive
outcomes are also the result of the significant improvements
in the science of eradication over recent decades. As
discussed by Alan Saunders in this volume (Saunders
et al. 2011), the number of multi-species eradications is
constantly increasing, and the experience gathered in the
last 20 years now minimises the risk of undesired effects of
eradications, ensuring selectivity of the removal methods
and minimised impacts on the environment. Furthermore,
we are increasing our ability to predict potential ecosystem
changes caused by the removal of invasive species, and
adaptive implementation of eradications has prevented or
rapidly mitigated potential unexpected chain reactions (see
Courchamp et al. 2011; Morrison 2011). We can now target
much more challenging taxonomic groups, such as plants
and terrestrial invertebrates. Regarding the latter, up to a
few years ago invertebrates were generally considered as
not eradicable, with few exceptions. In his paper of 2002,
Simberloff stressed the need to test whether eradication of
insects on continents was really out of the question. The
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general pessimism challenged by Simberloff resulted from
several unsuccessful eradication campaigns, such as the
attempt to remove the red imported fire ant (Solenopsis
invicta), from the US. However, it must be stressed that
these attempts have significantly increased the technical
basis of eradication, recently allowing several successful
eradications: for example in the Galapagos, but also in
several mainland areas of Australia and New Zealand
(Hoffman et al. 2010; Hoffmann 2010).

GLOBAL OVERVIEW OF ERADICATIONS

Several recent reviews of eradications have been
published (Veitch and Clout 2002; Nogales at al. 2004;
Campbell and Donlan 2005; Genovesi 2005; Howald et al.
2007; Genovesi and Carnevali 2011), with the most up-to-
date and comprehensive one for vertebrate eradications on
islands being in this volume (Keitt et al. 2011).

These publications, and the data presented at the
2010 conference, show that globally 1129 eradication
programmes have targeted alien species of plants or animals
on the mainland or islands. This number is very likely an
underestimate, since many eradications go unreported,
especially those of plants. Of the projects I considered,
86% were reported as successful (n=911; 819 vs. 93), and
97.07% were carried out on islands (n=1,129; 1096 vs. 33).
Some 94.6% of reported eradications targeted vertebrates
(n=1,119; 1059 vs. 60), but as already mentioned, this in
part reflects the difficulty of accessing plant management
data, as well as records of invertebrates eradications (i.e. no
global review of mosquito eradications has been published
so far, to my knowledge).

Eradications range from large scale programes
addressing widely distributed invasives to the removal
of a few individuals established in a still restricted range.
Both extremes are of crucial importance. We need large
scale, ambitious programmes to verify the potential of
eradications, and at the same time to show the public
and decision makers the results that can be obtained. At
the same time we need examples of routine detection and
localised eradication projects, to show how invasions
can be addressed at their very early stages, through well-
designed and well-implemented operational frameworks.

Regarding the first case, several programmes that
have been initiated and, if successfully completed, will
indeed provide excellent evidence on the potential of this
tool. One example is the ongoing eradication of the ruddy
duck (Oxyura jamaicensis) from Europe. This programme
is particularly challenging. The species was imported
intentionally into the UK where it became established in
the 1960s. The ruddy duck hybridises with the endangered
white-headed duck (O. leucocephala) (Muiioz-Fuentes et
al. 2007), putting at risk the survival of this rare species,
which has a total population of only 3000 pairs in the entire
Palaearctic (Henderson and Robertson 2007). Removing
the introduced species is particularly complex for several
reasons. Firstly, the core European population of the ruddy
duck is in UK, and it is thus in this country that most of
the control actions have to be undertaken. However,
reproduction is mostly in Spain, and so no crucial impact
is recorded in the country that is responsible for the main
removal operations. Furthermore, individuals or small
populations of ruddy ducks occasionally appear in other
European countries, such as France, the Netherlands or the
Baltic countries. If any of these countries will not enforce
the needed management activities the entire eradication
programme may be undermined. But despite these complex
challenges, the results of European action so far appear very

encouraging. A Pan-European action plan was approved by
parties of the Bern Convention in 1999. The eradication
of the UK population of ruddy duck commenced in 2005
by the competent authorities (see Henderson, 2009 for an
update). The eradication cost of the campaign (£3.3 M
for the first phase of work) has partly been covered with
financial support from the European Commission. As a
result, 90% of the UK population had been removed by
winter 2008/2009. Despite some opposition from animal
rights groups, the control programme had the support of
all major British conservation organisations and most of
the general public. Hybrids are systematically culled in
Spain, by a removal protocol that minimises the risk of
removing the native species. As a result of these control
activities, the Spanish population of white-headed ducks
has grown from the 22 breeding pairs in 1977 to the present
2100-2600. When the eradication is completed, this will
indeed represent a unique example of cooperation for
conservation, and of the results that can be obtained with
adequate planning and effective international coordination
frameworks.

Another example of encouraging international
cooperation to carry out an eradication is the planned
removal of the Canada beaver (Casfor canadensis) from
Tierra del Fuego (Malmierca et al. 2011). The beaver was
introduced to Tierra del Fuego in 1946 for fur production
and has established in over 27,000 km of waterways and
7,000,000 ha of Argentina and Chile. This species has a
huge impact on forests, steppes and meadows, as well as
on infrastructure; calling for the launch of a coordinated
eradication campaign. However, cooperation between
Chile and Argentina was inhibited by the tensions and
conflicts that have characterised the relations between the
two countries after the Beagle Conflict in the 1970s and
1980s. Despite these diplomatic tensions, in 2006 Chile and
Argentina signed a cooperation agreement for eradicating
the beaver. A feasibility study completed in 2008 by
an international team, concluded that the eradication is
possible although very difficult, and will require at least 9
years work, and an overall investment of at least 33 million
USD.

But even if these large scale projects provide good
examples of what can be achieved with adequate
commitment and resources, it is also crucial that countries
improve their ability to carry on prompt eradications
immediately after a new invader has arrived into their
territory. Prompt detection and response is, in fact, by
far the most effective and economically convenient way
to address new invaders, as shown by a review of plant
eradications carried out in New Zealand by Harris and
Timmins (2009). They found that early removal of plants
costs on average 40 times less than removals carried out
after an invasive plant has widely established.

One example of an effective approach to early detection
and rapid response to invasions is the California Weed
Action Plan (Schoenig 2005). This plan is enforced through
a partnership between state agencies and key stakeholders.
It is based on an official list of noxious weeds for which it
is mandatory to act promptly, and is based on a budget of
about USD 2.5 M/yr. Early detection of new infestations is
ensured by the involvement of a network of biologists, and
trained farmers and volunteers. The State weed programme
provides grants for local weed control activities of about
USD 1.5 M/yr. The application of the action plan has led to
the successful removal of over 2000 infestations, and to the
complete eradication of 17 weeds from the State.
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CONCLUSIONS

Biological invasions are growing at an alarming rate
and are a major driver of biodiversity loss, but also affect
our economy, health, and the ecosystem services we rely
on. The most effective way to reduce these threats is to
enforce prevention measures, by establishing stringent
biosecurity policies at the national, regional and global
scale. However, when prevention fails, eradication is indeed
one of the most concrete and cost-effective responses to
invasions, and this tool can eventually reverse the present
rate of biodiversity loss. The more than 1000 recorded
eradications have reflected significant technical advances
that now allow the targeting of much more challenging
species and areas than in the past, and allow minimal
undesired environmental effects. For example, we now
know that - with adequate planning, effective techniques
and sufficient resources — many ant infestations could be
removed from the world. And projects such as the ongoing
eradication of the ruddy duck in Europe indicate that many
widely established invasive species — such as the red fox
(Vulpes vulpes) in Tasmania (Parkes and Anderson 2011)
or the beaver in Tierra del Fuego - could be removed with
long-term commitment and adequate resources.

However, in most cases eradications are still realised
at the single small-island level, there are no examples of
completed large scale flagship projects — carried on invasive
species widely established on mainland - and there are very
few cases of structured national frameworks ensuring early
detection and rapid removal of new invasions, as in the
case with the Californian weed programme. The still very
limited implementation of eradication programmes is in
part the result of the opposition and prejudices of different
sectors of the society. For example, fierce opposition by a
few animal rights groups contributed to the failure of the
attempt to eradicate the American grey squirrel (Sciurus
carolinensis) from Northern Italy (Genovesi and Bertolino
2001; Bertolino and Genovesi 2003). And the growing
opposition in New Zealand to the use of aerial baiting
(expressed for example in the film “/080: Poisoning
Paradise”) or petitions to stop the control of feral camel
(Camelus dromedarius) populations in Australia, are other
more recent examples of this phenomenon.

The opposition to eradications also finds support in the
lack of real commitment by countries. In fact, although 55%
of countries have implemented specific national legislation,
and many more have formally committed to increase their
efforts to tackle the threat of invasions (McGeoch et al.
2010), the level of on-the-ground action has not grown
apace with these largely token formal commitments. A
more structured application of eradications will require
effective national policies, clear legal tools, and financial
and institutional support. Apart from existing obstacles
at the national level, action on a global scale is also far
from being satisfactory. The Convention on Biological
Diversity in 2002 led the conference of the parties to adopt
the decision V1/23 on invasive alien species, and provided
detailed guiding principles for its implementation.
However, no global binding tool on invasions has been
adopted, and the guiding principles have thus remained
largely on paper. This lack of global action was stressed
by the G8 Environment meeting held in 2009 in Syracuse,
which adopted a final charter on biodiversity that included
the urgent need to develop global early warning and rapid
response systems.

If the global community really intends to reverse the
present trends of biodiversity loss, it is urgent that world
leaders translate all the technical work done in the last 30

years, as well as turning the adopted commitments into
concrete action, particularly by giving priority to addressing
biological invasions on islands, as this may significantly
curtail the continuing decrease of species numbers.

The scientific community must communicate better
the value of eradications, building on the many success
stories; “flagship” large-scale projects are crucial in this
respect, and it is important to support these campaigns. We
must also address the growing concerns in some sectors
of society (see Cowan and Warburton 2011), reducing as
much as possible the undesired side effects of eradications,
and always ensuring a transparent flow of information. Last
but not least, the scientific community should encourage
the development of a global programme of work based on
an agreed set of priorities and with effective early warning
systems. This is a crucial condition for ensuring rapid
responses to new invasions.
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A pilot study for the proposed eradication of feral cats on Dirk Hartog
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Abstract Feral cat eradication is planned for Dirk Hartog Island (620 km?), which is the largest island off the Western
Australian coast. The island, in the Shark Bay World Heritage Property, once supported at least 13 species of native
mammals but only three species remain. Since the 1860s, Dirk Hartog Island has been managed as a pastoral lease grazed
by sheep and goats. Cats were probably introduced by early pastoralists and became feral during the late 19" century. Dirk
Hartog Island was established as a National Park in November 2009, which provides the opportunity to eradicate feral cats
and reconstruct the native mammal fauna. A 250 km? pilot study was conducted on the island to assess the efficacy of aerial
baiting as the primary technique for the eradication campaign. Initially, cats were trapped and fitted with GPS data-logger
radio-collars. The collars were to provide information on daily activity patterns, to determine detection probabilities,
and to optimise the proposed spacing of aerial baiting transects and the monitoring track network for the eradication.
Baiting efficiency was determined from the percentage of radio-collared cats found dead following the distribution of
baits. Fifteen cats were fitted with radio-collars and 12 (80%) of the cats consumed a toxic bait. Pre- and post-baiting
surveys of cat activity were also conducted to record indices of activity at sand plots and along continuous track transects.
Significant reductions in these indices after baiting coincided with declines of the same magnitude as radio-collar returns.
Information collected in this pilot study should help to improve kill rates and has increased confidence that eradication

can be successfully achieved.

Keywords: Felis catus, baiting, trapping, GPS collars, telemetry

INTRODUCTION

There is extensive evidence that domestic cats (Felis
catus) introduced to offshore and oceanic islands around
the world have had deleterious impacts on endemic land
vertebrates and breeding bird populations (eg. van Aarde
1980; Moors and Atkinson 1984; King 1985; Veitch 1985;
Bloomer and Bester 1992; Bester et al. 2002; Keitt et al.
2002; Pontier et al. 2002; Blackburn ef al. 2004; Martinez-
Gomez and Jacobsen 2004; Nogales et al. 2004). Insular
faunas that have evolved for long periods in the absence
of predators are particularly susceptible to cat predation
(Dickman 1992).

On Dirk Hartog Island (620 km?), which is the largest
island offthe Western Australian coast (Abbottand Burbidge
1995), 10 of the 13 species of native terrestrial mammals
once present are now locally extinct (Baynes 1990;
McKenzie et al. 2000) probably due to predation by cats
(Burbidge 2001; Burbidge and Manly 2002). The extirpated
species of mainly medium-sized mammals include: boodie
(Bettongia lesueur), woylie (Bettongia penicillata), western
barred bandicoot (Perameles bougainville), chuditch
(Dasyurus geoffroii), mulgara (Dasycercus cristicauda),
dibbler (Parantechinus apicalis), greater stick-nest rat
(Leporillus conditor), desert mouse (Pseudomys desertor),
Shark Bay mouse (Pseudomys fieldi), and heath mouse
(Pseudomys shortridgei). Only smaller species still inhabit
the island: ash-grey mouse (Pseudomys albocinereus),
sandy inland mouse (Pseudomys hermannsburgensis),
and the little long-tailed dunnart (Sminthopsis dolichura).
It is possible that the banded hare-wallaby (Lagostrophus
fasciatus) and rufous hare-wallaby (Lagorchestes hirsutus)
were also on the island as they are both on nearby Bernier
and Dorre Islands, and were once on the adjacent mainland.
The island also contains threatened bird species including:
Dirk Hartog Island white-winged fairy wren (Malurus
leucopterus leucopterus), Dirk Hartog Island southern
emu-wren (Stipiturus malachurus hartogi), and the Dirk
Hartog Island rufous fieldwren (Calamanthus campestris
hartogi). A population of the western spiny-tailed skink
(Egernia stokesii badia) found on the island is also listed
as threatened.

Since the 1860s, Dirk Hartog Island has been managed
as a pastoral lease grazed by sheep (Ovis aries) and goats
(Capra hircus). More recently, tourism has been the main
commercial activity on the island. Cats were probably
introduced by early pastoralists and became feral during
the late 19" century (Burbidge 2001). The island was
established as a National Park in November 2009, which
now provides the opportunity to reconstruct the native
mammal fauna. Dirk Hartog Island could potentially
support one of the most diverse mammal assemblages
in Australia and contribute significantly to the long-term
conservation of several threatened species. Successful
eradication of feral cats would be a necessary precursor to
any mammal reintroductions.

Baiting is the most effective method for controlling
feral cats (Short ef al. 1997; EA. 1999; Algar et al. 2002;
Algar and Burrows 2004; Algar et al. 2007; Algar and
Brazell 2008) when there is no risk posed to non-target
species. A 250 km? pilot study was conducted on the
island in March-May 2009 to assess the efficacy of aerial
baiting, the primary technique to be used in the proposed
eradication campaign.

Prior to the baiting programme, cats were fitted
with GPS data-logger radio-collars to provide detailed
information on cat activity patterns. These data will be
used to plan the spacing of flight transects so that feral cats
have the greatest chance of encountering baits within the
shortest possible time. The goal is to provide the most cost-
effective baiting regime.

Feral cat activity at plots along survey transects, usually
along existing tracks, can be used before and after baits
are spread to determine the impact of baiting programmes.
Where eradication of feral cats is intended, such as on
islands, such surveys are often used to locate cats that
have survived the baiting programme. However, these
surveys are often conducted along cross-country transects
as track networks are usually limited. Rapid detection of
cats surviving the initial application of baits is crucial if
survivors are to be eradicated before they can reproduce.

Pages 10-16 In: Veitch, C. R.; Clout, M. N. and Towns, D. R. (eds.). 2011. Island invasives: eradication and management.
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Information on movement patterns can be used to assess
rates of encounter (detection probabilities) for survey
transects at various spacings across the island. It will then
be possible to select the best spacing for these transects to
optimise encounter frequency during surveys.

In conjunction with this study, other aspects of feral cat
control that were investigated included the potential use of
the toxicant PAPP (para-aminopropiophenone) in a ‘Hard
Shell Delivery Vehicle’ (see Johnston ef al. 2010; Johnston
et al. 2011) and facets of movement patterns and home
range use that will be reported elsewhere (e.g., Hilmer
2010, Hilmer et al. 2010). This paper focuses on the results
of the baiting programme and how the information will be
used to improve eradication efficacy.
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Fig. 1 Study area on Dirk Hartog Island; dashed line
represents southern boundary of study area.

MATERIALS AND METHODS

Study site

Dirk Hartog Island (25°50°S 113°0.5’E) within the
Shark Bay World Heritage Property, Western Australia
(Fig. 1) is approximately 79 km long and a maximum of 11
km wide. This study was conducted over a 250 km?area at
the north of the island using the track between Sandy Point
and Quoin Head as the southern boundary (Fig. 1).

Vegetation on the island is generally sparse, low and
open and comprises spinifex (7riodia) hummock grassland
with an overstorey of Acacia coriacea, Pittosporum
phylliraeoides over Acacia ligulata, Diplolaena dampieri,
Exocarpus sparteus shrubs over Triodia sp., Acanthocarpus
preissii and Atriplex bunburyana hummock grasses,
chenopods or shrubs (Beard 1976). Adjacent to the western
coastline is mixed open chenopod shrubland of Atriplex

sp., Olearia oxillaris and Frankenia sp. and slightly inland
in more protected sites, Triodia plurinervata, Triodia sp.,
Melaleuca huegelii, Thryptomene baeckeacea and Atriplex
sp.. There are patches of bare sand and a few birridas
(salt pans). On the east coast there are patches of mixed
open heath of Diplolaena dampieri, Myoporum sp. and
Conostylis sp. shrubs (Beard 1976).

The climate of the region is ‘semi-desert Mediterranean’
(Beard 1976; Payne ef al. 1987). Mean maximum daily
temperatures are up to 38° C. in summer and can decline
to 21° C. during winter. January and February are the
hottest months while June and July are the coolest. Rainfall
averages 220 mm per year, mostly from May-July (Bureau
of Meteorology).

Cat trapping and radio-collaring

Feral cats were trapped on the track network in padded
leg-hold traps, Victor ‘Soft Catch’ traps No. 3 (Woodstream
Corp., Lititz, Pa.; U.S.A.) using a mixture of cat faeces
and urine as attractant. Trapped cats were sedated with an
intramuscular injection of 4 mg/kg Zoletil 100 (Virbac,
Milperra; Australia). Sex and body weight were recorded
and a GPS data-logger/radio-telemetry collar with
mortality signal (Sirtrack Ltd, New Zealand) was fitted.
The weight of the collar (105 g) restricted their use to cats
weighing >2.1 kg (5% of bodyweight). The collars were
factory programmed to take a location fix every 10 (n=8),
40 (n=2) and 80 (n=6) minutes. Differences in location fix
times were due to variation in other study requirements.
Cats were released at the site of capture.

Eradicat baits were delivered by air three weeks after
cats were released. Collars were retrieved after individual
cats died as indicated during daily monitoring using
VHF telemetry. Data downloaded from GPS-collars with
equipment provided by the manufacturer included: date,
time, latitude and longitude, number of satellites and
horizontal dilution of precision (HDOP). The HDOP is
the likely precision of the location as determined by the
satellite geometry, which ranges from 1-100 (Sirtrack GPS
Receiver Manual).

Simulation modelling of cat detectability

Analysis was performed in R2.9.0. (R Development
Core Team 2009). Data from all cats alive immediately
prior to baiting were utilised but only locations with
an HDOP < 6 were used for the analysis. HDOP values
between 6-10 are less precise (e.g., Moseby ef al. 2009)
and are more likely to have shown cats crossing transect
lines not actually crossed. For each simulation, four sets
of transect lines were located at random starting points
and spaced at intervals of 500, 1000, 1500 and 2000 m
respectively. Transect lines ran parallel to the long axis of
the island and the orientation of the dune system. This was
the preferred course for survey transects for logistic reasons
and to minimise disturbance and erosion to dunes by the All
Terrain Vehicles (ATVs) to be used during the monitoring.
For each set of transect lines, the time from initial collaring
of each cat to when it would have first crossed the transect
line was determined. This process was repeated 5000 times
with different random starting locations for the transect
lines each time. For each transect line spacing, the 95"
percentile of the time to cross a transect for each cat was
interpreted as the time required to be 95% sure of detecting
that cat during transect surveys.

Surveys of cat activity

Two independent methods were used to monitor baiting
efficacy: 1) the percentage of radio-collared cats found
dead after the baiting programme; 2) surveys of cat activity

11
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Fig. 2 Location of transects (T1-4) and monitoring plots.

at sand plots and along continuous track transects to derive
indices of activity. Differences in the indices obtained pre-
and post-baiting were then used as a measure of baiting
efficacy.

Four track survey transects (i.c. spatial replicates)
were established across the site. Each transect was 10
km in length along existing tracks and these provided a
broad coverage of the entire area. Transects were separated
by approximately 5 km to ensure independence. Twenty
marked sand plots, positioned across the width of the
tracks and located at 0.5 km intervals along each transect,
were used to survey feral cat activity (Fig. 2). An audio
lure (Felid Attracting Phonic, Westcare Industries, Western
Australia) and an olfactory lure (Cat-astrophic, Outfoxed,
Victoria) were used to attract cats to the sand plots during
the two survey periods. The audio lure was concealed within
a bush at the rear of the sand plot and the olfactory lure
was presented on cotton wool tied to the vegetation. Both
lures were removed outside the survey periods. Vehicle
traffic and the limited access to the south of the study area
precluded monitoring similar transects in a control (non-
baited) site.

Each plot was observed for the presence or absence of
tracks, as it was not possible to determine the number of
intrusions by individual animals onto the plot. The plots
were swept daily to clear evidence of previous activity. Cat
activity at the sand plots was recorded over five consecutive
nights during two survey periods to generate a Plot Activity

12

Index (PAI). This index is expressed as the mean number
of sand plots visited by the target species per night. The
PAI is formed by calculating an overall mean from the
daily means (Engeman et al. 1998; Engeman 2005). The
VARCOMP procedure within the SAS statistical software
package produced the variance component estimates.

The survey tracks had a sandy surface substrate that
also enabled the use of a continuous ‘Track Count Index’
(TCI) to monitor daily activity along the length of the four
transects. Imprints of individual animals were differentiated
on the basis of location on the transect. An imprint was
assigned to an individual animal if no other imprint
was present on at least the previous 1 km of transect.
Subsequent imprints were also assigned to that individual
unless at least 1 km was traversed with no new imprints
present, or the imprint could be clearly differentiated on
the basis of size or the direction of travel or the direction
of entry/exit to and from the transect. Each time new cat
tracks were encountered along the transect, information
was recorded on the direction of movement (i.e. whether
the animal walked along the track or crossed it), distance
of the tracks from the start of the transect, and whether
more than one animal was present. Data were also noted
on the distance that the tracks remained on the transect.
Track counts were conducted from ATVs driven at a speed
of <10 km h'!. Transects were swept on the return journey
using a section of heavy conveyer rubber and chains towed
behind the ATV. The total number of cats was summed
over the sampling days for each transect and the TCI was
the transect mean expressed as the number of cats/10 km
of transect.

Comparison of the indices pre- and post- baiting were
analysed using a ‘z’-test (for sample sizes greater than 30
i.e. PAI data) or the ‘t’- test (for samples less than 30, i.e.
TCI data) (Elzinga et al. 2001).

Baits and baiting programme

The feral cat bait (Eradicat) (see detailed description in
Algar and Burrows 2004; Algar et al. 2007) can effectively
reduce cat numbers (Algar ef al. 2002; Algar and Burrows
2004; Algar et al. 2007).The baits contain 4.5 mg of
directly injected toxin ‘1080’ (sodium monofluoroacetate).
In addition, 3600 baits were manually implanted with
a Rhodamine B ‘Hard Shell Delivery Vehicle’ (HSDV)
made available as a part of a separate study (Johnston et al.
2010; Johnston et al. 2011). Rhodamine B is an efficient
systemic biomarker for determining bait consumption by
feral cats and a wide range of non-target species (Fisher
1998). When Rhodamine B is consumed, the compound
causes short-term staining of body tissues, digestive and
faecal material with which it comes in contact.

To optimise efficacy, the baiting campaign needed to
be conducted before late autumn/winter rainfall began
in May (long term Bureau of Meteorology data). On 19
April, a dedicated baiting aircraft dropped the baits at
previously designated bait drop points (Johnston ef al.
2010). The baiting aircraft flew at a nominal speed of 130
kt and 500 ft (Above Ground Level) and a GPS point was
recorded on the flight plan each time bait left the aircraft.
The bombardier released a bag of 50 baits into each 1 km
map grid, along flight transects 1 km apart, to achieve an
application rate of 50 baits km? (Fig. 3). Baits containing
the Rhodamine B HSDVs were strategically dropped into
the map grids immediately surrounding the locations of the
collared cats. All other areas were baited with conventional
Eradicatbaits (i.e. without the Rhodamine B HSDV). The
ground spread of 50 baits is approximately 250 x 150 m
(D. Algar unpub. data). The Western Australian guidelines
for use of 1080 baits provides for ‘Bait Exclusion Zones’
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Fig. 3 Pattern of bait distribution, and locations of collared
feral cats on the day of baiting. Note that cat B1, outside the
baited zone, was found dead before the baiting, cause of
death is unknown. Cat DH29 was not located from aircraft,
and therefore it is missing from the map.

of 500 m radius at and around sites subject to high human
visitation. No baits were applied to seven such sites within
the study area (Fig. 3).

Immediately before baiting, locations were plotted
from fixes obtained from an aircraft for all but one of the
collared cats (Fig. 3). Daily monitoring of radio-collared
cats was undertaken from 21 April, using either a handheld
yagi antenna or a vehicle mounted omni-direction antenna
connected to a VHF receiver. The death of cats was indicated
by a change in pulse rate from the collars, as it switched to
mortality mode following 24 hours of no movement.

Additional Eradicat baits were laid by hand in the
vicinity of all collared cats that were still alive on 27 April.
Cats surviving till 1 May were located using radio telemetry
and shot to recover the GPS data-logger collars.

RESULTS

Cat trapping and radio-collaring

Twenty-one cats were trapped, comprising 13 males
and eight females (Table 1). Seventeen cats were trapped
on the coastal tracks and four along the central track, where
cat activity appeared lower. Bodyweight (mean = s.e.) for

Table 1 Morphological details and GPS data-logger collar
activity period for feral cats trapped on Dirk Hartog Island.

Sex Weight Data-logger activity period

Cat No. (M/F) (kg) (GPS sampling frequency )

B1 M 3.8 25 March — 19 April (80 mins)
B2 F 3.5 29 March — 18 April (10mins)
B3 F 3.7 29 March — 24 April (10 mins)
B5 M 1.5 Not collared

DHS5 M 5.1 28 March — 20 April (10 mins)
DH5 1 M 4.2  28March — 16 April (10 mins)
DHS F 2.0 Not collared

DH12 M 5.0 28 March — 15 April (10 mins)
DH17 M 5.0 28 March — 23 April (10 mins)
DH26 F 2.0 Not collared

DH27 M 5.1 30 March — 8 May (40 mins)
DH27 2 M 4.5 31 March — 21 April (40 mins)
DH29 M 4.7 30 March — 7 May (80 mins)
MBI1 F 1.8 Not collared

MB2 M 3.2 29 March — 22 April (80 mins)
MB3 M 3.2 25 March — 22 April (80 mins)
MB4 F 2.7 Not collared

MB5 F 3.7 28 March — 10 April (10 mins)
MB6 M 4.7 28 March — 18 April (80 mins)
MB7 F 3.5 29 March —21 April (80 mins)
MBS M 5.5 27 March — 8 April (10 mins)

Table 2 The time to encounter transect lines spaced at
500, 1000, 1500 and 2000 m for individual cats.

Number of days to be 95% sure of

CatID detecting cat at transect spacings
500m 1000 m 1500 m 2000 m

B2 0.5 1.5 6.5 8.6
B3 1.0 1.0 1.7 10.6
DHS 0.4 0.4 12.6 14.8
DHS5 1 0.5 0.6 8.5 11.5
DH12 0.5 0.6 0.6 0.7
DH17 0.9 5.5 59 9.7
DH27 1.5 1.5 1.7 2.4
DH27 2 0.1 1.0 3.7 3.8
DH29 2.5 6.5 6.6 12.6
MB2 0.6 0.6 1.5 5.6
MB3 0.9 1.9 1.9 18.5
MBS 0.5 0.6 0.8 >40
MB6 1.5 1.6 13.0 >40
MB7 2.8 3.5 3.5 3.7
MB8 0.5 0.7 0.7 0.8

mean+s.e. 1.0+02 18+05 4.6+1.1 122+£3.2

males was 4.3 0.3 kg and 2.9 = 0.3 kg for females. Sixteen
radio-collars were available; five cats were released without
a collar, four of which were under the established collar to
body mass ratio (> 2.1 kg). All cats were in excellent body
condition, with large deposits of body fat.

A compilation of all location data obtained from the
data-logger collars is presented in Fig. 4. Analysis of daily
movement patterns, pooled for all cats, indicates that the
time (mean + s.e.) to encounter transect lines spaced at
500, 1000, 1500 and 2000 m was 1.0 + 0.2, 1.8 £ 0.5, 4.6
+ 1.1 and 12.2 £+ 3.2 days respectively. The time to cross
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Fig. 4 Compilation of all data (HDOP > 10) derived from GPS data-logger collars fitted to feral cats between 25 March
and 5 May 2009. Two maps were necessary due to the high overlap of individual cats.

a transect for individual cats is presented in Table 2. Two
cats, MB5 and MB6, had a low likelihood of being detected
at all on the 2000 m spacing (7.5% and 18% respectively).

Impact of baiting programme

When baits were spread on 19 April, 15 collared cats
were known to be alive. A GPS data-logger on cat (B1)
indicated that it moved out of the study area and died before
baits were applied. Ten collared cats died after consuming
aerially delivered Eradicat baits and nine of these had
Rhodamine B stains throughout their gastro-intestinal
tracts. The tenth animal did not show any Rhodamine
B stains but displayed typical symptoms of death from
1080 poisoning. It is not possible to determine whether
this cat moved out of the zone where baits containing the
Rhodamine B HSDV had been applied or rejected it during
feeding as the collar had ceased collecting data. Cats B2
and B3 died following consumption of Eradicat bait(s),
probably as a result of baits that were distributed by hand
in their vicinity on 27 April. The mortality signal from both
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collars activated 24 hours after bait application by hand
and both carcases indicated 1080 toxicoses. In total, 80%
of the radio-collared feral cats consumed a toxic bait. Cats
DH27, DH29 and MBS8 were shot to recover their collars
after they had not consumed baits by 1 May (i.e. 12 days
post aerial baiting). Bait consumption was highest the day
following bait application. However, aerially deployed
baits remained palatable to some animals at least ten days
following application, given that cat DH17 consumed a
bait on 29 April.

Surveys of cat activity

Indices of activity declined following bait application at
similar magnitude to radio-collar returns. Compared with
values before bait application, PAls were 83% lower after
baiting (z = 3.27, P < 0.001), with PAIs (mean + s.e.) of
0.079+0.019 and 0.013 + 0.006 recorded for pre- and post-
bait surveys respectively. Similarly, there was a significant
difference (t = 6.96, P < 0.001) in the TCIs following
baiting with >90% reduction recorded. TCIs pooled over
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transects recorded 2.75 £ 0.34 cats/10 km transect prior
to baiting and 0.25 + 0.09 cats/10 km transect following
baiting.

DISCUSSION

The trial indicated that 10/15 cats died after the aerial
spread of baits and a further two animals died after eating
baits distributed by hand. Furthermore, reduced indices of
activity indicated >80% of the feral cat population died
following bait consumption. Our results demonstrate that
Eradicat baits spread by air will be effective as the primary
knock down technique for an eradication campaign
on Dirk Hartog Island. During this study, prey for cats
appeared plentiful; an abundant rodent population likely
related to significant rainfall events over the past two years.
Additionally, several collared cats were also implicated in
predation of loggerhead turtle (Caretta caretta) hatchlings
(Hilmer et al. 2010). Even greater baiting efficacy might
have been achieved when prey was less abundant as
optimal rates of bait consumption by feral cats are achieved
during periods of food stress (Short ef al. 1997; Algar et al.
2007). The actual eradication will be timed for a period of
minimal prey availability.

Bait consumption is not only a function of their
attractiveness and palatability but also their accessibility
(Algar et al. 2007). All cats in this study should have had
some opportunity to encounter baits given the baiting
intensity and pattern flown by the aircraft. Despite being
opportunistic predators, cats will only consume a food item
if they are hungry (Bradshaw 1992); if a bait is encountered
when the animal is not hungry it may not be consumed
regardless of the attractiveness of the bait. Therefore baiting
intensity and distribution pattern as well as bait longevity
are critical components of successful baiting campaigns.
Increasing baiting intensity beyond 50 baits km? along 1.0
km flight path widths will not necessarily improve baiting
efficacy (Algar and Burrows 2004). Analysis of daily cat
movement patterns on the island and encounter rates for
various transect spacings suggest that reducing flight path
spacing to 0.5 km may result in increased bait encounter,
particularly in the short-term and may put more cats at
risk. Cats B2 and B3 were presumed to have consumed
baits applied by hand on 27 April given their patterns of
behaviour in the period following application of aerial baits
(they were readily located in similar positions during daily
checks between the 21 and 27 April). The home ranges
inhabited by these cats, in particular B3, were centrally
located between aerial bait transects and as a result these
animals had less opportunities to encounter a bait. These
cats would have encountered baits more often if the flight
lines were at intervals of 0.5 km rather than 1.0 km.

All three cats that survived the baiting campaign were
in excellent body condition and were obviously not food
stressed. Two of these animals occupied/patrolled beaches
while the remaining cat probably used other food sources
as it was not thought to be accessing beaches where turtle
hatchlings were available. All three animals frequented
one or more ‘bait exclusion zones’ but also spent time
where baits were present. The proposed eradication plan
will seek exemption from the requirement to establish ‘bait
exclusion zones’, as these may provide a bait-free refuge
for cats, particularly those with small home ranges such as
juveniles and sub-adults.

Our activity data were biased towards heavier animals,
because collars could not be fitted to cats <2.1 kg in weight.
The fate of juvenile and sub-adult feral cats following
application of baits is thus difficult to assess. GPS data-
logger collars were fitted to a larger number of male cats

than females for the same reason. Smaller, lighter weight
GPS data-logger/radio-telemetry collar are likely to be
available in the near future. We proposed to fit these collars
to juvenile/sub-adult cats before the eradication programme
to test whether our existing strategy places smaller cats at
risk. If the collars are still unavailable prior to baiting, this
group of cats will be fitted with VHF radio-collars and
their survival/mortality monitored following baiting. All
animals within the population should be targeted in the
eradication programme. The modifications proposed to the
current baiting regime should maximise the likelihood of
the entire cat population encountering baits.

Most cat ranges were coastal or near-coastal and prey
appeared more abundant in these areas. To compensate for
this apparent uneven distribution of cats we propose to
provide additional baits in more complex topography such
as that around the coast.

Baiting alone is unlikely to eradicate the feral cats, so
an intensive monitoring and trapping campaign will also be
conducted to remove survivors. Placement of monitoring
transects will strike a balance between limiting vegetation
disturbance and erosion and optimising cat encounters
during proposed survey periods of two weeks duration
each month. Cat movement data suggest that monitoring
transects 1.5 to 2.0 km apart would be sufficient to enable
detection of adult animals within each survey period. Data
obtained from radio-collared juveniles/sub-adult cats
before the eradication programme will verify the suitability
of this transect placement across the population.

The size of the island, in particular its length, poses
logistical constraints to simultaneous eradication across
the entire island. Because it is not practical or feasible to
monitor cat activity over such a large area, we propose to
conduct the eradication campaign in two stages over three
years from January 2011 — January 2014. The first year
would be dedicated to installing infrastructure including
monitoring transects and an east-west cat-proof barrier
fence. We then propose to conduct the baiting and follow-
up monitoring/trapping programme against feral cats from
the southern fenced section in 2012. This will be followed
by the same exercise in the northern fenced section in
2013.

The estimated cost of the feral cat eradication and
independent confirmation of success is AUD 2,000,000
excluding salaries over the three year period. Globally, the
Dirk Hartog project could become the largest island from
which feral cats have been eradicated.
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Abstract The small Indian mongoose (Herpestes auropunctatus) is one of the world’s 100 worst invasive species. It
is a generalist feeder blamed for many declines and extirpations of vertebrates on islands. Native to Asia, it has been
introduced to at least 64 islands (Pacific and Indian Oceans, Caribbean and Adriatic Seas) and the mainland (Europe,
South America, Australia and North America). Most introductions were in the late 19th and early 20th centuries to control
rats in sugar cane fields, but also to control snakes. Although recent mongoose introductions are few, the risk of intentional
or accidental spread remains high, and many island taxa are susceptible to their effects. The mongoose has been eradicated
from at least six islands (<115 ha: Buck, Fajou, Leduck, Praslin, Codrington and Green) by trapping and secondary
poisoning, but eradication has proven challenging. Two earlier island eradication campaigns against mongoose failed on
Buck (182 ha) and Pifieros (390 ha) and campaigns are currently underway on the large islands of Amami-Oshima and
northern Okinawa. Attempts to control the mongoose were numerous in the past, and several programmes are underway
using trapping and/or poisoning. New techniques are being developed and show promise for eradication. The mongoose
can be eradicated with current approaches on small islands with the aim of benefiting endemic species or preventing
further introductions. More efficient methods and strategies are needed for successful eradication on larger islands and

may facilitate containment of mongoose on the European and South American mainlands.

Keywords: Herpestes auropunctatus, invasive, predator, control

INTRODUCTION

Native to the Middle East and much of southern Asia,
the small Indian mongoose (Herpestes auropunctatus,
hereafter mongoose) (Hodgson 1836; Veron et al. 2007;
Patou et al. 2009) has been introduced successfully to
islands in the Pacific and Indian Oceans, the Caribbean and
Adriatic Seas, and to continental South America and Europe,
but was unsuccessfully introduced to North America and
Australia (Nellis and Everard 1983; Nellis 1989; Nellis et
al. 1978; Barun et al. 2008). Most introductions were in
the late 19" and early 20" centuries to control rats in sugar
cane fields, but with questionable success as rat population
estimates remained high (Hinton and Dunn 1967). The
mongoose was also introduced to control native poisonous
snakes including a pit viper, the habu (7rimeresurus
[favoviridis), on several islands in Japan, the fer-de-lance
(Bothrops lanceolatus) on Martinique and St. Lucia, B.
caribaeus in the West Indies, and the horned viper (Vipera
ammodytes) on Adriatic islands.

The mongoose is a generalist predator that has been
identified as one of the world’s 100 worst invasive
species (IUCN 2000) because of its role in the decline
and extirpation of native mammals, birds, reptiles, and
amphibians (Baldwin et al. 1952; Pimentel 1955a; Seaman
and Randall 1962; Nellis and Everard 1983; Nellis and
Small 1983; Coblentz and Coblentz 1985; Nellis 1989;
Case and Bolger 1991; Henderson 1992; Yamada 2002;
Powell and Henderson 2005; Henderson and Berg 2006;
Hays and Conant 2007, Barun ez al. 2010). In their review
of the effects of mongoose on native species, Hays and
Conant (2007) found that greatest impacts were on native
fauna with no past experience with predatory mammals. In
addition, the mongoose carries human and animal diseases,
including rabies and human Leptospirabacterium (Pimentel
1955a; Nellis and Everard 1983).

Eradication of introduced mammals is a powerful
conservation tool (Genovesi 2007), but mongoose
eradication has been attempted on few occasions and
with limited success. A known total of eight eradication
campaigns and many control campaigns have been
conducted to remove or reduce island mongoose
populations. However, even with their limited scope,

these attempts probably prevented further declines or even
extirpations of native species, although definitive data are
lacking. Very few teams have the technical expertise to
remove mongoose successfully, even from small islands.
Such lack of expertise is reflected by past failures and little
progress beyond local control programmes. In addition,
most control and eradication efforts are published in the
grey literature, if at all, so information is often hard to find
for conservation practitioners contemplating mongoose
eradication.

We reviewed data from the published and grey literature
on eradication and control campaigns, focusing on
assessing successes, failures, and challenges. We compiled
a list of all islands with known mongoose populations and
communicated with researchers and managers who work
either directly with the mongoose or with species it affects.
Our aim was to facilitate mongoose eradication efforts and
direct researchers to areas of applied research that would
aid this goal.

BIOLOGY OF THE MONGOOSE

The mongoose is entirely diurnal (AB pers. obs.) and
can swim and climb trees (Nellis and Everard 1983), but
rarely does so. Mongooses avoid water when possible;
they reduce their activity during rainy periods and will not
voluntarily enter water deeper than about 5 cm (Nellis and
Everard 1983). Such characteristics may account for the
failure of mongoose to invade islands only 120 m from
occupied sites (Nellis and Everard 1983). However, in Fiji,
mongooses get fish out of nets in the water (Craig Morley
pers. obs.). This may be a behavioural adaptation specific
to that site.

Mongoose home ranges average 2.2 - 3.1 ha for females
and 3.6 - 4.2 ha for males; home ranges often overlap and
can be as small as 0.75 ha (Nellis and Everard 1983). Areas
in the Caribbean may harbour 1-10+ mongoose/ha (Nellis
1989), but populations generally average 2.5 individuals/ha
(Pimentel 1955a). On O‘ahu, Hawai‘i, mean home ranges
were 1.4 ha for females and five males shared a region of
about 20 ha (Hays and Conant 2003).
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Females are pregnant from February through August
in Fiji (Gorman 1976b), the US Virgin Islands (Nellis and
Everard 1983), and Hawai‘i (Pearson and Baldwin 1953),
but the mongoose on Grenada has a 10-month breeding
season (Nellis and Everard 1983). Gestation takes 49 days,
with litter size of 2.2 on average (range = 1 — 5) (Nellis and
Everard 1983). The number of litters produced annually
has not yet been determined. Pups begin accompanying
their mother on hunting trips at six weeks of age (about 200
g body mass). The youngest wild-caught pregnant female
was four months old (Nellis and Everard 1983).

STATUS OF MONGOOSE POPULATIONS

Previous eradication attempts

Globally, at least 64 islands harbour introduced
mongooses (Table 1), which are also on the northeastern
coastal fringe of South America (Guyana and Surinam;
Nellis 1989) and in Adriatic Europe (Croatia, Bosnia and
Herzegovina, Montenegro; Barun et al. 2008).

Mongoose have been eradicated from six islands and
were prevented from establishing on mainland North
America when the first few immigrants were caught on
Dodge Island, Florida. On Praslin Island, one mongoose
was caught in a baited box trap (Dickinson et al. 2001,
Quentin Bloxam pers. comm.). The Virgin Islands Division
of Fish and Wildlife eradicated a breeding population of
mongooses in the 1970s from Leduck Island using 19 x 19
x 48 cm Tomahawk box traps with meat bait (Nellis 1982)
and another population from Buck Island in the 1980s also
with box traps. This latter success followed an earlier failed
attempt (see below). Buck Is has since remained free of the
mongoose (McNair 2003; David Nellis pers. comm.).

A campaign on the French West Indian possession of
Fajou Island used box-trapping for mongooses and possibly
secondary poisoning from a simultaneous rat (Rattus rattus)
and house mouse (Mus musculus) eradication effort using
50 ppm bromadiolone paraffin baits (Lorvelec ef al. 2004).
All trapped mongooses were dissected and none showed
toxic bait in the stomach or haemorrhagic syndrome.
During a one-month campaign in 2001, 18 people worked
full-time to eradicate these three species.

The Antiguan Racer Conservation Project eradicated
very small mongoose populations from two islands
off Antigua in the West Indies. On Codrington Island,
mongoose were eradicated using secondary poisoning from
ingesting rats (Rattus rattus) poisoned with brodifacoum.
The bodies of two poisoned mongooses were found (likely
the total number that had been present on this very small
island). There is also anecdotal evidence that mongooses
were present on Green Island at least one year prior to the
rat eradication but were absent afterwards. However, no
mongoose carcasses were found during the rat eradication
campaign (Jennifer Daltry pers. comm.).

In 1976, the US Fish and Wildlife Service received
reports of a mongoose sighting at the Port of Miami on
Dodge Island, Florida. Trapping conducted in the area
yielded one young female. Interviews with people in the
area revealed that two other mongooses had been killed by
vehicles a month earlier (Nellis et al. 1978).

Failed mongoose eradications include Isla Pifieros,
Puerto Rico, and an early attempt on Buck Island. The
latter eradication campaign was initiated by the US
National Park Service in 1962 (Everard 1975; cited by
Everard and Everard 1992). After 10 years of trapping and
poisoning, mongooses remained, and eradication efforts
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were eventually stopped because the ranger conducting the
programme was transferred (Nellis e al. 1978, Nellis pers.
comm.).

On Isla Pifieros fish baits with thallium sulfate may have
killed all adult mongooses, which ceased to appear in traps
seven days after poisoning began. However, four months
later several juvenile mongooses were trapped, indicating
that either they had been present in dens, had been too small
to spring the traps, and/or bait density had been insufficient
to put these juvenile mongooses at risk possibly owing to a
reduced home range (Pimentel 1955b).

Current eradication campaigns

We know of only two current island efforts to eradicate
the mongoose. Both attempts are in Japan where the
mongoose is present on Okinawa and Amami-Oshima in
the Ryukyu Islands, and on the main island of Kyushu.
The Kyushu population is regarded by some as a recent
discovery, but according to locals, mongoose have been
there for at least 30 years.

On Amami-Oshima, the Japanese Ministry of the
Environment began intensive mongoose control in
2000. Earlier control by local governments of Naze city
(1993-2003, 128 km?), Sumiyo Village (1998-2002, 118
km?), and Yamato Village (1995-2003, 90 km?) captured
8,229 mongooses from 1993 until 1999. In an extensive
alien eradication programme initiated by the Ministry of
the Environment, mongooses were livetrapped by local
residents, mainly on a bounty system from 2000 until
2004. Between 60,000 to 317,000 trap-nights and 40 to 131
trappers captured 16,636 mongooses over the five years.
The trappers were paid about US$ 20 per mongoose the
first year, about US$ 36 the second and third years, and
about US$ 45 the last year to try to increase incentives
at low abundance. In 2003, three full-time trappers were
employed to capture mongooses in low-density areas and
began using kill traps. In 2009, 44-48 people were working
full-time as Amami Mongoose Busters. Over a five-year
period from 2005 until 2009, the Amami Mongoose
Busters captured over 7,500 mongooses. From 2000 until
2004 about US$ 1,140,000 (122,000,000 JPY) was spent
on the Amami-Alien control programme and from 2005
to 2009 about US$ 7,224,000 (695,000,000 JPY) on the
Amami-Mongoose eradication programme (Abe ef al.
1991; Ishii 2003; Yamada 2002; Yamada and Sugimura
2004; Shintaro Abe pers. comm.). A continuing eradication
effort is planned until 2014.

On Okinawa, the Okinawa prefecture and the Japanese
Ministry of the Environment initiated an alien control
programme (2000-2004) in the Yambaru area of the northern
part of the island, and in 2005 this became an eradication
campaign. By 2009, 30 people were employed as full-time
Yambaru Mongoose Busters. About four km of mongoose-
proof fence was constructed in 2005 and 2006 by Okinawa
prefecture to separate the trapped area (about 30,000 ha)
from the uncontrolled area. From 2000 until 2004, 1831
mongooses were captured with 555,000 trap-nights, and
from 2005 until 2009 the Yambaru Mongoose Busters
captured over 2680 mongooses with 2,431,000 trap-nights.
The total cost for the eradication programme from 2005
until 2009 in the Yambaru area by Okinawa prefecture
was about US$ 5,058,000 (486,000,000 JPY including
fence construction) and for the mongoose eradication
programme by the Ministry of the Environment was about
USS$ 2,352,000 (226,000,000 JPY) (Yamada and Sugimura
2004, Shintaro Abe pers. comm.).
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Past and present “control”’/management
Adriatic

In Europe, the mongoose is present on the Croatian
islands of Mljet, Kor¢ula, Hvar, Ciovo, Skrda, and Kobrava,
as well as the Peljesac Peninsula. The species has recently
spread along the coast in Croatia, Bosnia and Herzegovina,
and Montenegro at least as far as the Albanian border
(Barun et al. 2008, Cirovi¢ et al. 2011), but the full extent
of the range is unknown. The coastal spread of mongoose
may have resulted from several separate introductions. Two
private mongoose control campaigns are being conducted
by local hunters on Hvar and on Ciovo. On Hvar, under
the guise of predator control, hunters are required annually
either to pay a fee (equivalent to C. $US100) or to submit
three mongoose tails or one tail of a native stone marten
(Martes foina). Most mongooses are trapped there in locally
made cages or leg-hold traps. On Ciovo, the only Adriatic
island with the mongoose and not the stone marten, the
regional hunting organization distributes “rat” poison for
mongoose control during the annual autumn meeting (this
procedure is illegal in Croatia, so we could not determine
which poison).

Caribbean

In the Caribbean, the mongoose is present on 33 islands,
many of which have no control (Table 1). Of the occupied
islands in the British Virgin Islands, only Jost Van Dyke
(JVD) has ongoing mongoose control. The mongoose was
introduced to JVD in the 1970s to get rid of the rear-fanged
colubrid snake (Borikenophis portoricensis). In 2006,
the JVD Preservation Society with the help of several
volunteers started live-trapping mongooses (Susan Zaluski
pers. comm.).

In Puerto Rico, the US Forest Service and USDA
APHIS Wildlife Services livetrapped in El Yunque National
Forest to protect the critically endangered Puerto Rican
parrot (Amazona vittata). The US Forest Service annually
spends about $10,000 a year with two personnel who trap
periodically, so the cost for mongoose control alone is
difficult to estimate. A scheduled control of rabies virus
vectors was planned for 2010, and targets included the
mongoose (Everard and Everard 1992; Pimentel 1955b;
Felipe Cano pers. comm.).

In Jamaica, the Jamaican Iguana Recovery Group
collaborated in 1997 with Fort Worth Zoo, Milwaukee
County Zoo, Zoological Society of San Diego and the
University of the West Indies, Mona, to initiate a mongoose
control operation in the central Hellshire Hills to protect
the critically endangered Jamaican iguana (Cyclura collei).
Live traps are operational every day and >1000 mongooses
have been trapped to date. The approximate cost is US$
400/month for the salary for one person (Byron Wilson pers.
comm.). Two islands near Jamaica, Goat Major and Goat
Minor, have been proposed for simultaneous eradication of
mongooses and cats, in addition to goats.

On the US Virgin Island of St. Croix, USFWS conducts
small-scale mongoose control near sea turtle nesting sites
during the turtle breeding season at Sandy Point National
WildlifeRefuge (ClaudiaLombardpers.comm.). Tomahawk
traps are used along 200 to 500-m lines along the beach
vegetation. A similar mongoose trapping programme by
Virgin Islands National Park staff has been ongoing for five
years on St. John. Mongooses are livetrapped on beaches
at Hawksnest, Dennis, Jumbi, Trunk, Cinnamon, Maho,
Francis, Leinster, Coccoloba, Western Reef Bay, Genti,
Little Lameshur, Great Lameshur, and Salt Pond Bay; salt
ponds; the National Park Service visitor center, and along

some roadways on the north shore (Carrie Stengel pers.
comm.).

On St Lucia, the Durrell Wildlife Conservation Trust
and St. Lucia Forestry Department (Ministry of Agriculture,
Lands, Forestry and Fisheries) conducted two short removal
experiments using live traps with chicken bait at an iguana
nesting site (Matt Morton pers. comm.).

In 1902, the Agricultural Society on Trinidad started
a bounty system of paying per carcass turned in; 30,895
mongooses were turned in from 1902 to 1908 and 142,324
from 1927 to 1930. We do not know when the bounty
system stopped operating (Urich 1931).

In 1977, between July and December, a mongoose
control operation performed by the Public Health Agency
on Guadeloupe yielded 15,787 mongooses (Botino 1977
in Pascal ef al. 1996), but the capture technique details are
unknown because all mongooses were submitted by local
residents.

On Cuba, nation-wide mongoose rabies control was
undertaken between 1981 and 1985. In the municipality of
Arabos, Matanzas Province, in 1984, the mongoose control
was carried out by injecting 1,161,682 eggs with strychnine
sulfate. Eggs were placed in bamboo or tin pipes to protect
them from other animals. Non-poisoned baits were used
in mongoose traps that were spaced about 30 m apart over
an unknown area. Five to ten people worked per team for
a total of about 500 people during that entire operation
(Everard and Everard 1992).

In the mid-1970s, mongoose rabies control was
undertaken throughout Grenada using sodium fluoroacetate
(1080) in 50g of glutinous boiled cowhide. Sixteen baiters/
trappers and staff using two vehicles distributed about 300
baits per baiter every day for about nine months. Average
mongoose densities dropped from 7.4 to 2.5, but within
six months the population recovered (Everard and Everard
1992).

Pacific

In the Hawaiian islands, many sightings of mongooses
and one road kill in the 1970s were reported on Kauai but
none have been trapped recently despite an extensive effort
over the entire island. Elsewhere, widespread control or
eradication is not being attempted, but mongoose control
is performed in many small (<100 ha) areas to protect
birds in upland native bird sanctuaries, wetlands, and wet
forests during the breeding season. Agencies involved
include the US Fish and Wildlife Service, Hawaii Nature
Conservancy, Hawaii State Department of Land and
Natural Resources (Wildlife Division), US National Park
Service, USDA Wildlife Services, (Department of Army)
along with private landowners. Live-traps (Tomahawk)
and registered (SLN-Hawaii) diphacinone (50 ppm) wax
bait (in bait stations) are employed. The US Department of
Agriculture on the island of Hawaii has recently completed
field studies evaluating various lures, attractants, and bait
types (Pitt and Sugihara 2009). Staff performing mongoose
control work are also responsible for other duties, so it is
difficult to estimate the total cost for the State of Hawaii
(Robert Sugihara pers. comm.).

The small Indian mongoose occurs on 13 islands in
Fiji, where a recent molecular study also identified some
populations of the Indian brown mongoose, Herpestes
Sfuscus (Morley 2004, 2007; Patou et al. 2009). Currently
there are no attempts to eradicate either mongoose
species from any of the Fijian islands (Craig Morley pers.
comm.).
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Table 1 World list of islands separated into geographic areas and mainland areas where the small Indian mongoose was
introduced; islands marked + are interconnected; GID # is Global Island Database number for each island; if the status
column is empty then there are no known control attempts.

Island GID # Country Area (ha) Humans Status Refs Refs
(presence) (control)

Adriatic

Hvar 6760 Croatia 29,737 Yes  Hunters trapping 53;2 2

Korc¢ula 7300 Croatia 27,840 Yes 53;2

Mljet 13790 Croatia 9800 Yes 53;2

Skrda 129520 Croatia 200 No 53

Kobrava 240130 Croatia 52 No 25

Ciovo 28550 Croatia 2900 Yes Hunters poisoning, low 53;2 2

pop, bridge to mainland

Caribbean

Jost Van Dyke g, British Virgin Is 850 Yes 1V r?s Preservation Soc 40 52

Tortola + 19250 British Virgin Is 5570 Yes 40

Beef Island 88670 British Virgin Is 372 Yes 40

Praslin No StLucia 1 No  Eradicated 15 15; 47

Trinidad 1110 Trinidad & Tobago 476,800 Yes 59 54

Antigua 7140 Antigua & Barbuda 28,100 Yes 40

Codrington 84837 Antigua & Barbuda 0.5 No  Eradicated 26 26

Green 28660 Antigua & Barbuda 43 No  Eradicated 26 26

Nevis 14620 St Kitts & Nevis 9300 Yes 40

St Kitts 9890 St Kitts & Nevis 16,800 Yes 40

St Martin 14960 France/Netherl’ds' 8720 Yes 40

Barbados 5200 Barbados 43,100 Yes 40

Pifieros 170660 US, Puerto Rico 390 No Failed eradication 46 46

attempt; no control

Vieques 11440 US, Puerto Rico 13,500 Yes 40

Buck Island 389000 US 72 No  Eradicated 38 38;33; 44

St Croix 8350 US 21,466 Yes Localised control 40 11

St John 20180 US 5080 Yes Localised control 40 12; 9

Leduck 75128 US 5.7 No  Eradicated 39 39

St Thomas 16970 US 8090 Yes  Low population 40

Water Island 18293 US 199 Yes 40

Hispaniola 210 Haiti/Dom.Rep. 7,648,000 Yes 40

Carriacou 26610 Grenada 3770 Yes 20

Grenada 6510 Grenada 34,400 Yes Rabies control 40 17

Puerto Rico 790 USA 910,400 Yes Rabies control 40 17; 46; 18

St Lucia 4090 St Lucia 63,980 Yes Localised control 40 32

St Vincent 6160 St Vincent 38,900 Yes 40

Cuba 150 Cuba 11,086,100 Yes Rabies control 40; 3; 4 17

Romano 4030 Cuba 77,700 Yes 3;4

Sabinal ----  Cuba 33,500 Yes 3;4

Jamaica 660 Jamaica 1,118,960 Yes Localised control 16 7

Goat Major + ---  Jamaica 200 No 20 24

Goat Minor 174550 Jamaica 335 No 20 24

La Desirade 35740 France, DOM 2,064 Yes 40

Fajou 18  France, DOM 115 No  Eradicated 28 28; 34

arande-Terre, 5330 France, DOM 63,900  Yes 40 5

uadeloupe +
oasse-IeIE, 2330  France, DOM 87,570 Yes 40 5
uadeloupe

Marie Galante 10280 France, DOM 15,800 Yes 40

Martinique 2710 France, DOM 112,800 Yes 40

Africa

Mafia 5130 Tanzania 39,400 Yes 59

Grand Comoro 2840 Comoros 114,800 Yes 29; 58

Mauritius 1970 Mauritius 204,000 Yes  Localised control 30 49; 8
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Table 1 continued

Island GID # Country Area (ha) Humans Status Refs Refs
(presence) (control)
Pacific
Beqa 25200 Fiji 3620 Yes 35; 13
Kioa 37310 Fiji 1860 Yes 35; 13
Macuata-i-wai 102480 Fiji 306 fishermen 35;13
Malake 84630 Fiji 453 Yes 35;13
Nananu-i-ra 111410 Fiji 270 Yes 35;13
Nananu-i-cake 127260 Fiji 300 1 family 35;13
Nasoata 25 74 1 family 13
Vanua Levu 980 Fiji 553,500 Yes 35; 13
Viti Levu 680 Fiji 1,038,700 Yes 36; 35; 13
Yanuca 134480 Fiji 154 Yes 35;13
Druadrua 90100 Fiji 390 Yes 35;13
Mavuva 49  Fiji Yes 35;13
Rabi (Rambi) 66040 Fiji 6878 Yes 35; 13
Hawaii 700 USA, Hawaii 1,043,200 Yes Localised control 6 51;48
Kauai 2360 USA, Hawaii 162,400 Yes  Seen 1970s, not since 55; 10 48
Maui 1950 USA, Hawaii 188,700 Yes 41; 19
Molokai 3700 USA, Hawaii 67,600 Yes 41; 19 48
Oahu 2210 USA, Hawaii 157,400 Yes 42; 19 48
é?}ll?g:; 3610 Japan 71,200 Yes  Ongoing eradication 1 L 526§ 57,
Okinawa 2630 Japan 227,130 Yes  Localised control 27 50
Recent find, but present
Kyusyu 330 Japan Yes about 30 years 37
Ambon 3470 Indonesia 77,500 Yes 19
Upolu 2680 Samoa 111,500 Yes Recent intro Aleipata area 31
New Caledonia 490 New Caledonia Yes  Recently introduced 45
MAINLAND
Guyana ----  South America Unknown Yes 40; 21; 22
Suriname ----  South America Unknown Yes 40; 21; 22
eratvla (incl - Furope Unknown Yes Coastal area, no known 53:2
Peljesac Pen.) control
I]?Iosnla and - Furope Unknown Yeg  Coastal area, no known 2
erzegovina control
Montenegro ----  Europe Unknown Yes g(?t?tsrtoall area, no known 2,14
Florida ----  USA Yes  Eradicated 43

References to Table 1. 'Abe et al. 1991; *Barun et al. 2008; *Borroto-Paez 2009; “Borroto-Paez 2011; Botino 1977
in Pascal et al. 1996; ‘Bryan 1938; "Byron Wilson pers. comm.; *Carl Jones and Vikash Tatayah pers. comm.; °Carrie
Stengel pers. comm.; '°Case and Bolger 1991; "Claudia Lombard pers. comm.; 2Coblentz and Coblentz 1985; *Craig
Morley pers. comm.; 14Cirovié ef al. 2010; 5Dickinson ef al. 2001; "“Espeut 1882 "Everard and Everard 1992; '®Felipe
Cano pers. comm.; ”Hays and Conant 2007 X Horst et al. 2001; 2'Husson 1960; 2Hysson 1978; %Ishii 2003; “Hanson
2007; #Ivan Budinski pers. comm. *Jenny Daltry pers. comm.; Kishida 1931; %#Lorvelec et al 2004, YL ouette 1987,
¥Macmillan 1914; *'Mark Bonin and James Atherton pers. comm.; **Matt Morton pers. comm.; *McNair 2003; **Michel
Pascal pers. comm..; 3*Morley 2004; **Morley et al. 2007, Nakama and Komizo 2009; *Nellis 1978 et al,; ¥Nellis 1982;
“Nellis and Small 1983 41Nellls 1989 “Nellis and Everard 1983; “Nellis et al. 1978 “Nellis pers. comm.; +Patrick
Barriere pers. comm.; “Pimentel 1955b; “IQuentin Bloxam pers. comm.; “*Robert Sugihara pers. comm.; 49Roy et al.
2002; *Shintaro Abe pers. comm. ; >'Smith et al. 2000; 2Susan Zaluski pers. comm.; >Tvrtkovi¢ and Krystufek 1990;
3#Urich 1931; USFWS 2005; **Yamada 2002; >"Yamada and Sugimura 2004; ¥Walsh 2007; *Williams 1918
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Recently, mongooses were seen in the Aleipata area
of Upolu Island, Samoa and in New Caledonia. One male
mongoose was captured during initial trapping on Upolo
by the Samoan National Invasive Task Team (Mark Bonin
and James Atherton pers. comm.). On New Caledonia, a
mongoose infestation was recently reported in Nouméa,
and two individuals were trapped (Patrick Barriere pers
comm.).

South America

The mongoose is present in Suriname and Guyana
but we are unaware of control efforts. Previous reports
of the mongoose in French Guiana (Nellis 1989) are not
supported by recent evidence (Michel Pascal pers. comm.;
Soubeyran 2008).

Africa

On the main island of Mauritius, the Mauritian Wildlife
Foundation started a control programme in the Black River
Gorges National Park in 1988 as part of the Pink Pigeon
Project of reintroduction and predator control (cats, rats,
mongooses). Year-round control is conducted with 10-12
students, staff, and volunteers. Wooden box traps (live
drop traps) baited with salted fish are primarily used, but
for elusive individuals a mix of live/kill traps and change
of bait is employed. Estimated total cost is C. US$ 20,000
per year (Roy et al. 2002; Carl Jones and Vikash Tatayah
pers. comm.).

The mongoose was introduced to Grand Comore
during the colonial period (Louette 1987), but no control
programme has been reported (Michel Louette pers.
comm.). We have no information on mongoose control
efforts on the Tanzanian island of Mafia, but the presence of
mongoose was confirmed in a recent report (Walsh 2007).

ERADICATION METHODS

Traps and baits

Trapping and toxic baiting have been employed for
mongoose control and eradication (Lorvelec et al. 2004;
Nellis 1982; Nellis et al. 1978; Pimentel 1955b; Yamada
and Sugimura 2004). Hunting is not known to be employed
or expected to be effective.

Mongooses appear susceptible to live traps, particularly
box traps, which have been the primary method used to
control and eradicate the mongoose. However, anecdotal
evidence suggests some animals may become trap-shy or
are naturally wary and cannot be trapped with this method
(Tomich 1969; AB pers. obs.). Padded leg-hold traps have
been used successfully in Hawaii for adult mongooses,
but juveniles often do not exert enough pressure to trigger
traps unless the trigger is very sensitive (James Bruch
pers. comm.). Live traps have the advantage that non-
target captures can often be released unharmed, but ethical
regulations require them to be checked frequently. Kill
traps have been used on Okinawa and Amami-Oshima
with great success. Recent trials of the Doc250 kill traps in
Hawaii demonstrate that they may be more effective than
box traps (Peters ef al. 2011). Kill traps have the advantage
that they do not require routine checks except to re-bait/
scent or remove carcasses. Where housings around kill
traps can eliminate (or reduce to acceptable levels) the risk
to non-target species, kill traps would be the preferred trap
type. For eradication campaigns, multiple trap and bait/
scent types should be considered, as wariness or aversion
to one combination may not be transferable to others.

Live traps have typically been deployed on grids. For
eradications, at least one trap must be in each home range
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area, which is a minimum area of 0.75 ha (Nellis and
Everard 1983). The successful campaign on Buck Island
used box traps on a 50 x 50 m grid (National Park Service
1993), and that on Fajou used a 30 x 60 m grid (Lorvelec
et al. 2004). As for other species, having key trap locations
is more important than having traps spaced perfectly on
a grid. GPS-marked trap locations can be reviewed later
via GIS and any coverage gaps addressed. Eradication is
possible in small-scale campaigns by trapping alone, but
this requires significant manpower and resources.

To facilitate trapping, attractants such as varying types
of food are often used. Nevertheless, using lures such as
scent (glandular, etc), visual signs (feathers or fur), and
auditory cues (prey distress/alarm call, or conspecific calls)
may prove useful for mongoose removal or detection. Pitt
and Sugihara (2009) found that perimeter baiting was
effective, but artificial lures were not. Behavioural traits
including home range marking, breeding behaviour, and
continual hunting for prey (Gorman 1976b; Nellis 1989)
suggest that including attractants might increase trapping
and detection success.

Toxic baiting was advocated over 50 years ago as a
means of increasing efficacy (Pimentel 1955b), yet few
major advances have been made with this method. Because
mongooses appear to have low selectivity and consume
most bait types (Creekmore et al. 1994), baiting is likely to
be highly effective. Key considerations include toxin type,
bait type, baiting density, non-target species, and timing.

For a chemical to be lethal it must have a pathway and
be in a sufficient dosage. Different species have different
tolerances to each chemical, and this trait is leveraged to
minimise risks to non-target species while putting target
species at risk (e.g., Murphy et al. 2011). Several toxins
have been used historically for controlling mongooses,
including thallium sulfate, sodium monofluoroacetate
(1080), and strychnine sulfate (Pimentel 1955b; Everard
and Everard 1992). Mongooses are highly susceptible to
diphacinone (LD50 0.2mg/kg BW), a first generation anti-
coagulant, and commercial diphacinone bait blocks have
been used in Hawaii with mixed results (Stone et al. 1994).
Diphacinone is currently the toxin of choice for targeting
mongooses alone.

Baits used for delivering toxins to mongooses include
chicken meat, boiled cowhide, eggs, salted fish, and
commercial flavoured blocks (Pimentel 1955b; Everard
and Everard 1992). The main problem with using toxic
baits for carnivores is that baits typically used to deliver
the toxin become unpalatable after a few hours. Baits have
been developed for carnivores that remain palatable for >2
weeks for two large-scale programmes. In Texas, a rabies
vaccination programme uses bait blocks effectively for
multiple species, while in Western Australia a meat sausage
bait was used to target cats and foxes (Skip Oertli pers.
comm. 2009; http://www.dshs.state.tx.us/idcu/disease/
rabies/orvp/; Algar and Burrows 2004). These baits may be
effective for mongoose programmes.

An important aspect of any eradication attempt using
toxic baits is that bait must be available to every individual.
The baiting density to achieve this goal varies depending
on many environmental factors. Baiting densities for
mongoose have already been investigated (Creekmore et
al. 1994; Linhart et al. 1993; Linhart et al. 1997; Pimentel
1955b). A density of 24 non-toxic baits/ha has yielded a
96-97% efficacy rate on populations with 5.84 (+1.04
SE) and 5.75 (£1.04 SE) animals/ha (Creekmore et al.
1994). Bait consumption trials can be used to determine
appropriate baiting densities required for mongooses in
specific situations (Wegmann ef al. 2011).
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Maximising efficacy

Various methods with potential use against populations
of mongoose may pose risks to non-target species of
conservation, cultural, or social importance. In such cases,
risk assessments should identify where mitigation methods
may be needed or whether some methods should not be
employed. Timing is a potential mitigation measure, as
some non-target species may periodically be absent from
islands. On some islands, native mammalian predators
will complicate eradication. For example, Mafia has the
Egyptian mongoose (Herpestes ichneumon), the Adriatic
islands of Korc¢ula, Hvar, and Mljet have the stone marten
(Martes foina), and many islands have native rodents.

For other problem species of mammals, toxic baiting has
been timed to maximise bait uptake by target species while
avoiding times when young are being nursed or targets
have restricted ranges. Bait uptake can be highest when the
usual sources of naturally available food are constrained
(Algar and Burrows 2004; Howald et al. 2007). Island-
specific plans for mongoose should consider their breeding
patterns following the increase in day length (Nellis and
Everard 1983). Times when female mongoose are nursing
young (and may have restricted home ranges) should be
avoided. The young in dens may not contact baits but be
sufficiently independent to survive, a likely reason for the
failed eradication attempt on Isla Pifieros, Puerto Rico
(Pimentel 1955b). Mongooses can breed year-round, so two
pulses of baiting at an interval of 9 - 10 weeks are expected
to be required. The experience on Pifieros Island indicates
that a single pulse of baits can kill all adult mongooses, but
independent young in dens survive (Pimentel 1955b). Two
pulses of baiting have yet to be tried for the mongoose but
have been effective on tropical rodents that also breed year-
round. Until a single method can demonstrably remove all
animals (like poison operations for rodents), eradication
plans for mongoose should include other methods to detect
and remove survivors, a procedure currently used for cat
eradications (Campbell ef al. 2011).

Aecrial baiting may be the most cost-effective, efficient,
scalable, and replicable method, because mongooses forage
almost exclusively on the ground, where most bait will fall,
and they readily take bait. Aerial baiting has successfully
delivered baits to eradicate rodents and cats, reducing costs
and overcoming issues with access caused by terrain and
vegetation (Algar ef al. 2001; Howald et al. 2007). Hand-
baiting could be used inexpensively on a small area to
mimic an aerial baiting programme and provide proof of
concept.

Feral cats and mongooses are found together on many
islands. Controlling or eradicating one and not the other
may yield little conservation benefit. Targeting both species
simultaneously may be an option. Although mongooses are
susceptible to diphacinone, cats are approximately 70 times
more resistant (LD50 14.7mg/kg BW; Smith et al. 2000;
Stone et al. 1994), and adult cats typically weigh at least
4 times more than adult mongooses. Diphacinone is thus
suboptimal for targeting both species simultaneously. Para-
aminopropiophenone (PAPP) is proposed as an alternative
toxin for cats and other eutherian mammals such as canids
and stoats in Australia and New Zealand as they are highly
susceptible compared to most non-target species on islands
(Fisher and O’Connor 2007; Marks et al. 2006; Murphy et
al. 2007; Murphy et al. 2011; Savarie et al. 1983). Although
no lethal dose (LD) data currently exists for mongooses,
it is expected they would be highly susceptible to PAPP.
Even if mongoose were four times more resistant than cats,
the smaller body weight of mongooses would offset their
relative resistance. Research is required to identify the

lethal dose for mongooses, palatability, and the probability
of emesis. Encapsulated PAPP, as is being developed for
feral cats, would mask any flavor of the active ingredient
and reduce the likelihood of emesis (Johnston ez al. 2011).

Most islands with introduced mongooses are inhabited,
so methods will need to be acceptable to the local populace
while still being effective enough to ensure eradication.
Live traps, and possibly kill traps and toxic bait stations,
will be the key methods in urban areas where aerial baiting
is typically not acceptable. Tamper-proof housings that
eliminate access by children, pets, and non-targets must
be developed before kill traps and toxic baits can be used
in urban areas. Educating communities to the health risks
mongooses pose to humans and livestock (Everard and
Everard 1992) may facilitate acceptance of a campaign and
the required methods by the community.

As for cats, mongoose eradications will require detection
methods to confirm success. Methods for detecting cats
can be applied to mongooses (see Campbell ef al. 2011).
Historically, box trapping has been the only detection
method used in eradication campaigns. Larger and more
complex campaigns will require additional methods and
management tools to detect remnant individuals and
confirm eradication. Tracking tunnels currently used in
rodent eradication campaigns should be trialed for efficacy
in mongoose detection. On Amami-Oshima dogs and
camera traps are being used to detect mongooses (Shintaro
Abe pers. comm.), but we were unable to find assessments
of their efficacy.

RECOMMENDATIONS

Research funding for mongoose eradication trials is
urgently needed. Baiting density, suitable toxins, lethal
dosage and bait palatability vary depending on many
environmental and behavioural factors. We encourage
mongoose trials at smaller scales that can be replicated over
larger areas by aerial baiting. Several islands that harbour
the mongoose are small and uninhabited, and they can be
used to test methods with limited liability.

The best opportunities for eradicating or containing
an alien invasive species are often in sites where an
invasion is in its early stages, when populations are small
and localized and not yet well established. Priority for
eradication should also be given to islands that can serve
as sources for introduction to other areas and those that
harbour endemic fauna.

At present many islands inhabited by mongoose are
too large for eradication. Intensive localized control could
benefit species that are at risk until eradication methods are
developed. If planned carefully, such control could be done
during a period when the mongoose is at most risk.

As more mongoose eradications are attempted, it is
important that lessons learned from each attempt (whether
successful or unsuccessful) and the skills learned be shared
to ensure success of future efforts.
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Abstract Eradications of introduced rodents are important for the protection of seabirds. This paper reports on a two-
year programme funded by the Packard Foundation to remove exotic rodents from seabird breeding islands in the lagoon
of New Caledonia. Although many such islands are close to inhabited areas and heavily used by local communities, rarely
has the biodiversity been studied or pest management undertaken to protect the native biota. This paper emphasises the
importance of three key components of the eradication planning process for eradication projects in the tropical Pacific:
an initial site assessment, community involvement and a well-prepared feasibility study. The purpose of these projects is
the restoration of seabird populations on islands identified as Important Bird Areas. Local project manager was supported
by an international partnership between Pacific Invasive Initiative, Birdlife International Pacific Secretariat and the
New Zealand Department of Conservation. This support was directed at increasing the capability and capacity of local
communities in eradicating invasive species from islands and maintaining pest free status for the benefit of native biota
and the communities.
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INTRODUCTION

Introduced predators, especially rodents, have negative
effects on seabirds (Burger and Gochfeld 1994; Thibault
1995; Rauzon 2007; Jones et al.. 2008) and eradicating
rodents from islands significantly benefits seabirds
breeding populations (Lorvelec and Pascal 2005; Howald
et al. 2007; Pascal et al. 2008). Successful eradications
require robust planning (Cromarty et al. 2002) and social
acceptance by local communities (Boudjelas 2009). This
paper presents the strategy used from July 2007 until
March 2009 to eradicate introduced Pacific rats (Rattus
exulans) and ship rats (R. rattus) on small islands identified
as Important Bird Areas (IBAs) in the North Lagoon of
New Caledonia (Spaggiari et al. 2007).

The conservation goal of these projects was to restore
seabird populations, especially those ofthe Polynesian storm
petrel (Nesofregatta fuliginosa) and fairy tern (Sternula
nereis exsul; an endemic subspecies). The only recorded
breeding of Polynesian storm petrel in New Caledonia was
on these islands in 1998 (Pandolfi and Bretagnolle pers.
comm.). The area also hosts the last breeding population
(100 pairs) of fairy tern (Baudat-Franceschi e al. 2009).
Both of these species are preyed on by Rattus species
(Hansen 2006; Thibault and Bretagnolle 1999; Pierce et al.
2007) so the provision of rodent free islands is likely to be
of benefit.

We first describe how biological surveys, early
engagement with key stakeholders (notably local
indigenous Kanak communities), and a feasibility study
allowed us to decide if eradication was the appropriate pest
management strategy. The feasibility study also helped us
to develop eradication methods that fitted the local context.
We then show how social acceptance of the project was
achieved through ongoing consultation, information
sharing with key stakeholders, and the participation of
local community members in fieldwork. Finally, we
describe the eradication method that was applied in the
field. The benefits of consultation and involvement of
local communities combined with a sound scientific and
technical methodology are also discussed.

METHODS

Study site

The north western coast of New Caledonia has a
tropical climate with an average rainfall of 1159 mm (732
— 1613 mm) (ORSTOM 1981). The study area is a 20 km
wide lagoon with 16 small islands ranging in size from
0.5 - 17 hectares situated between 1.5 and 10 km off the
coast (Fig. 1). The islands are flat and sandy with a mixture
of vegetation, ranging from short herbaceous ground
cover through to coastal forest. Three of the islands have
protruding rocky areas rising to an elevation of <50 m and
one is a single sand bank. All of the islands are uninhabited
but are regularly visited by local fishers and are popular
places to visit for the local community.

Feasibility phase

The feasibility study (Baudat-Franceschi ef al.
2008) included three components: 1) an assessment of
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Fig. 1 New Caledonia showing the Important Bird Area with
islands from which rodents have now been eradicated.
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technical feasibility of eradicating rodents including non-
target species risk assessment; 2) an overview of seabird
conservationneeds to ensure eradication was the appropriate
management choice; and 3) stakeholder issues, because
operational feasibility also relies on social acceptance.
Biological data were collected from rodent trapping and
biodiversity surveys of plants, habitats, hermit crabs, ants,
reptiles, and birds. Reptiles and birds were the main non
target species. Assessing plants and habitats is necessary
to establish the site’s ecological characteristics. Ants as
a group include some highly invasive species. Hermit
crabs are known to consume rodent bait, so assessing
their abundance is important for any eradication project
(Wegmann et al. 2008). Consultation and involvement
of stakeholders began during this phase to build social
acceptance.

Rodent trapping

Trapping was carried out on eightislands: Ouanne, Pouh,
Yan dagouet, Tiam’bouéne, Table, Double, Tangadiou, and
Magone. The latter two were not considered priority IBA
sites but could potentially act as stepping stone islands for
rodent invasion between the mainland and Table Island.
Because the distance between each island is <2 km, rats
could potentially swim from one island to the next (Russell
et al. 2005). Victor rat traps were deployed for three to
five nights consecutively; all traps were sheltered inside
corflute tunnels to avoid capturing seabirds. The traps were
on grid formed of a transect line every 50 m, along which
was a trap every 25 m over the entire area of each island.
From night 3 to night 5 (inclusive), Victor mouse traps
were deployed between rat traps within the grid, on Table,
Tiam’bouene, Ouanne, Double, Yan dagouet, and Pouh
Islands. Traps were baited with coconut and peanut butter as
late as possible in the afternoon to reduce the likelihood of
ants and cockroaches completely removing the bait before
nightfall. Trapping was carried out to confirm the presence
or absence of rodents on each island and to determine what
species were present. The short (3-5 nights) trapping time
was in response to the logistical difficulties of surveying on
such a large number of islets.

Biodiversity surveys

Land bird surveys on the islands involved point
counts (Bibby et al. 2000) combined with opportunistic
observations. Seabird data came from previous surveys on
the islands (Baudat-Franceschi 2006; Baudat-Franceschi
et al. 2009). A specific focus on breeding phenology
was needed to identify in which part of the year baiting
operations should take place so as to avoid disturbance
of breeding birds. Tropical species of seabirds can have
protracted breeding cycles and/or rely on food availability
which varies temporally, resulting in significant inter-
annual variation of the laying period (Hamer et al. 2002).
Plant surveys were carried out by Butin (2008) and ant
surveys by Le Breton (2008). Reptile diversity was
assessed by opportunistic observations during the day
and by spotlighting at night. Main terrestrial habitats were
mapped using satellite imagery and GPS mapping in the
field.

Non-target risk assessment

The information obtained during the biodiversity
surveys was used to develop a non-target risk assessment
(see Baudat-Franceschi ez al. 2008). Mitigation measures
were incorporated into the eradication design to minimise
the risk to non-target species.

Species identified as being potentially at risk from
poisoning included non-breeding herons and raptors that
occasionally forage on the islands and may scavenge dead
rats or prey on hermit crabs: rufous night heron (Nycticorax
caledonicus), swamp harrier (Circus approximans),

whistling kite (Haliastur sphenurus), and brown goshawk
(Accipiter fasciatus). Also at risk were shorebirds, raptors
and gulls that breed on the islands: beach thick knee
(Esacus magnirostris), Pacific reef-egret (Egretta sacra
albolineata), barn owl (Tyto alba delicatula) and silver gull
(Chroicocephalus novaehollandiae forsteri). Four species
of vagrant shorebird present in low numbers on the islands
and which feed on invertebrates in the littoral zone were:
Pacific golden plover (Pluvialis fulva), ruddy turnstone
(Arenaria interpres), sanderling (Calidris alba), and
wandering tattler (Heteroscelus incanus). All passerines
recorded on the islands were also at risk because they are
insectivorous and frugivorous. Potential risk pathways
for all of the above species were through primary and/or
secondary poisoning at the individual bird level (e.g., Eason
and Spurr 1995; Merton et al. 2002; McClelland 2002).
However, all were common species and the risk to each at
the population level was very low. The exception was the
beach thick knee, a shorebird that feeds in the littoral zone.
Less than ten breeding pairs have been recorded in New
Caledonia, where the species is restricted to the Northern
lagoon (Baudat-Franceschi 2006). Because of their small
population size, this species was potentially at risk at the
population level.

Mitigation measures developed to ensure that risks were
minimised included: 1) timing the eradication to avoid the
breeding period of most seabirds; 2) the use of bait stations
on beaches and other coastal habitats to reduce bait up take
by invertebrates that might be eaten by beach thick knee
and other shorebirds.

Hermit crab assessment

High numbers of hermit crab have reduced bait
availability for target species (Bell 2002; Wegmann et
al. 2008), so their numbers were assessed for our project.
The first assessments were by night walks that followed
beaches around the islands. A transect counting system
using the rodent trap grid was then used to more accurately
assess crab numbers within the site, but especially within
vegetation. However, we did not need to systematically
cover each site, as it quickly became obvious that were few
hermit crabs on the eight targeted islands.

Stakeholder consultation/involvement

Two main stakeholder groups were identified and
objectives to achieve support and approval of each group
were identified by project manager. The first group
comprised the authorities in charge of local environmental
legislation. The objectives were to ensure the project
was going to comply with the relevant legislation and
political will for an approval to be given to carry out the
eradication operation. We also wanted to build capacity
within administrative departments. This was achieved by
providing the authorities with detailed information on the
project and its risks, and by holding workshops with those
representatives of Northern Province that were responsible
for the management of the environment and maritime
public domain. These people were also involved in field
operations and decision making at each key step of project,
such as feasibility/operation/community involvement. The
second group was made up of the local community and
island users including fishers, tourists, and recreational
boat owners. We aimed to ensure that this group was kept
well informed about the project to gain their support, and if
possible their involvement in field operations. Workshops
were held with the Mayor of Koumac and customary
authorities. During 23 months of consultation a total of 23
meetings and 14 media events (i.e. radio, television, and
newspaper) were undertaken on introduced rodent threats
to seabirds, local endangered seabird species, and the
broader conservation value of the study area.
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Eradication design

Following the feasibility phase, rodent eradication was
confirmed as an appropriate management strategy for three
islands: Table (11.5 ha), Double (6.5 ha), Tiam’bouéne
(17 ha). An operational plan was compiled (Baudat-
Franceschi 2008) which included the following eradication
design: hand broadcast of cereal bait containing 0.02g/kg
brodifacoum (trade name Pestoff 20R) over each island
in two separate applications except along beaches and the
edge of coastal vegetation. At these latter sites, bait stations
were used made from corflute boxes that had previously
been used to cover traps.

The first application of bait was 13 kg/ha and the
second application, which was a minimum of 10 days after
the first, was 7 kg/ha. Application of bait was timed to
avoid the rodent breeding season and to coincide with the
dry season (to avoid bait being washed out by heavy rain).
On the three islands, a 20 m wide grid was carefully cut
through the vegetation, with bait being broadcast every 20
m (Fig. 2). Bait was spread at each point, by throwing bait
in front, behind, to either side and around the feet of the
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person spreading, a total of five throws. Bait was thrown
to a distance of 12 m at a predetermined rate to ensure the
island received a complete coverage of bait. The tight grid
(20 m x 20 m) and relatively high amount of bait (20 kg/
ha) were expected to compensate for thick vegetation and
allow for the eradication of mice (Mus musculus) in case of
previously undetected presence due to short trapping time.
The home range of mice is sometimes < 10 m? (Faugier et
al. 2002) and the removal of rats could potentially cause a
population explosion of mice (“competitor release effect”;
Caut et al. 2007). The steep coastal areas on Table Island
received double the sowing rate, with baits broadcast from
both the top and bottom of the cliffs.

Biosecurity

Biosecurity is crucial for long-term eradication success
(DOC2006; Russell and Clout 2007). Abiosecurity plan was
compiled (Baudat-Franceschi 2009) and approved by local
authorities. The plan included an evaluation of reinvasion
potential and details of the monitoring systems on each
island (e.g., tracking tunnels, permanent bait stations). A
reinfestation response procedure and a communication plan
for public information (e.g., signposts, media, and flyers)
were also included. Additionally, genetic samples from
rats of all islands were collected prior to the eradication,
so they could be compared with rats found on the islands
after the eradication, which will reveal the presence of new
invaders or survivors from the eradication (Abdelkrim et
al. 2005, 2007).

Ecosystem monitoring

Before the eradication began, 20 m x 20 m quadrats
were established on each island to monitor plant species
diversity and abundance (Butin 2008). Monitoring
of species diversity and numbers of seabird breeding
pairs, especially those of conservation concern, is being
carried out after the eradication. Due to time and funding
restrictions, there has been no monitoring of the breeding
performance of seabird populations, despite this being a
useful indicator of the effectiveness of rodent eradication
on seabird populations (Pascal et al. 2008).

RESULTS

Rodent trapping

Three priority sites (Ouanne, Pouh, Yan dagouet) and
one of the stepping stone islands (Magone) were found to
be rodent free. Ship rats were found on Table Island and
Pacific rats on Double, Tiam’bouéne and Tangadiou Islands.
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Table 1 Results from rodent trapping on eight of the 16 islands in the Important Bird Area.

Area Km from Seabird Trapping N tra Abundance . Trappin
Island (ha) coast priority niglll)ts i nightls) Captures Index* Species periI:)I()i i
Tiam'bouéne 17 9 high 5 270 51 25 R. exulans March
Ouanne 2.8 7 high 3 63 0 No March
Double 6.5 4.6 high 4 128 36 33 R. exulans April
Pouh 2.5 6.5 high 3 30 0 No April
Yan dagouet 4.5 9.1 high 3 57 0 No April
Table 11.5 53 high 4 218 66 39 R. rattus  October
Tangadiou 6.5 1.4 low 2 24 5 R. exulans May - July
Magone 1.2 3.2 low 1 17 0 No July

* Cunningham and Moors (1983): index per 100 trap nights using corrected trap nights number and captures numbers:
captures x 100/corrected trap-nights with corrected trap-nights as total trap-nights — trap-nights lost (which is: 2 (captures

+ sprung, empty traps).

All rat populations had a high abundance index (Fig. 3,
Table 1). Populations on three islands were subsequently
targeted for eradication. The exception was Tangadiou due
to its proximity to the coast (< 2 km) and the ease with
which rats might reinvade.

Hermit crabs

Coenobita perlatus was found to be the only species
present. Because crab numbers were very low (< 50
individuals per hour of searching), they were considered to
represent a low risk of bait interference for this particular
project.

Birds

The diversity of land birds breeding on the islands
was low (< 10 species per site, Table 2) and there were
no ground-dwelling species present. Breeding seabirds
included several species of local conservation concern. In
addition to Polynesian storm petrel and fairy tern, these
included Tahiti petrel (Pseudobulweria rostrata trouessarti;
an endemic subspecies), wedge-tailed shearwater (4rdenna
pacifica chlororhynchus), brown booby (Sula leucogaster
plotus), silver gull (Chroicocephalus novaehollandiae
forsteri; an endemic sub species), bridled tern (Onychoprion
anaethetus), crested tern (Thalesseus bergii cristata),
roseate tern (Sterna dougalli gracilis) and black naped
tern (Sterna sumatrana). Shorebird diversity was low with
beach thick knee being the only species breeding on the
islands.

Reptiles

Only three species of lizards were recorded, none of
which are threatened (Whitaker 2004 and pers. comm.):
Hemidactylus frenatus (introduced), Bavayia cyclura sp
(Table Island only), and Caledoniscincus haplorhinus.

Table 2 A summation of the species diversity on the three
largest islands in the Important Bird Area.

Tiam'bouéne Double Table
Native plants 40 43 44
Invasive plants 4 4 6
Total plant spp. 44 47 50
All seabirds 9 9 9
Breeding seabirds 5 4 2
Coastal birds 10 10 10
Land birds 7 8 9
Total bird species 26 27 24
Introduced ants 7 7 9
Invasive ants 1 1 1
Total ant species 8 8 10
N main habitat types 2 6 8

Ants

No sites had any native species of ants but they were all
inhabited by the highly invasive tropical fire ant (Solenopsis
geminata; Table 2; Le Breton 2008). This species is of
conservation concern for seabirds, as it can have a negative
impact on shearwater chicks (Plentovitch et al. 2009).

Plants and habitats

Plant diversity was medium to high, and the flora of
each site was of local conservation interest, even though
Double and Table islands had significant weed infestations
(Butin 2008; Table 2). Native forest predominated on
Tiam’bouene Island whereas on Table Island there was
a predominance of weeds. Double Island showed an
intermediate situation (Fig. 4). The main weed species on
these islands were leucaena (Leucaena leucocephala) and
erect prickly pear (Opuntia stricta). Table Island had a dry
forest plant of particular conservation concern: an endemic
leafflower (Phyllanthus deplanchei) (IUCN red listed
as Vulnerable). Apart from contributing to planning for
the rodent eradications, the work on habitats also helped
advocate for future ecological restoration plans for seabird
breeding habitats, as part of the IBA overall management
plan.

Monitoring of non-target species

Systematic monitoring of non-target species was not
developed for this project but searches for the bodies of
non-target species after bait spreading failed to reveal any
dead non-target species. Beach thick knees, which were
thought to be at most risk at from the baits, were observed
breeding on Double Island a few days after baiting and
continue to do so.
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Fig. 4 Comparison of vegetation types on the main islands
in this study.
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Stakeholder involvement

Local stakeholders were supportive of the proposal to
eradicate rodents from the islands and no opposition was
encountered. The objectives and methods for the rodent
eradication seemed to be widely understood and accepted
by the local community. Members of a local kanak non-
government organisation “Dayu Biik” were employed in all
field operations from initial assessment onwards. Although
not kanak tribes of the local Koumac area, Dayu Biik had
been trained by an eradication conservation project on
Mount Panié. Dayu Biik’s members provided a concrete
example of skilled people coming from indigenous kanak
communities and who are now able to earn money by
working within conservation project. They showed people
from local tribes one of the long term benefit for their
own community of supporting rat eradication (earning
money by eradicating rodents). In December 2009, after
the eradication, steps were taken by the local Koumac ‘big
chief’ to create an association for island conservation. The
Chief would like to involve his community in future seabird
and sea turtle conservation by participating in conservation
management action, such as guarding endangered seabirds
colonies during breeding or by eradicating weeds and
rodents.

Eradication outcome

The first application of bait (13 kg/ha) took place
between the 1 and 6 September and the second application
(7 kg/ha) between the 16 and 19 September 2008. No
rat sign was detected on any of the three islands during
post-eradication visits undertaken in November 2009 (13
months after baiting).

Implementation of biosecurity measures

Although it is best to implement the biosecurity
plan before an eradication operation is carried out, the
biosecurity plan for this project is a work in progress, with
biosecurity measures being progressively implemented.
The incomplete plan is due to timeframe constraints for
the project manager and the time needed for the plan to be
officially approved by all stakeholders. Although a slow
process, development of the plan is promoting long-term
co-management of the sites with local communities and
other stakeholders. Tracking tunnels and wax tags have
been deployed on Double Island and similar deployment
is underway on the two other eradication sites. The
deployment of permanent bait stations is planned, notably
at the Koumac marina on the mainland and on Magone
Island.

DISCUSSION

The success of this project can be attributed to collection
of baseline information, a well-prepared feasibility
study, robust planning, and support from all stakeholders
(especially the local community). The partnership between
the New Zealand Department of Conservation (NZDOC),
Pacific Invasive Initiative and Birdlife International was a
decisive element in assisting the local project manager, who
had no prior experience in animal pest control. The project
manager applied the eradication planning methodology
used by NZDOC within the New Caledonian situation.

The feasibility study was one of the first steps of the
eradication process and set out to answer three questions:
1) why do the eradication; 2 can it be done; 3) what will it
take? Most of the survey information collected fed directly
into the feasibility study, and any information gaps were
identified at this stage. Carrying out a feasibility study
ensured that eradication was an appropriate management
objective to help achieve the goal of seabird conservation.
In Pacific island countries baseline biological information
is often scant or absent. It is important that this information
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is gathered early in the planning process as it ensures a
robust eradication plan is developed. Baseline surveys
also added information about the need to manage invasive
weeds and pests to fully restore seabirds breeding habitat.

Eradication campaigns can often overlook the need for
support from stakeholders, particularly the local community.
This project engaged the community from the outset
with support from North Province local authorities. This
approach has been adopted for other eradication projects in
the Pacific (Pierce ef al. 2007; Wegmann et al. 2007) and
uses decentralised management by building capacity and
capability at the local level (Borrini-Feyerabend et al. 2004;
Boudjelas 2009). Support for the eradication was built
firstly by providing the local community with opportunities
to find out about the project and then by involving them
in activities like spreading bait and trapping. Although
not devoid of difficulties, this involvement helped ensure
a successful eradication and also created ownership of
the project by the local community. Greater conservation
gains can then be made through assistance with ongoing
management of the islands. This in turn increases the
likelihood of the prescribed biosecurity measures being
implemented, through an operational co-management
system.

This rodent eradication project is the third one in New
Caledonia, following those of Bell (1998) and Caut et al.
(2009). All have had conservation of seabird populations as
the ultimate goal. Our project illustrate that involving the
local community was not only a prerequisite for success
but also that it greatly improved the capacity to carry out
future eradications in New Caledonia.
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Introduced land snails in the Fiji Islands: are there risks involved?
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Abstract Fiji’s land snail fauna is highly diverse. There are over 230 species of which about 90% are native and 78%
are endemic to the archipelago. There are 18 introduced species and four that are of uncertain origin within the Pacific.
Information to allow easy identification of these species is lacking, as is related information about the risks involved
with the introduced species in respect to trade, crop production or human and livestock health. To address this latter
information gap, existing and new data on Fiji’s introduced land snail fauna were collated. This information is urgently
required to identify and manage introduced and potentially invasive species and if possible to prevent their spread to non-
infected islands. Other Pacific Island countries and territories have suffered substantial endemic land snail biodiversity
loss, particularly because of invasive snail species that are not yet present in Fiji. Except for one of these latter species, the
giant African snail (Achatina (Lissachatina) fulica), the Fiji government authorities have no baseline reference material
that allows them to quickly and accurately identify and understand the biology of even the most common introduced
snails. If not addressed this lack of information may have major long-term implications for agriculture, quarantine, trade
and human health. The alien species already introduced to Fiji are spreading unacknowledged despite several of them
being known disease vectors and agricultural pests elsewhere. This paper provides collated land snail information to
government departments such as agriculture, quarantine, forestry and environment, and in turn provides a platform on
which to build a stronger understanding of how introduced snail species may be impacting trade, agricultural production

and human and livestock health in Fiji.

Keywords: Mollusc, gastropod, slug, Pacific Islands, Parmarion martensi, invasive

INTRODUCTION

The land snail fauna of the south Pacific islands of Fiji is
unique and highly diverse. Over 230 species are recorded,
of which 22 are non-native. About 90% of the fauna is
native and 78% are endemic to the archipelago (Barker
et al. 2005). Information to allow easy identification of
species is lacking, as is collated information about the risks
non-native species pose to trade, crop production or human
and livestock health (Brodie 2009a). Many of the non-
native species are known agricultural pests and parasite
vectors elsewhere in the world. Collated information is
urgently required to detect and adequately manage non-
native species, and if possible to prevent the spread of
invasive species to non-infected islands.

Pacific Island countries and territories such as Samoa,
New Caledonia, French Polynesia and Hawaii (Fig. 1)
have lost much of their endemic land snail biodiversity
(Bouchet and Abdou 2003; Brescia et al. 2008; Cowie and
Robinson 2003; Hadfield 1986), in some cases following
the introduction of invasive snail species that are not yet
established in Fiji. Two such examples are the “rosy
wolf snail” (Euglandina rosea) and the giant African
snail (Achatina (Lissachatina) fulica). Except for the

latter species, Fijian government agencies have very little
baseline reference material that allows quick and accurate
identification of snails. This even applies to the most
common introduced terrestrial snails located close to the
well established port area of the capital Suva, on the largest
island, Viti Levu (Fig. 2). Fijian government agencies also
have relatively little collated biological information which
could be used to make management decisions or implement
monitoring programmes in relation to any of the currently
introduced land snail species. If not addressed this lack of
information may have major long-term implications for
agriculture, quarantine, international trade, and livestock
and human health in Fiji.

This current paper is part of a larger plan by the authors
to provide direct land snail identification assistance
to sectors of the Fiji government such as agriculture,
quarantine, forestry and environment, and to improve
understanding of how introduced land snail species may
impact biodiversity, economic costs and human health in
the Fiji Islands. In turn, collation of this information will
also allow estimates of the potential impact of these alien
intruders on Fiji’s established trading partners. In addition,
the current paper addresses a broader acknowledged
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need to fill major information gaps on the distribution of
introduced land snails in the Pacific Islands region (Sherley
2000).

MATERIALS AND METHODS

We compiled a checklist of land snails introduced to
Fiji using the results of surveys in many forest areas and
villages throughout the archipelago to 2005 (Barker ef al.
2005; Barker, unpublished data) and in 2008 - 2010 on
Viti Levu (Brodie 2009b; Brodie and Copeland in press;
Mila et al. 2010) and Taveuni (Brodie unpublished data).
By combining the above results with our expert knowledge
and additional published reports on aspects of distribution,
biology, ecology, and “pest” status, we added to our
checklist an estimated risk level for each species. Risk
level was identified as low, medium or high depending on
our estimate of their potential to inflict biodiversity loss,
affect agricultural production, and/or impact on human or
livestock health in Fiji.

The term ‘land snail’ as a common name is used in
preference to distinguishing ‘snails’ and ‘slugs’.

RESULTS

Eighteen species of introduced land snails from nine
families are currently known from the Fiji Islands (Table 1).
This total excludes the widespread Pacific Achatinellidae
Elasmias apertum, Lamellidea pusilla, Lamellidea oblonga
and Helicarionidae Liardetia samoensis for which precise
origins within the Pacific are uncertain.

The feeding types and diets of the introduced species
range from herbivores on fresh plant material, detritivores
feeding on dead plant material, to carnivorous predators
(Table 1). Our data suggest that the introduced Streptostele
musaecola, Bradybaena similaris, and Deroceras laeve
are restricted to areas of human habitation or disturbance.
The remaining species are found in both disturbed and
relatively undisturbed habitats and must be considered
“invasive”. Of these, nine species are considered here as
low risk, three low-medium risk and five medium-high
risk (Table 2). One species, Parmarion martensi (Fig. 3),
stands out as very high risk and very invasive because of its
hardy nature, active climbing behaviour, close association
with local crops and common presence in virtually all
sheltered habitats investigated, including the significant
forest conservation areas of Nakauvadra, Nakorotubu
and Taveuni. While the presence of P. martensi is long-
known from Fiji’s lowland to mid-altitude areas, recent
surveys by the first author indicate invasion into relatively
undisturbed high altitude areas (i.e., Taveuni, > 800 m) that
are vitally important for overall ecosystem function and the
conservation of endemic biodiversity.

Fig. 3 Parmarion martensi on decaying pumpkin in a
suburban Suva garden. Photo: G. Brodie.

DISCUSSION

Although many papers have been published about land
snails in Fiji over the last 100 years (see review of Barker et
al. 2005), this is the first to focus on non-native species in
the archipelago. The 18 species listed here include several
of the expected widespread tropical “tramp” species that
are thought to be replacing Pacific Island native/endemic
mollusc fauna (Cowie 2004). There is also considerable
overlap with the introduced land snail assemblage reported
by Cowie (2001) and Cowie and Robinson (2003) in the
neighbouring Samoan Islands, but a much lower number of
introduced species than the more than 53 species recorded
in Hawaii (Cowie 1998; Cowie et al. 2008).

Unlike the neighbouring islands of New Caledonia,
Vanuatu and Samoa, but like Tonga, Niue and the Cook
Islands, Fiji lacks two of the world’s worst invasive
land snail species: Achatina (Lissachatina) fulica and
Euglandina rosea. Achatina fulica is a direct economic
threat to agricultural production and human and livestock
health (Boray 1998; Lowe ef al. 2004; Raut and Barker
2002), while E. rosea poses severe ecological threat by its
potential voracious predation on native land snails (Cowie
2001, 2004; Lowe et al. 2004).

The risks posed by these two invasive species to Fiji
emphasize the need for biosecurity measures to conserve
the country’s distinctive and diverse endemic land snail
fauna. Lydeard et al. (2004) highlighted the global and
regional importance of Pacific Island land snail fauna,
while Sherley (2000) stressed that “prevention of entry,
rather than later control, is the most important means of
stopping the spread [and therefore effect] of pest snails™.

In a Fijian context, discussion of the exceptional need
for high-level quarantine vigilance is timely, primarily
because of the recent nomination of the island of Rotuma
(Fig. 2 inset) as a “Port of Entry” for Fijian shipping and
trade, but especially agricultural crops. Like many remote
islands in the Fijian archipelago, Rotuma has a distinctive
land snail fauna (Barker ez al. 2005; Brodie et al. 2010). To
the best of our knowledge, no recent survey of introduced
land snails has been undertaken either in Rotuma or its
intended primarily agricultural trading partner, Tuvalu. In
this context the presence or absence of high-risk Parmarion
martensi in Rotuma and/or Tuvalu is of great interest, not
only because of human health concerns and the invasive
nature of P. martensi in other parts of Fiji, but because the
species is also not yet recorded in several countries with
which Fiji currently trades, such as Australia, New Zealand
and the mainland USA.

Our reporting of P. martensi from at least three of the
13 priority forest conservation areas identified on the Fijian
islands of Viti Levu and Taveuni (see Olson et al. 2009)
makes protection of the smaller, more isolated, priority
conservation areas like Rotuma an even higher priority.

At least seven of the introduced land snail species found
in Fiji act as vectors for parasitic helminthes (Table 2), such
as the rat lung worm Angiostrongylus cantonensis, which is
associated with eosinophilic meningitis in humans (Boray
1998; Hollyer et al. 2010). Angiostrongylus cantonensis
and eosinophilic meningitis are already established in Fiji
(Alicata 1962; Sano et al. 1987; Paine et al. 1994; Uchikawa
et al. 1984). A recent study of Parmarion cf. martensi in
Hawaii (Hollingsworth e al. 2007) identified its role in
spreading A. cantonensis through an association with
poorly washed home-grown crops, such as lettuce. The
parasite has a high infection rate and the vigorous climbing
behaviour of P. martensi makes it much more likely to
come into contact with humans (and their food or water
sources) than any of the other known vectors. However,
the presence of A. cantonensis in Fijian P. martensi has not
yet been confirmed.
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Table 1 List of Fiji's introduced land snail species with feeding type and habitat.
Feeding ecology, secondary/minor trophic relations indicated in parentheses.

Species Feeding ecology Habitat

References

Agriolimacidae

Herbivore, detrit. Highland interior, in modified areas,
Deroceras laeve

carnivore including gardens, and forest margins. Barker and Efford 2004
28 g
Ariophantidae
Parmarion Herbivore, Terrestrial, and arboreal on low vegetation. .
martensi detritivore Lowland to high-elevation forests. pers. obs., Hollingsworth et al. 2007
wantula striata Herbivore, Leaf litter. Lowland to mid-elevation foreStS;pers. obs., Councilman and Ong 1988.
detritivore gardens. g
Bradybaenidae
Bradybaena Herbivore, Terrestrial, arboreal on low veg. Low to Pers. obs., Smith and Stanisic 1998;
similaris detritivore highlands, disturbed areas, incl. gardens. Chang 2002
Pupillidae
Gasfrocopta Detritivore Under stones or logs, in leaf litter. Lowland, Smith and Stanisic 1998
pediculus in forests and modified areas.
SGec;i?lfgcopta Detritivore H)rrlg:trs stones or logs, in leaf litter. Lowland Smith and Stanisic 1998
Subulinidae
Allopegs Detritivore Leaf litter. Forests and disturbed areas, most Smith and Stanisic 1998
clavulinum (herbivore) prevalent in mid-elevation forests.
., Detritivore Leaf litter. Lowlands to highlands, in forest . .
Allopeas gracile (herbivore) and modified habitats. Smith and Stanisic 1998
Detritivore Leaf litter. Lowlands to mid-elevation forest
Opeas hannense (herbivore) and disturbed habitat. Barker et al. 2005
Opeag ' Detritivore Leaf litter. Lowland to high-elevation forests Barker ef al. 2005
mauritianum and distributed area.
Detritivore . . .
Paropeas Leaf litter. Lowland to mid-elevation forests .
achatinaceum g;:iit;t,ocr;lm.’ and disturbed habitat. Naggs 1994; Barker and Efford 2004
de Almeida Bessa and de Barros
Detritivore Under stones, logs and other debris. Leaf  Araujo 1996; Smith and Stanisic 1998;
Subulina octona (herbivore) litter. Lowland to mid-elevations forests and d’Avila and de Almeida Bessa 2005;
disturbed habitat Jutickova 2006; Hollingsworth et al.
2007.
Streptaxidae
. Annandale and Prashad 1920; Dundee
. Carnivorous Under stones, logs and other debrls.. Leaf and Baerwald 1984; Naggs 1989;
Gulella bicolor litter. Lowlands, in forests and modified . o .
predator areas. including eardens Smith and Stanisic 1998, Solem 1988;
g g8 : Barker and Efford 2004
Streptostele Carnivorous Leaf litter, under stones and logs. Lowland Smith and Stanisic 1998; Hausdorf
musaecola predator disturbed forests. and Medina Bermudez 2003
Veronicellidae
Under stones, grass, decaying wood, leaf . )
. . Herbivore, litter & ground crevices. Lowland to high- pers. obs., BISh,Op 1977; Raut and
Laevicaulis alte o . . . Panigrahi 1990; Smith and Stanisic
detritivore elevation forests, plantations and moist tall 1998- G d Thomé 2004
grasslands. » omes an ome
Under stones, grass, decaying wood, leaf . Qs
Sarasinula Herbivore, litter and ground crevices. Arboreal on ggi‘i;‘gsi’ggés.hﬁgeld?;’ aSlmzlg(l)gnd
plebeia detritivore low vegetation. Lowland to mid-elevation - : ’
: Gomes and Thomé 2004
forests, plantations, grasslands and gardens.
Zonitidae
quaiia Prob. carnivorous Leaf litter. Lowland, disturbed areas. Kano 1996; Smith and Stanisic 1998
minuscula predator
Valloniidae
Ptychopatula Detritivore Arboreal, on tree trunks and branches. Solem 1964, 1988; Smith and Stanisic
orcula Lowland forests. 1998

Smith and Stanisic 1998; Barker 1999;
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Table 2 Currently known status of introduced land snail species considered to be present in the Fiji Islands archipelago.

Where risk  Estimate of

Species Place of origin Recorded pest/risk type recorded risk in Fiji References
Allop eas Probably tropical No known threats n/a low
clavulinum  East Africa
Allopeas Probably No known threats n/a low
gracile neotropics
Bradybaena . Crop pest; vector of human ... . medium to . .
similaris Asia and livestock parasites Fiji, Australia high Alicata 1965; Godan 1983
Deroceras Holarcic and Crop pest: vector of human low to Mackerras and Sandars 1955;

possibly Andean P Pest, . Australia ; Alicata 1965; Smith and
laeve : and livestock parasites medium P

South America Stanisic 1998

Indonesia.
Gastrocopta Probably western Status unknown could n/a low
pediculis Pacific-Australiancompete with native species

area.
Gastrocopta .t Indies Status unknown, could /a low
servilis compete with native species
Gullella Indian Predator of native fauna . medium to . .
bicolor subcontinent (micro predator on snails) Australia high Smith and Stanisic 1998
Hawaiia Canada to Status unknown, could prey

3 . . n/a low
minuscula northern Mexico on native fauna
Laevicaulis Africa Crop pest; vector of human Australia, medium to Alicata 1965; Malek and
alte and livestock parasites Hawaii, Samoa high Cheng 1974; Liat et al. 1965
Opeas Tropical Central Status unknown n/a low
hannense America
Opeas Unknown, Status unknown n/a low
mauritianum probably India
Parmarion g oot Asia Yector of human and Hawaii. Japan very hieh  Hollingsworth ez al. 2007,
martensi livestock parasites, crop pest - 1ap Ty g Hollyer et al. 2010.
. Vector of human and . .
Paropeas South-east Asia, livestock parasites, competesHawan’ Pacific low to Alicata 1965, Cowie 2000.
achatinaceum Indonesia : : : Islands medium
with native species

Ptychopatula .

India Status unknown n/a low
orcula
Quantula Southern Malay Status unknown, may wa low
striata Peninsula compete with native species
Sarasinula Central America Crop pest; vector of human Honduras medium to www.invasive.org; Alicata
plebeia and livestock parasites high 1965; Rueda et al. 2002
Streptostele West Africa Predator of native fauna Australia mediym to Smith and Stanisic 1998
musaecola (micro predator on snails) high

. . ) de Almeida Bessa and
Subulina Carlbbean and Crop.pest, vector of human Brazil, Hawaii low to de Barros Araujo 1996
octona tropical America and livestock parasites medium :
Hollingsworth et al. 2007

CONCLUSION

Increased collaborative effort is required to collate
and disseminate available land snail information in a user
friendly format. Improved access to such information will
assist with baseline surveys of isolated priority conservation
areas. Although eradication of pest snail species may not
be technically possible (Sherley 2000), preventing entry
or halting the spread of high-risk pest snails into some
countries and islands is more likely to be achieved when
local awareness strategies are in place. For the high risk
species such as Parmarion martensi, these awareness
strategies should include provision or reinforcement of the
need for preventative public health measures for both local
communities and tourist facilities.
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Abstract Feral cats are a substantial threat to native and endemic fauna on islands and are being eradicated with
increasing frequency. Worldwide, 87 campaigns have been completed on 83 islands, for a total area of 114,173 ha.
Nineteen unsuccessful eradication attempts are known on 15 islands and lessons learnt from those failures are provided.
At least five campaigns are currently underway. We review past cat eradication campaigns, and the methods used to
eradicate and detect cats in those campaigns. We also review recent advances in eradication and detection methods. We
outline proposed eradications and document a trend for increasingly larger islands being considered, but note that although
post-eradication conservation impacts are generally positive, there have been some negative ecosystem impacts.

Keywords: Felis catus, detection methods, island restoration

INTRODUCTION

While islands make up a small percentage of the earth’s
total area, they harbour a relatively large percentage of
biodiversity, including many threatened species. Islands
have also suffered the largest proportion of historic and
prehistoric extinctions (Martin and Steadman 1999;
Groombridge and Jenkins 2002), many of which are
attributable to non-native mammals. On islands, non-native
rats (Rattus spp.), cats (Felis catus), mongoose (Herpestes
auropunctatus), goats (Capra hircus), pigs (Sus scrofa)
and other introduced mammals have caused localised
extirpations, global extinctions and altered ecosystem
processes (Coblentz 1978; Ebenhard 1988; Whittaker
1998; Towns et al. 2006; Hays and Conant 2007; Jones et
al. 2008). Feral cats prey on many taxa from invertebrates
to large seabirds, and are known to have contributed to
over 8% of all bird, mammal and reptile extinctions and
to the declines of almost 10% of critically endangered
birds, mammals and reptiles (Bonnaud et a/. 2011; Medina
et al. 2011). However, invasive species eradication is
becoming a well established means of restoring affected
islands, with >775 eradications now documented (Keitt
et al. 2011). Reviews of introduced insular mammal
eradications have been published for feral cats, goats,
donkeys (Equus asinus), mongoose, and commensal
rodents (Rattus spp., Mus musculus) (Nogales et al. 2004;
Campbell and Donlan 2005; Carrion et al. 2007; Howald
et al. 2007; Barun et al. 2011). However, difficulties with
collecting unpublished information about eradications and
their global scope, mean that reviews typically overlook
some eradications. Additionally, the rapid evolution of this
field and the increasing rate at which eradications are being
conducted mean that reviews are quickly out-of-date. The
cat eradication review by Nogales ef al. (2004) was a
landmark paper and has set the stage for future reviews.
With insular eradications becoming increasing important
to the conservation of biodiversity, we feel that it is timely
to update and expand the earlier review to include the
numerous additional eradications and technical advances
that contributed to their success.

In this paper we review those aspects of cat eradication
that will provide useful information for future campaigns.
We re-evaluate analyses made by Nogales et al. (2004),
including island size and eradication methods then
add analyses for detection methods. We review new
developments in toxicants, baits for aerial spreading of
toxicants, and their potential impact on the field of cat
eradications. An overview of detection methods that

are used to find the last animals and assist in confirming
eradication is provided. Of these we highlight preferred
techniques. Lastly, we provide an overview of post cat
eradication ecosystem responses and recommendations for
applied research.

ERADICATION METHODS

Cat eradications have been attempted on islands in all
the world’s oceans. We found 87 successful campaigns on
83 islands, representing 114,173 ha, that range in size from
5-29,000 ha (Appendix 1). We also identified 19 feral cat
eradication campaigns that failed on 15 islands (Appendix
2). A further five campaigns are known to be in progress.

Of the 87 successful campaigns, eradication methods
are known for 66 (76%). On average, each campaign
employed 2.7 eradication methods including leg-hold traps
(68%), hunting (59%), primary poisoning (31%), cage
traps (29%), and dogs (24%) (Appendix 1).

All successful campaigns for which methods are known
on islands >2500 ha (n=9) utilised primary poisoning with
toxic baits, with the exception of Santa Catalina (3890
ha) and San Nicolas (5896 ha). Interestingly, seven failed
campaigns on the five largest islands (all >400 ha) for which
methods are known did not use toxicants. Toxin use does
not guarantee success since five campaigns with toxic baits
on four islands <400 ha failed. Of the successful campaigns,
17 campaigns (26% of all) used sodium monofluoroacetate
(1080) for primary poisoning. Two campaigns used an
unknown toxicant, one campaign used the herbicide
paraquat, and another used para-aminopropiophenone
(PAPP). Secondary poisoning, leveraged through rodents
poisoned with brodifacoum was used in 11 campaigns
(17% of all successful), but percent mortality (knockdown)
of cats varied. For example, secondary poisoning through
eradications of R. norvegicus and R. exulans was attempted
on the New Zealand island of Tuhua, and all cats were
removed. However, on Motuihe Island (with R. norvegicus,
Mus musculus) rabbits were also present, which appeared
to be a poor vehicle for transmitting the toxin to cats, and
only a 21% population reduction was achieved (Dowding e?
al. 1999; Towns and Broome 2003; P. Keeling pers. comm.
2010). Where rabbits are not present, knockdown rates of
>80% can be expected for cats when rodents are targeted
simultaneously for eradication using brodifacoum. Only
three eradications have been completed solely utilising
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toxin-based methods. In all projects that employ toxins,
managers should plan to use other eradication methods to
remove remaining animals and capitalise on the population
knockdown.

Cage traps have been used with mixed success. Some
reports indicate that cage traps were so inefficient at
catching feral cats that their use was abandoned in favour
of other methods (Domm and Messersmith 1990; Twyford
et al. 2000; Bester et al. 2002). However, cage traps can be
useful on inhabited islands where capture and sterilisation
of domestic cats is a priority, where domestic cats are non-
targets, or where live removal of some animals is a goal.
Other traps, such as padded leg-hold live traps are effective
at capturing cats and the animals can be dispatched or
removed unharmed for sterilisation or live removal (e.g.,
Hanson et al. 2010). Sterilisation of domestic cats on
inhabited islands has been used in 8% of all successful
campaigns and is being used in two projects that are
currently underway (Hilmer ef al. 2009). Sterilisation of
domestic cats is in some cases combined with registration,
micro-chipping, legislation or agreements that restrict the
importation of cats to sterilised animals or prohibit their
importation entirely. Other campaigns, such as on Baltra
(Galapagos Islands), utilised agreements to prohibit
domestic cats and their importation; pet cats were exported
or euthanased.

A relatively new eradication method is fumigation in
holes (Springer 2006). The use of aluminium or magnesium
phosphide tablets to create phosphine gas that asphyxiates
cats in holes may be a valuable method in future campaigns.
Cats are highly sensitive to phosphine gas, having a 30
minute lethal gas concentration of 80 ppm, compared to
2400 ppm for rabbits (CDC 1996).

Contrary to claims by proponents of Trap-Neuter-
Return (TNR) that it will eventually eliminate cat
populations (Longcore et al. 2009), feral cats have not been
eradicated from any island utilising this technique. There
was one unsuccessful campaign where TNR was employed
(Appendix 2). Like domestic sterilised cats, neutered
feral cats limit the detection methods that are suitable for
confirming eradication (e.g., Ratcliffe e al. 2009).

We could find cost data for <10% of all successful
eradications. To report costs in a single currency, we
converted cost data for each year from its native currency
to US$ using historical exchange rates for that year
(http://fx.sauder.ubc.ca/data.html). If annual cost data
were not available, we averaged costs over the years of
the campaign. To report costs in a single time period, we
adjusted for inflation using historical US annual inflation

rates (http://inflationdata.com/). All costs, unless future
predicted costs, are expressed in 2009 US dollars (USS$).
Successful campaigns varied in cost from US$4 — 431/ ha
(Table 1).

Feral cat eradication campaigns that we reviewed had
a failure rate of 22%. Failures were usually attributed to
a lack of institutional support to complete the action, the
use of inappropriate methods, and inappropriate timing of
those methods. More than half of all successful eradications
were on islands <200 ha. Although cats were usually
easier to remove from small than large islands, >50% of all
known failures were also on islands <200 ha (Appendix 2).
Failures on small islands appear to be characterised by a
lack of planning and inadequate financial and institutional
support. The lack of planning is likely responsible for one
of the primary causes of failure: inappropriate timing and
methods.

DETECTION METHODS AND CONFIRMING
ERADICATION

Inadditionto the elimination of cats, asecond component
of eradication campaigns is the use of appropriate methods
of detection. Detection methods are crucial to removing
the last cats and to determine that the eradication was
successful, but these methods have received inadequate
attention. Detection methods also help managers determine
whether management actions may need modification, such
as altering eradication methods, focusing effort in space to
remove the last individuals, and gaining insight as to when
the last animal may have been removed. In addition, these
measures can provide indices of abundance, which are
useful for determining the effectiveness of each eradication
method employed. Ideally, some detection methods
should be independent of eradication methods, so they
are not influenced by any aversion induced in the animals.
Managers can use detection information, combined with
catch-per-unit-effort data from eradication methods to
increase confidence that eradication is complete. This
approach can also be formalised by conducting detection
probability analyses to quantify the likelihood of an animal
being detected if present (Ramsey ef al. 2011).

Detection methods are known from 49 (56% of all)
successful cat eradication campaigns (Appendix 1) to
search for animals at low densities and to aid in confirming
eradication. Commonly used methods were: searching for
sign such as footprints, latrines, scat, prey remains (94%),
trapping (71%), spotlighting (49%), track pads (43%)
and dogs (43%) (Appendix 1). Other methods used were
camera traps, baiting, audio and olfactory attractants,

Table 1 The cost (in 2009 US$) of successful insular cat eradication campaigns.

Island Area (ha) Cost US$ ,000s USS / ha Source

San Nicolas 5896 2543* 431* Island Conservation unpublished data
Wake Atoll (3 isl.) 650 206 317 M. Rauzon pers. comm. 2007

Raoul 2943 832 283  G. Harper pers. comm. (cats and rodents)
Macquarie 12,870 2544 198  S. Robinson pers. comm. 2008

Plata 1420 260 183  Island Conservation unpublished data
Ascension 9700 1300 134  Ratcliffe et al. 2009

Mayor (Tuhua) 1277 86 67  Towns and Broome 2003 (cats and rodents)
Baltra 2620 1441 557 C. Sevilla pers. comm. 2007

Faure 5800 26 4  Algaretal 2010

* Excludes $680,000 in fox mitigation and costs of live removal of cats (A. Little pers. comm. 2010), including these costs
the campaign cost $547/ha.
T 47% of total expenditure was spent confirming eradication.
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molecular techniques, reproductive status, hair snares and
local inhabitants reporting sightings. On average, each
campaign employed 3.8 detection methods.

Detection methods most commonly used in cat
eradications (Appendix 1) were a combination of searching
for sign and an absence of captures in traps. These methods
are effective where appropriate substrate allows sign to be
easily read and non-target species such as goats, foxes, and
seabirds do not confuse or erase sign. In these situations, the
probability of detecting sign is increased, trap placement
is facilitated, and a paucity of non-target captures allows
traps to be available exclusively for cats. Other methods
are required where inappropriate substrates exist, or non-
target species confound detection. Trappers often create
track pads along likely cat travel routes, providing a place
in which to later read sign of predictable age and facilitate
trap placement. However, track pads are typically informal
(a quick smoothing of existing substrate) and often go
unreported. Dogs have often been used as a hunting and
detection tool. There is great potential in using specialist
cat dogs, which have been selectively bred or specifically
trained for this purpose (e.g., Wood et al. 2002). Camera
traps have high rates of detection probability when at
appropriate densities and are cost effective when compared
to other methods, particularly if substrate is poor for reading
sign or when cats are at low densities (Ramsey ef al. 2011).
In a test of several types of camera traps for detecting feral
cats, Reconyx Hyperfire No Glow PC900 cameras were
competitively priced and had superior battery life, noise
and visible light generation, trigger speed and sensitivity,
and picture quality (Island Conservation unpublished
data). Traps, track pads, camera traps, and hair traps may
incorporate visual, auditory or olfactory lures or food baits
in an attempt to attract cats.

We recommend that records of the sex and reproductive
status of the last animals are kept if these data are available
when methods such as trapping are used. Reproductive
condition of females is a useful indicator of the presence of
males. Foetuses and offspring can be aged (Knospe 2002)
to determine whether the last male removed could have
sired them. In addition, age of first conception in female
cats, which is a minimum of 155 days (Jochle and Jochle
1993), and the presence or absence of uterine placental
scars, may be used in a similar way. Further, placental scars
may be used to estimate litter size and number of litters in
felids (Mowat ef al. 1996).

Prior to or during an eradication, DNA samples of
the population can be collected and stored at little cost. If
animals are found after the eradication, samples can then
be analysed and microsatellites compared with the original
population. This technique may enable determination
of whether animals evaded eradication efforts, were
introduced, or a combination of these (Abdelkrim et al.
2007). Further, DNA analysis can be used to identify
individual animals, their sex and determine parent-offspring
relationships, which may be important in some situations
when dealing with the last animals (Forsyth et al. 2005).
Blood, tissue samples, facces and hair with follicles may
be used to extract DNA for analysis (Forsyth ef al. 2005).

The last cat(s) can be difficult to detect, and once
detected may be extremely difficult to capture or kill, as
was found on Baltra, Raoul, Santa Catalina, Wake and
Serrurier Islands (Moro 1997; Phillips et al. 2005; A. Cox
and B. Wood pers. comm. 2007; Rauzon et al. 2008). This
highlights the importance of an eradication ethic matched
with appropriate techniques and skilled staff to minimise

escapes and avoid educating animals (Morrison et al.
2007).

Confirming the absence of cats can cost as much if not
more than the rest of the eradication campaign (e.g., Baltra,
Table 1). An ability to detect cats at low numbers plays a
major role in the cost of confirmation and is an area where
applied research is needed.

PROPOSED ERADICATIONS

Several insular cat populations are targeted for
eradication in the near future. Islands on which cat
eradications are in progress include: Robben (507 ha),
South Africa; Juan de Nova (440 ha) and Grande Gloricuse
(700 ha), France; and Home (95 ha), and West (623 ha),
Australia (L. Underhill pers. comm. 2007; Hilmer et al.
2009; M. Le Corre pers. comm. 2010). Large islands for
which cat eradications have been proposed within the
last decade include: Socorro (13,200 ha) and Guadalupe
(26,469 ha), Mexico; Floreana (17,253 ha), Ecuador;
Auckland (45,975 ha) and Stewart or Rakiura (169,464
ha), New Zealand; and Dirk Hartog (62,000 ha), Western
Australia (Beaven 2008; P. McClelland pers. comm. 2009;
V. Carrion pers. comm. 2010; L. Luna pers. comm. 2010;
Algar et al. 2011).

RECENT ADVANCES

Aerial techniques such as bait broadcast and aerial
hunting along with the use of GPS and GIS have been
of great benefit to rodent and goat eradications over
large areas and sites with complex terrain (Campbell and
Donlan 2005; Howald et al. 2007; Lavoie et al. 2007).
Second generation anticoagulants have increased the
feasibility of rodent eradications (Howald et al. 2007).
Similarly, aerial baiting techniques against cats provide
methods for the rapid knockdown of populations over
large areas and complex terrain. The method is enabled
by the development of specialist baits for toxin delivery
that remain palatable for weeks (Algar ef al. 2011; Algar
and Burrows 2004). The rapid and economical knockdown
of >90% of a cat population can enable eradications to be
conducted in weeks, rather than years (Algar ef al. 2011;
Algar et al. 2002). Non-target species may be affected by
cat eradication methods or may decrease the efficacy of
those methods by consuming bait. Such species increase the
complexity of eradications and are a particular challenge.
Recent developments in toxins and their applications seek
to minimise impacts on non-target species and increase
the humaneness of this method. Alternative toxins, such as
PAPP, toxicant encapsulation, and exploiting physiological
attributes of cats not shared by non-target species, should
reduce the risks to other species (Marks et al. 2006;
Hetherington et al. 2007; Murphy et al. 2007; Johnston et
al. 2011). On tropical islands, bait consumption by crabs
and decreased palatability from baits being swarmed by
ants can pose problems. The use of a residual insecticide,
(e.g., permethrin; Coopex, Bayer, Pymble, Australia),
which is now integrated into the bait matrix, reduces ant
attack while not affecting bait palatability to cats (Algar
et al. 2007). To reduce non-target bait consumption, a
gantry device has been developed that allows cats to access
baits but excludes crabs, rats and other non-targets (Algar
et al. 2004; Algar and Brazell 2008). Baits and leg-hold
traps have also been placed on top of buckets filled with
sand to reduce crab predation and captures (Ratcliffe et al.
2009). Preliminary results from paired food tests indicate
that aniseed (Pimpinella anisum) may be an effective
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hermit crab (Coenobita perlatus) deterrent (A. Wegmann
unpublished data). Further, crabs consuming toxic baits
are an additional risk for human populations that consume
crab (Pain et al. 2008). Future research into compounds
for deterring crab consumption of baits could increase the
feasibility of conducting cat (and rodent) eradications on
tropical islands.

Padded-leg-hold traps such as Victor Oneida # 1.5
soft-catch round-jawed traps are the most commonly
used technique in eradicating cats from islands. However,
square jawed padded traps provide faster setting, and a
greater effective catch area than comparative round jawed
traps. Bridger #2 four spring offset custom padded traps
are one option and were used effectively on Isla de la
Plata. When trap anchors are driven into the ground with
wire cable, trappers should use copper ferrules rather than
aluminium ferrules to avoid galvanic corrosion, which can
result in total decay of ferrules within 21 days, particularly
on islands where soils are often high in salts and moisture
(Hanson et al. 2010).

Leg-hold traps effectively capture feral cats when
deployed appropriately (Wood et al. 2002), but have
the disadvantage of ethical and often legal requirements
to check them frequently. Two developments have the
potential to fulfil ethical standards while increasing the
cost effectiveness of programmes. Telemetry based trap
monitoring systems have recently been used on San Nicolas
Island to fulfil checking requirements. The trap monitoring
system decreased person-hours required to check traps to
one-tenth of the effort without the system, and increased
animal welfare standards by allowing animals to be
removed from traps more promptly (Will ef al. 2010). Trap
monitoring systems can be used for live and kill traps. For
small projects, the use of handheld antennae rather than a
system of repeaters, as used on San Nicolas, may provide an
effective system that will reduce project costs. Trap tabs are
small rubber or plastic reservoirs filled with a tranquilising
agent and attached to the jaw of a leg-hold trap (Savarie et
al. 2004). When canines are captured they bite the trap jaw,
piercing the reservoir and are sedated, decreasing injury
rates (Savarie et al. 2004), whereas trapped feral cats do not
bite down on trap jaws. Research is underway to develop a
trap tab on a throw arm for feral cats that could incorporate
a toxicant (e.g., PAPP) or sedative agent (D. Algar pers.
comm. 2010). Successful development of this device could
provide a humane kill soon after animals were captured,
potentially reducing checking requirements.

Specialist cat hunting dogs are a promising detection
method, as was indicated by their use on San Nicolas Island
(Hanson et al. 2010). If required, aversion training can
ensure dogs are not a threat to non-target wildlife (Tortora
1982). Furthermore, methods exist to train dogs to avoid
toxic baits, and the degradation rate of the compound in
baits can be used to determine when it is safe to use dogs
in treated areas. Dog tracking by GPS can provide benefits
in the field and help managers evaluate terrain coverage
of hunters and dogs by GIS. Astro GPS dog tracking units
(Garmin, Olathe, Kansas, U.S.) make these activities more
economical, but data are frequently lost when there is
no line of sight radio signal between the transmitter and
handler’s GPS. A data saving collar would rectify this
problem.

Sentinel cats fitted with radio telemetry or GPS collars
incorporating mortality features may be used to monitor
the effectiveness of methods (Phillips er al. 2005). The
capture method for sentinel animals should not bias results.
For example, cats captured using bait may be pre-disposed
to consuming toxic bait. Blind leg-hold trap trail sets are
likely to be the preferred capture method for sentinel
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animals in most cases. GPS collars can provide additional
information on the movements of animals, and potentially
alert managers to avoidance strategies being employed by
remnant animals.

GIS is possibly one of the most powerful and accessible
management tools available for managers of eradication
projects. The recent integration of ruggedised handheld
field computers with integrated GPS and custom databases
facilitated the acquisition, management and interpretation
of large amounts of data on San Nicolas Island (Will et al.
2010).

Because detecting the last individuals and confirming
eradication is so costly for cats, detection probability
methods should help managers of future projects to
determine stopping rules based on the probability that
they would have detected an animal had one been present
(Ramsey et al. 2011). Furthermore, by combining cost-
per-unit-effort with forecasts for maximising detection
(and removal) probability from existing data, managers
could model each method’s cost effectiveness in detecting
and removing the last animals and confirming eradication.
This would inform decisions about how to deploy the most
efficient and cost-effective methods. The incorporation of
marked and sterilised cats into the population early in a
campaign or before removal methods are applied should
improve estimates of probability of detection and removal
(Ramsey et al. 2011). Data from detection devices can also
be used to calculate population estimates (Ramsey et al.
2011), and this could be used in near real time throughout
a campaign and refined as data becomes available. The
development of these management tools will likely only
be cost effective for medium-large campaigns until the
deployment of these tools becomes more frequent.

The presence of non-target species can influence
the selection of methods but trapping techniques have
been developed for areas with similar sized non-target
carnivores. For example, severe injuries were reduced on
endemic foxes on San Nicolas Island when padded leg-hold
traps were matched to the size of the non-target species,
additional swivels fitted, anchors made as short as possible,
and all vegetation that could foul swivels was removed.
Walk through sets were identical and a novel scent placed
to facilitate recognition and avoidance by endemic foxes;
being captured in traps acted as conditioned aversion
training. During a 20 day trial, fox captures decreased
95% when comparing the first and last five days, while
cat capture rate remained constant (Island Conservation
unpublished data). This also demonstrates the risk of
poorly set traps, where escape induces aversion to sets. On
San Nicolas Island, costs became inflated by restrictions on
methods available due to the presence of an island endemic
fox (Hanson ef al. 2010; Table 1). In contrast, although
Faure Island is similar in size to San Nicolas, it lacked
non-target species that required mitigation or restricted
the selection of methods (Algar et al. 2011). Cats were
eradicated from Faure Island for <1% of the cost of San
Nicolas Island (Table 1).

Funding and social issues appear to be the main factors
limiting many eradications occurring (Campbell and
Donlan 2005; Howald et al. 2007), and this is also true for
cats. Increasing the efficacy of eradications, particularly
confirming eradication, and efficiently implementing
multiple species eradications are the primary technical
challenges. The use of legislation, spay and neuter,
identification by micro-chipping, registration of pets and
prohibition or control of importation, will become more
common as eradications on inhabited islands involve
feral populations of species that are also kept as pets or
farm animals (e.g., Ratcliffe e al. 2009). Working with
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communities will be a key component of eradicating cats
from inhabited islands. Biosecurity aimed at preventing
introductions or reintroductions must also be key
components of island management strategies.

POST ERADICATION IMPACTS

Positive responses have been reported for populations
of small mammals, reptiles and birds when cats were
eradicated (McChesney and Tershy 1998; Donlan et al.
2003; Keitt and Tershy 2003; Rodriguez-Moreno et al.
2007). Along with increases in extant populations, the
creation of introduced predator free habitat can make
areas suitable for re-introductions. For example, after
cats were eradicated from Faure Island, four species of
threatened native mammals that were extirpated by the
cats have been successfully re-introduced (Richards 2007).
Unassisted recolonisation of species that were extirpated
is not uncommon for birds, and often begins soon after
cats were eradicated (Schulz et al. 2005; Dowding et al.
2009; Ortiz-Catedral et al. 2009; Ratcliffe et al. 2009).
Consideration of food web dynamics, and in some cases
modelling interactions, may assist in predicting the
impacts on conservation targets. For example, Russell e?
al. (2009) modelled rodent-cat assemblages and the impact
of eradicating or leaving cats on islands with small long-
lived seabirds. Their models suggested that superpredator
eradication is crucial for the survival of long-lived insular
species. However, cat eradications may also produce
unexpected negative ecosystem impacts such as increased
predation rates on seabirds (Rayner ez al. 2007). A report of
negative impacts induced by cat eradication on Macquarie
Island (Bergstrom et al. 2009) was much publicised by
the popular press, but several contributing factors were
involved and the absence of cats may have been relatively
minor among them (Dowding et al. 2009).

Before cat eradications are planned, potential positive
and negative impacts should be considered in any feasibility
analysis. Mitigation actions such as the eradication of other
introduced species may also need to be planned. Mixed
ecosystem responses to eradication are not restricted to
cats (Zavaleta et al. 2001; Campbell and Donlan 2005).
In addition to considering potential negative impacts on
conservation values, managers should also consider the
sequence in which invasive species are removed, and plan
eradications so that the removal of one species will not
complicate or prevent the future removal of another.
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Appendix 1 Successful cat eradication campaigns and the eradication and detection methods employed. In the methods

columns a “Y” indicates that the method was used and a “~” indicates that the method was not used or there is no
information.
Eradication Methods Detection/Confirmation Methods
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Eradication Methods Detection/Confirmation Methods
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Country abbreviations: AU Australia, BR Brazil, EC Ecuador, ES Spain, FJ Fiji, FR France, MY Mexico, MU Mauritius, NZ New Zealand,

PT Portugal, SC Seychelles, UK United Kingdom, US United States of America, ZA South Africa.

Other methods: ** primary/secondary poisoning with brodifacoum; A, fumigation in holes; B, hand capture; C, live removal; D,
secondary poisoning from aerial 1080 for rabbit eradication and possibly pindone ground laid baits; E, clubbing w/sticks; F, paraquat
herbicide in meat baits; G, ground laid baits with unspecified toxicant; H, camera traps; |, hair traps; J, local inhabitants reporting
sightings; K, PAPP baits dispersed aerially and from ground. * domestic cats removed by medical officer due to toxoplasmosis in 1974.
Holdgate (1965) reports feral cats over entire island, but none are present today. 1 inhabited. % cats not eradicated in 1981 as reported
by Veitch and Bell 1990. a single cat removed. [] cats reintroduced in 1966. € 1966 reintroduction was eradicated in 1986 and is

reported in Nogales et al. (2004) as 1979 eradication. Q one male cat hidden by villager, not neutered. No restriction on reintroduction

of cats.
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Sources: ' Nogales et al. 2004. 2 Bester et al. 2002. ® Springer 2006. 4 Holdgate 1965; P. Ryan pers. comm. 2007. ° Ratcliffe et al.

2009. ¢ Algar et al. 2011. 7 B. Wood pers. comm. 2007 and 2009; L. Luna pers. comm. 2010; Aguirre et al. 2008. & Broome 2009; A.

Cox pers. comm. 2007; G. Harper pers. comm. 2010. ° Veitch 2001. ° Phillips et al. 2005. "' R. Griffiths pers. comm. 2010. "2 Algar et
al. unpublished data. ' Island Conservation unpublished data. ™ Towns and Broome 2003. ** Donlan et al. 2000. '® Algar et al. 2002.

7 R. Valka pers. comm. 2010. '® Bonnaud et al. 2011. ' Rauzon et al. 2008; M. Rauzon pers. comm. 2007. 2° Rauzon 1985. ?' Island
Conservation database. 22 Merton et al. 2002. 2 L. Underhill and A. Wolfaardt pers. comm. 2007. >* Rodriguez et al. 2006. 2> Moro 1997.
2 P, Keeling pers. comm. 2010. 2 Merton 1961. 28 King 1973. 2 M. Rauzon pers. comm. 2007. *° Twyford et al. 2000. 3' Evans 1989. 3
Mitchell et al. 2002. 3 Domm and Messersmith 1990. 3* Parr et al. 2000. * B. Nagle and C. Morley pers. comm. 2009. % K. Faulkner
pers. comm.; Knowlton et al. 2007. %" B. Wood pers comm. 2008. 3 M. Hermosillo-Bueno pers. comm. 2010 to L. Luna. * Aguirre
Mufoz et al. 2003. 4 Sanchez Pacheco and Tershy 2000. ' Aguirre Mufioz et al. 2004. “2 Hanson et al. 2010; Ramsey et al. 2011. ® Sue
Robinson unpublished data.

Appendix 2 Unsuccessful cat eradication campaigns
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Island (ha) ] Methods Year(s) Reason for failure
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Grande Terrf: 650,000 FR Hunting 1960, 1970- Effort ceased once at low numbers (both efforts).
(Kerguelen) 77
Campaign abandoned when rat and mice numbers increased
Amsterdam?> 5500 FR Unknown pre 1957  which was believed to be a response to decreased cat
density.
Raoul® 2043 NZ Dogs, hunting  1970s Caused inefficiency in a concurrent goat eradication
campaign and was stopped.
Little Barrier* 2817 NZ Plsease, leg-hold 1968-9 Lack of continuity / insufficient effort.
raps, cage traps
Plata’ 1420 EC Cage traps, trap- 2006-07 Inappropriate methods, unable to trap all animals / not all
neuter-release animals at risk.
-6 . 1964-68, Lack of continuity / insufficient effort / only single
Jarvis 410 US Hunting 1973-78  technique.
South Molle 1380 AU Ground laid 1080 1985-86 Staff at the resort hid cats in their rooms. Not all animals
(Queensland) baits, hunting were at risk.
. Single cat. Failed shooting attempts caused wariness (1*
Serrurier® 188 AU Ground laid 1080 1987-90, attempt). Abundant food source (breeding seabirds) when
baits, hunting 1995 . S : P st nd
baits laid; inappropriate timing (1% and 2™ attempt).
Complete eradication or knockdown on cat population
Motuihe Brodifacoum anticipated by primary/secondary poisoning but only
: aerial baiting 21% population reduction achieved, possibly as rabbits
(Hauraki 179 Nz f dents and 1997 tor for toxin. Funding for foll K
Gulfy? or rodents an poor vector for toxin. Funding for follow-up work was
rabbits unavailable. Inappropriate method / not all animals at risk /
lack funding.
Howland!® 166 uUs flunting, kill 1977-79 Lpn% grass - hunting ineffective, inappropriate methods
raps, cage traps didn’t put all animals at risk.
Seasonal presence of main prey species unknown at the
Tasman'! 12 120 AU Ground laid 1080 1977-80 time, contributing to not all cats being vulnerable to baiting.
(Tasmania) baits, hunting Program halted after 3-4 years effort. Unable to kill animals
faster than they reproduced, lack of concentrated effort.
Little Gr‘eerll2 g7 AU Cage traps 1983-84 Inappropriate method. Old cat scat found in December 2007
(Tasmania) during a brief visit.
San Roque® 79 MY Hunting Late 1980s Campaign abandoned, majority of cats removed. Insufficient
institutional support.
Asuncién> 68 MY Hunting Late 1980s Campaign abandoned, majority of cats removed. Insufficient
institutional support.
Leo-hold traps Attempted on a limited budget. At the time, eradication
Wedge 43 AU ca gge traps, Ps, 2003, 2004 not a priority action for the managing bodies, insufficient

(Tasmania)'?

hunting, dogs

institutional support for each campaign. Prints and scat
present 2008.

Sources: 1 Lorvelec and Pascal 2005; Chapuis et al. 1994. 2 Reppe 1957 cited in Holdgate and Wace 1961. 3 Parkes 1990. 4 Veitch

2001. 5 G. Banda pers. comm. 2007. 6 Rauzon 1985. 7 K. MacDonald pers. comm. 2007. 8 Moro 1997. 9 Veitch 2002; Dowding et al.
1999; P. Keeling pers. comm. 2010. 10 M. Rauzon pers. comm. 2007. 11 Brothers 1982. 12 S. Robinson unpublished data. 13 Donlan
et al. 2000; B. Tershy pers. comm. 2010.
Country abbreviations: AU Australia, EC Ecuador, FR France, MY Mexico, NZ New Zealand, US United States of America.
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Preparations for the eradication of mice from Gough Island: results of
bait acceptance trials above ground and around cave systems
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'Royal Society for the Protection of Birds, The Lodge, Sandy, Bedfordshire, SG19 2DL, United Kingdom.
<richard.cuthbert@rspb.org.uk>. *DST/NRF Centre of Excellence at the Percy FitzPatrick Institute, University of
Cape Town, Rondebosch 7701, South Africa.

Abstract Gough Island, Tristan da Cunha, is a United Kingdom Overseas Territory, supports globally important seabird
colonies, has many endemic plant, invertebrate and bird taxa, and is recognised as a World Heritage Site. A key threat to
the biodiversity of Gough Island is predation by the introduced house mouse (Mus musculus), as a result of which two
bird species are listed as Critically Endangered. FEradicating mice from Gough Island is thus an urgent conservation
priority. However, the higher failure rate of mouse versus rat eradications, and smaller size of islands that have been
successfully cleared of mice, means that trials on bait acceptance are required to convince funding agencies that an
attempted eradication of mice from Gough is likely to succeed. In this study, trials of bait acceptance were undertaken
above ground and around cave systems that are potential refuges for mice during an aerial application of bait. Four trials
were undertaken during winter, with rhodamine-dyed, non-toxic bait spread by hand at 16 kg/ha over 2.56 ha centred
above cave systems in Trials 1-3 and over 20.7 ha and two caves in Trial 4. Totals of 460, 202 and 95 mice were ear-
tagged prior to bait spreading in Trials 1 - 3, respectively, to identify resident mice within the core of each study area. A
total of 940 mice were subsequently caught with 100% bait acceptance by ear-tagged mice in all trials. All mice caught in
caves were positive for rhodamine-dyed bait, indicating that cave systems are unlikely to be an obstacle for eradication.
Our results indicate that mouse eradication could be successfully conducted on Gough Island and that planning for such

an operation should proceed in order to remove the key conservation threat to the island’s wildlife.

Keywords: House mouse, Mus musculus, Tristan albatross, Diomedea dabbenena, conservation

INTRODUCTION

House mice (Mus musculus) introduced to temperate/
sub-Antarctic islands can have serious negative effects
on seabirds and other species (Angel and Cooper 2006;
Cuthbert and Hilton 2004; Jones et al. 2003; Ryan and
Cuthbert 2008; Smith ez al. 2002; Wanless et al. 2007).
On Gough Island, these effects have resulted in the Tristan
albatross (Diomedea dabbenena) and Gough bunting
(Rowettia goughensis) being given a conservation status
of Critically Endangered and Atlantic petrel (Pterodroma
incerta) as Endangered (IUCN 2010). Mice also prey on
the chicks of great shearwaters (Puffinus gravis) (Wanless
et al. 2007) and sooty albatrosses (Phoebetria fusca)
(RSPB unpublished data). Furthermore, many populations
of burrowing petrels have decreased dramatically over the
last few decades (Ryan 2010). Population modelling for
the Tristan albatross and Atlantic petrel suggests that mice
are driving these population declines (Cuthbert e al. 2003;
Cuthbert 2004; Wanless et al. 2009).

Given their recorded and potential impacts (Smith e?
al. 2002; Jones et al. 2003; Ryan and Cuthbert 2008; Jones
and Ryan 2010), strategies for eradicating mice from large
islands are needed. At present, when mice are compared
with rats on islands, the failure rate of mouse eradication
attempts is higher (Howald ef al. 2007; MacKay et al.
2007) and the maximum area from which mice have been
successfully eradicated is smaller (710 ha Enderby Island
v. 11,300 ha Campbell Island; McClelland and Tyree
(2002), Torr (2002)). This means that the outcome of an
eradication attempt on 6400 ha Gough Island is uncertain.
The feasibility of eradicating mice from Gough Island
was recently assessed by Parkes (2008), who concluded
that an eradication was technically feasible, but that key
questions remained to be answered prior to an operation
being undertaken.

To provide confidence to operational managers and
potential funders that an eradication operation is likely to
succeed, trials have been used to determine the levels of
bait acceptance by target species. Typically, these trials
utilise non-toxic bait stained with a biomarker dye, with
the baits spread at the likely density and time of year as
the proposed operation. Such trials were undertaken for
rats on Campbell Island (P. McClelland pers. comm.) and

Lord Howe Island (I. Wilkinson pers. comm.) and recently
at Gough Island (Wanless et al. 2008). Following near
total bait acceptance in the first two trials, operations on
Campbell went ahead and plans for Lord Howe Island are
now close to being realised.

On Gough Island, eradication attempts are complicated
by large size, mountainous terrain and numerous caves,
including lava tubes up to 20 m long (Parkes 2008). The
caves are used as breeding sites by hundreds of broad-
billed prions (Pachyptila vittata) (Cuthbert 2004) and
may contain sufficient food to obviate the need for mice
to forage outside. Mice could thus fail to encounter bait
pellets (Parkes 2008; Wanless et al. 2008). If this were the
case, some mice may only be killed if caves are targeted
specifically — a logistically challenging endeavour given
that only a fraction of the island’s caves have been
identified. Nonetheless, operation managers must be
confident that aerially applied bait will be accessible to the
mice in caves (Parkes 2008; Wanless et al. 2008). Before
a full Operational Plan can be completed for a mouse
eradication on Gough, the following steps remain: (1)
define and test the optimal bait and baiting procedure, (2)
determine whether all mice within caves systems will take
aerially distributed bait, and (3) conduct bait acceptance
trials that replicate eradication conditions in the field.

In this study, we present results of bait trials on Gough
Island to determine the susceptibility of mice, including
those in caves, to an aerial drop of bait. These trials build
on the work of Wanless ef al. (2008) who found that 3% of
mice avoided bait in a trial conducted on Gough in 2006.
Confounding effects of the study design may account for
these results, but if some mice rejected the bait, the prospects
for successful eradication are uncertain (Wanless et al.
2008). These authors also found that mice in a cave took
surface bait. However, the small number of mice used (11),
the small sample of caves (1), and the way bait application
differed from aerial spread, limit the conclusions that can
be made for the island as a whole.

We undertook further trials above ground and around
three separate cave systems. We ear-tagged mice before
bait was spread within the core of the first three trials (as
on Lord Howe Island and recommended by Parkes (2008)
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and Wanless et al. (2008)) and conducted a further trial
over a larger area (as on Campbell Island). Our study was
thus able to remove the factors that confounded previous
trials on Gough Island and provide empirical measures of
potential for the success or failure for a mouse eradication
attempt.

MATERIALS AND METHODS

Study area

Gough Island (40 °13°S, 9°32°W) is part of the United
Kingdom Overseas Territory of Tristan da Cunha, and lies
in the central-South Atlantic Ocean some 2600 km from
South Africa and 380 km southeast of Tristan da Cunha
(Fig. 1). The island is steep and mountainous rising to 910
m above sea level (asl). Annual precipitation is around
3100 mm and higher altitude areas are often shrouded in
mist and cloud. Lowland areas are dominated by fern bush
vegetation, characterised by relatively tall (up to 3—4 m),
island cape myrtle (Phylica arborea) trees, dense ferns
and sedges, whereas upland areas comprise low-lying wet
heath habitat, peat bogs and bare rocks (Wace 1961).

Bait acceptance trials
Movement distances

This part of the study was based on the movements of
mice on Gough Island in winter. Eight radio-tagged mice
were observed at 160 locations, and 373 live trapped mice
were recaptured 1584 times on four 8 x 8 m grids of 100
traps situated in lowland (n=2) and upland (n=2) areas. For
mice previously captured in caves, the minimum distance
moved was estimated as the distance from the cave-
entrance to the trap on the trapping grid.
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Fig. 1 Gough Island is part of the United Kingdom
Overseas Territory of Tristan da Cunha, in the central-South
Atlantic Ocean. Trials were undertaken around Prion Cave,
Tumbledown Cave and Hummocks Cave.

48

Susceptibility to baits

Four bait acceptance trials were undertaken, with three
in lowland areas (Trials 1, 2 and 4; C. 50 m asl) and one in
the uplands (Trial 3; 530 m asl). Trials 1-3 were conducted
in winter: mid June (Trial 1), early July (2) and late July
(3). Trial 4 was at the onset of spring in late September.

Trials 1-3 were around Prion Cave, Tumbledown Cave
and Hummocks Cave respectively (Fig. 1). Mice were
caught within caves and on a 72 x 72 m trapping grid outside
caves with the cave entrance at its centre. One hundred
single catch live-traps were set outside and 3-12 multi-
catch live-traps were set within caves for four consecutive
nights. All mice captured were fitted with individually
numbered ear-tags (Vet Tech Solutions, UK). Bait was then
spread over a 2.56 ha area (160 x 160 m), with the cave and
trapping grid at its centre and a minimum distance from the
outer edge of the baiting to the core trapping-grid (buffer
zone) of 44 m.

Mice were not ear-tagged in the core area of Trial 4 as
the baited buffer zone was a minimum of 180 m beyond
the trap grid and thus well beyond the maximum distance
moved by mice entering the grid from outside. The baited
area of Trial 4 measured 20.7 ha (ca 397 x 598 m) and
overlapped the caves of Trials 1 and 2.

Non-toxic cereal bait pellets (PESTOFF20R, Animal
Control Products, New Zealand) with the same formulation
as toxic bait were used for the trials. Rhodamine dye was
applied to bait on Gough Island, following protocols
recommended by the manufacturer. The palatability of baits
to rodents is not affected by rhodamine concentrations in
the range used to mark bait (Fisher 1999), so the results of
these trials should be directly comparable to a toxic bait
operation.

In all trials, baits were spread by fieldworkers walking
line-abreast along linear transects and spreading bait by
hand over a 4-5 m swathe on either side to simulate aerial
spread. Bait density was 16 kg/ha over 2.56 ha for Trials
1-3 and 16.9 kg/ha over 20.7 ha for Trial 4. No bait was
spread in the caves.

Beginning one day after the baits were spread, mice
were kill-trapped for three consecutive nights in Trials 1-3
and four consecutive nights in Trial 4. Two hundred snap
traps and 100 live traps were set within the core area (72 x
72 m) of each trial, with 2 snap traps and 1 live trap set at
each grid-point. In addition, 3-12 multi-catch live traps and
additional snap traps were set in the cave systems.

All mice were checked with an ultraviolet light for the
presence of rhodamine at the mouth and anus and within
their intestinal tract (Jacob et al. 2002). When results were
unclear, 6-12 whiskers were collected from each animal,
washed in ethanol, and stored for examination under
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Fig. 2 Frequency distribution of distances moved by mice
during the three nights of live-trapping and single night of
kill-trapping for trials 1, 2 and 3, for mice captured above
ground (unfilled bars) and mice initially caught within caves
and subsequently captured above ground (shaded bars).
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a microscope and/or hand-lens. Vouchers for positive
samples of whiskers were obtained from 20 mice scored
positive from their stomach contents. Negative samples
were obtained from 20 mice before the baits were spread.
Information on sex and reproductive status was collected
from all kill-trapped mice.

Potential mouse food resources within caves

If mice in caves were to avoid poison bait outside they
needed an alternative source of food. This was most likely
to be associated with breeding broad-billed prions within
the caves. Monthly checks were conducted at several caves
(including those used in Trials 1-4) during the year to
record whether birds were breeding and if there was any
evidence of predation by mice. Caves were also searched
for the presence of invertebrates and other potential food
resources.

RESULTS AND DISCUSSION

Movement distances

Over 95% of recorded overnight movements were
<40-50 m, with <1% of movements >80 m (R. Cuthbert
unpublished data). Mice on the trapping grid most
frequently moved 10-20 m (Fig. 2). When mice originally
caught within caves are compared with those originally
caught above ground, the mice in caves moved shorter
distances (Fig. 2). However, this ignores the 10-20 m mice
must move within the caves to reach the entrance. Even
though 50% of the mice originally from caves were caught
< 10 m from the cave entrance and >90% were within 30-
40 m of the cave, all mice left the caves when bait was
available outside.

Bait trials

Before the baits were spread, 460, 202 and 95 mice
were ear-tagged in Trials 1, 2 and 3, respectively. After the
baits were spread, 811 mice were captured, with numbers
decreasing in sequence from Trials 1 to 3 (Table 1). These
declines probably reflected decreasing mouse densities
during winter and lower densities of mice in highland areas
(Trial 3).

The percentage of mice recaptured also decreased
within each trial, with 85%, 41% and 16% over nights 1, 2,
and 3 (respectively) in Trial 1 and 83%, 50% and 14% in
Trial 2. In Trial 3, few mice were captured on the second

and third nights (Table 1), probably as a result of kill-
trapping the resident (tagged) mice. In this trial increasing
proportions of (non-tagged) mice from the outer zone were
captured on nights 2 and 3.

Of the 811 mice examined in Trials 1-3, 810 (99.9%)
were positive for rhodamine dye. One untagged mouse
caught on night one of Trail 1 tested negative. Of the 368
ear-tagged mice that were re-trapped, all were positive for
rhodamine. The dye was clearly visible within the intestines
or mouth and anus of all but two mice. Whiskers examined
from these two indicated rhodamine on one mouse but no
evidence of rhodamine on the second.

Of the mice caught during Trials 1-3, 422 mice were
female and 389 male (not significantly different from an
equal sex ratio, ¥*=1.26). No females were pregnant and
neither sex showed signs of reproductive activity, which
reflects the winter trapping period (Jones ef al. 2003).

Despite increased trapping after the spread of bait for
Trial 4, only 116 mice were captured although all of them
were positive for rhodamine (Table 2). The small number
of mice trapped likely reflected the effects of season and
size of the trapping grid. In early spring, mice numbers are
at their lowest, and the much larger area baited provided
little incentive for peripheral mice to move into the trapping
grid.

In the caves, 122 mice were captured during Trial 1
over four nights of live trapping before baits were spread,
but only six mice were captured in caves after baits were
spread. Similarly, 44 mice were captured during Trial 2
in the cave before baits were spread, but only six were
captured in the cave after bait distribution. For Trial 3,
six mice were live-trapped in caves before baiting with
two re-caught after baits were spread. These results
suggest that with abundant food outside caves, most mice
previously captured from inside the caves moved out to
forage. Furthermore, although both caves in Trials 1 and 2
were within the larger area baited in Trial 4, no mice were
caught in the caves despite four nights of trapping. This
also suggested that when food was abundant outside, mice
moved out of the caves.

During Trials 1-3, 148 mice marked inside caves were
recaptured outside, and 14 mice were recaptured inside the
caves following bait distribution. All of these mice tested
positive for rhodamine.

Table 1 Numbers of house mice trapped on Gough Island over the three consecutive nights of trapping and for
the total period of Trials 1-3.Numbers of ear-tagged individuals retrapped above ground from within cave systems

are shown in parentheses.

Trial Night 1 Night 2 Night 3 Total

New Retrap Total New Retrap Total New Retrap Total New Retrap Total
T R e S e g W e w
SR B S B SR
Y O M S N W WO S M

Table 2 Summary statistics of trapping effort after bait spreading for house mice over the four cave trials and results
for presence or absence of rhodamine dye after bait spreading for both ear-tagged and non-tagged mice.

Trial Nights Traps Mice killed Tagged Non-tagged
trapped set Grid Cave Positive Negative Positive Negative
1 3 900 479 6 209 0 269 1
2 3 900 291 6 114 0 177 0
3 2 600 55 2 45 0 10 0
4 4 1200 116 0 - - 116 0
Total 12 3600 941 14 368 0 572 1
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During Trials 1-3, baits were still visible on the ground
two days after they were spread and in Trial 4 (in early
spring) baits were visible for >10 days. This suggests that
baiting densities used in the trial areas were sufficient to
provide bait for all mice present.

Potential food resources within caves

Monthly visits indicated that broad-billed prions
entered the caves in September, incubated eggs during
November-December, reared chicks from December to
March, and had departed by April/May. There were few
remains of chicks or eggs within caves in winter and no
invertebrates were found. In November, some eggs had
holes that were nibbled by mice, and in January, February
and March, seven prion chicks were found with sign that
mice had fed on them. It was not clear whether these were
examples of predation or scavenging.

CONCLUSION

Bait trials on Gough were designed to closely mimic
the suggested design for an eradication (Parkes 2008) in
terms of time of year, bait density and bait formulation.
There was 100% bait acceptance in three trials and 99.8%
in the fourth, with one mouse negative for bait out of 479
examined. This mouse, which was not captured and ear-
tagged in the study grid prior to the spread of bait, may have
subsequently moved into the study area. Supporting this
inference, all ear-tagged mice resident to the study areas
were positive for rhodamine-dyed bait. Moreover, all mice
caught within the cave systems before the bait application
later tested positive for rhodamine dye, regardless of
whether they were re-caught above or below ground.
Visits to multiple caves on Gough confirmed conclusions
by Wanless et al. (2008) that during winter, the absence
of breeding birds and other food resources would provide
little food for mice.

Our results differ from a previous bait acceptance trial
on Gough Island (Wanless et al. 2008), where 3% of mice
were negative for bait. Combined with relatively high
failure rates for mouse eradications, this result has led
conservation decision makers in the UK to express concern
about the likelihood of success of an eradication operation
on Gough. However, with the use of ear-tagged mice, trials
over a larger area, and trapping the mice immediately after
baits were spread, our study provides greater confidence of
a successful result.

Furthermore, given that all four trials on Gough found
100% bait acceptance by resident tagged mice and by non-
tagged mice within the larger trial, planning for an operation
on Gough Island should now proceed. The final steps in
feasibility analyses will now involve evaluating the risk
of primary and secondary poisoning to non-target species
and captive husbandry trials of potentially vulnerable land
birds. Whether there are additional obstacles to eradicating
mice from Gough depends on the husbandry trials and the
results of attempts to eradicate mice from Coal Island in
Fiordland and Rangitoto/Motutapu islands in New Zealand,
and Macquarie Island in Australia’s sub-Antarctic. If these
indicate no fundamental obstacle to removing mice from
large islands, the eradication of mice should proceed on
Gough Island, a key conservation threat to this World
Heritage Site would be removed, and the recovery of
Gough’s threatened wildlife would become possible.
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Considering native and exotic terrestrial reptiles in island invasive
species eradication programmes in the Tropical Pacific
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Abstract Most island restoration projects with reptiles, either as direct beneficiaries of conservation or as indicators
of recovery responses, have been on temperate or xeric islands. There have been decades of research, particularly on
temperate islands in New Zealand, on the responses of native reptiles to mammal eradications but very few studies in
tropical insular systems. Recent increases in restoration projects involving feral mammal eradications in the tropical
Pacific have led to several specific challenges related to native and invasive reptiles. This paper reviews these challenges
and discusses some potential solutions to them. The first challenge is that the tropical Pacific herpetofauna is still being
discovered, described and understood. There is thus incomplete knowledge of how eradication activities may affect these
faunas and the potential risks facing critical populations of these species from these eradication actions. The long term
benefit of the removal of invasives is beneficial, but the possible short term impacts to small populations on small islands
might be significant. The second challenge is that protocols for monitoring the responses of these species are not well
documented but are often different from those used in temperate or xeric habitats. Lizard monitoring techniques used in
the tropical Pacific are discussed. The third challenge involves invasive reptiles already in the tropical Pacific, some of
which could easily spread accidentally through eradication and monitoring operations. The species posing the greatest

threats in this respect are reviewed, and recommendations for biosecurity concerning these taxa are made.

Keywords: Invasive reptiles, glue (sticky) traps, mammal eradications, geckos, skinks, iguanas

INTRODUCTION

Most island restoration projects with reptiles, either
as direct beneficiaries of conservation or as indicators of
recovery responses, have been on temperate or xeric islands
(Towns et al. 2006). There have been decades of research
on the responses of native reptiles to mammal eradications,
particularly on temperate islands in New Zealand, but very
few studies in tropical insular systems (e.g., Kessler 2002).
Most published papers that identify the effects of invasive
mammals on tropical Pacific reptiles focus on ungulates or
carnivores (e.g., Gorman 1975; Pernetta and Watling 1978;
Kirkpatrick and Rauzon 1986; Case and Bolger 1991;
Harlow et al. 2007), and there is little information on the
effects of rodents (Case et al. 1991; Towns et al. 2006).
Recent increases in restoration projects involving the
eradication of introduced mammals in the tropical Pacific
have led to several specific challenges related to native and
invasive reptiles. I review these challenges and suggest
potential solutions to some of them.

The first challenge is that the reptiles of the tropical
Pacific are still being discovered, described, and understood.
This leads to incomplete knowledge of how eradication
programmes may affect these faunas and the nature of
potential risks to critical populations. It also impedes our
ability to prioritize restoration efforts for reptiles, since the
factors impacting species with reduced population numbers
are not often known (McCoid et al. 1995; Fisher and Ineich
in press).

The second challenge is that methods for monitoring the
responses of these reptile species to specific management
actions are not well documented and are often different
from those used in temperate or xeric habitats (Gillespie
et al. 2005; Ribeiro-Junior et al. 2008). Reptile survey
techniques being used on Palmyra Atoll, Line Islands, and
the Aleipata Islands, Samoa (Fig. 1), to measure responses
to rat eradication projects are reviewed below but there
are many other techniques and protocols that can be used.
Documentation and standardisation of procedures and
accuracy in species identification are the most important
long-term elements in establishing effective management
programs.

The last challenge is that there are many invasive species
of reptiles already in the tropical Pacific, particularly on
Hawai’iand Guam (McKeown 1996; Kraus 2009) and some
could easily be spread inadvertently through management

actions, especially if such trips are the only visits to remote
island locations. The species most likely to spread in the
tropical Pacific are reviewed below and recommendations
for biosecurity for these taxa are discussed.

REPTILE KNOWLEDGE GAPS IN THE PACIFIC

Research on reptile diversity in the Pacific lags behind
the more conspicuous groups such as birds. Although the
herpetofaunas of most archipelagos have generally been
well documented (e.g., Bauer and Henle 1994; Gill 1993,
1998; Gill and Rinke 1990; McCoy 2006; McKeown 1996;
Morrison 2003; Zug 1991), faunal lists for many individual
islands do not exist. Many newly recognised species remain
undescribed including geckos, skinks, and blind snakes
(Bruna et al. 1996; Radtkey et al. 1995 Fisher 1997; Wiles
2004; Watling et al. 2010; Buden and Panuel 2010; Wynn
et al. in review), and there are others described during the
past 25 years that are still known from single localities
and/or few specimens (Zug 1985; Ota et al. 1995; Zug and
Ineich 1995; Zug et al. 2003; Buden 2007; Ineich 2008,
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2009). In addition, some taxa that are known from only
one or a few individuals and are presumed extinct could
potentially be rediscovered (Ineich and Zug 1997).

Fossil deposits show that reptile faunas were once
more diverse on several island groups before the arrival
of people and invasive species (Pregill 1993; Crombie and
Pregill 1999; Steadman 2006; Pregill and Steadman 2009).
Some of these taxa may persist on small refuge islands as
this has been shown to be a pattern elsewhere in the Pacific
where species are now lacking from the main islands (e.g.,
Pernetta and Watling 1978; Perry et al. 1998; Steadman and
Pregill 2004; Towns and Daugherty 1994). We currently
know of three new species that appear to have relictual
distributions due to the extirpation of insular populations
prior to discovery (Pregill and Steadman 2009; Watling et
al. 2010; Buden and Panuel 2010; Wynn et al. In review).

A particular problem in the Pacific is that different
reptile species can be superficially similar in appearance.
For example, the island groups of the central and south
Pacific often have between two and four species of small
Emoia ground skinks, all of which are striped (Fig. 2),
similar-looking species of striped Lipinia skinks on the
ground or in trees, and a striped Cryptoblepharus shore
skink. Because supporting museum collections for many
areas are often poor or incomplete, any records that are
based solely on identification by sight — without capture
and study — can lead to errors.

Little is known about the impacts of rodenticides
or other toxicants on reptiles (Hoare and Hare 2006).
Biomarker studies being carried out on several tropical
islands may indicate how the toxicants move through the
food webs (Wegmann et al. 2008). Fossorial species, such

as blind snakes, might be indirectly affected by rodent bait
campaigns that introduce toxicants into the soil, either
by direct exposure through the soil or secondarily by
consumption of contaminated ant pupae and other foods
(Ogilvie et al. 1997). On Indian Ocean islands, skinks
have been directly observed eating rain-softened bait
pellets, although no direct mortality was observed (Merton
et al. 2002); identifying a potential direct risk of poisoning
to similar rare species on Pacific Islands (i.e. Tachygia,
Emoia slevini; Ineich and Zug 1997).

Often small islands retain bird populations that are
identified askey beneficiaries from eradication programmes.
However, a thorough evaluation for reptiles on these islands
prior to implementation of any feral mammal eradication
is warranted and should be required. Small islands often
have relict populations of rare or threatened reptiles and/
or have high value for reptile conservation. Furthermore,
reptiles may be affected directly or indirectly by eradication
programmes.

USE OF APPROPRIATE MONITORING
PROTOCOLS

Techniques employed for monitoring reptiles in
tropical environments include nocturnal and diurnal
visual encounter surveys, pit-fall trap, sticky-trap, road
search, and removal plots (Rodda et al. 2001; Gillespie
et al. 2005; Ribeiro-Junior ef al. 2008). Some techniques
commonly used on temperate or xeric islands, such as pit-
fall traps, do not work well in the tropical Pacific due to
differences in habitat and the biology of the target species.
For example, the species present on many islands are often
predominantly arboreal skinks and geckos. A combination
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Fig. 2 Superficial similarity in appearance can cause difficulties for visual identification as illustrated by these four
widespread striped skinks in the genus Emoia from the Pacific Basin. A. Emoia caeruleocauda is widespread in Micronesia,
Solomon Islands, Vanuatu, and one island in Fiji. It is not endemic to the Pacific Basin but occurs in New Guinea and
Indonesia also. B. Emoia jakati is introduced into the Solomon Islands and apparently much of Micronesia. It is native
to New Guinea (Photo courtesy Don Buden). C. Emoia impar is endemic to the Pacific Basin and may represent several
different cryptic species. This species has been extirpated from Hawai’i. D. Emoia cyanura is endemic to the Pacific Basin
and may represent several different cryptic species. This species was accidentally introduced to Hawai’i in the 1970s and

later extirpated.
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of several techniques should give more information and
help identify conservation targets for long-term restoration
projects. Such an approach should also reveal targets for
monitoring the responses of the eradications. A key factor
is to ensure that the people monitoring reptile populations
have the appropriate training and equipment. The priority
here is to be able to accurately identify the species to be
counted and measured. Some species are widespread
and easy to identify, whereas others are part of cryptic
species complexes, or are similar in appearance to invasive
species. The lack of good regional field guides (exceptions
are Morrison 2003; McCoy 20006) is part of this problem,
as is the dearth of reptile specialists in the field through
much of this region.

When used in combination and under similar
environmental conditions, the following three techniques
will provide repeatable relative measures of the
contributions of species in reptile communities. These
methods will provide baseline data on reptile communities
and later measure the response to eradication actions. The
same methods can also be used for biosecurity screening
as they will detect most of the invasive reptile species in
the Pacific region.

1. Visual Encounter Surveys — Daytime: These use
transects traversed on foot across various habitats (Case
and Bolger 1991), preferably during fine weather; i.e. not
on overcast or rainy days. Each transect should cover
a different habitat type or sampling stratum, with any
reptiles observed along these transects recorded along
with transect length and sampling duration. There are
many ways to do these surveys, and they can be quantified
either by fixed amount of time, fixed distance, or fixed
route, or combinations of these. Whatever is done needs
to be well documented so it can be repeated in the future.
Validation that the observer can identify the various
species present is required before using this or any direct-
count technique. This technique works only for day active
species, including diurnal skinks, monitor lizards, iguanids
(particularly invasive Anolis and Iguana), and diurnal
geckos (e.g., Phelsuma). Changes in vegetation cover after
an eradication might make repeatability of these surveys
difficult, especially if the vegetation becomes too thick to
detect reptiles.

2. Visual Encounter Surveys — Night time: These use
the same methods as daytime Visual Encounter transects,
but can also include village buildings or other structures
(Case et al. 1994). Bright headlamps or flashlights
should be used to detect animals; some observers use
a combination of flashlight with binoculars to increase
focus on distant observations. As with daylight surveys,
appropriate environmental conditions are preferred for
comparing across nights and rainfall should be avoided.
This technique works best for nocturnal geckos and boids,
some invasive taxa (e.g., rats), and also coconut crabs and
other species of interest (Harlow ez al. 2007). It can also be
effective for some diurnal species that roost in the canopy
such as Brachylophus iguanas.

3. Glue (or Sticky) Trap Transects: Although there is
often animal welfare concern over the use of this technique,
proper application avoids or greatly reduces mortality of
the trapped individuals (Ribeiro-Junior ef al. 2006). Glue
traps are generally cheap, easy to deploy, and work well
in situations where the vegetation or other features (rocks/
trees) are thick and animals are difficult to find. I have used
traps set every 10-25 metres in transects that are 100 (or
250 m) long, the distances between sets and the length of
the transects depending on the nature of the study. Each
trap site consists of three sticky traps: one on the ground,
one on a log, and one on a tree. The traps can be set and
checked every 15 minutes for about 2 hours. The strength
of adhesion varies by trap brand and weather conditions.

Traps may be ineffective within a few hours if hit by direct
sun, which should be avoided anyway as it will kill any
trapped animals. Other traps last for days, even during
rain, although cardboard backed ones will fall apart if they
get too wet. Glue traps can also be set in the late afternoon
and left overnight to capture geckos and rats, although
this often leads to higher mortality due to ant and land
crab predation. Trapped animals can be removed using
a thin coat of vegetable oil on the operator’s fingers and
then slowly peeling the animals off of the trap. Lizards
can be toe clipped or marked with a temporary mark (felt
pen, paint, etc.) to assess future recaptures; these same
techniques can also be used for visual transects if animals
are captured. Additional data such as invertebrate samples
can be collected from the sticky traps if they are wrapped
in plastic-film and frozen for later analysis. Each island
should have 2-5 transects depending on island size and
study questions. This can prove a useful way to confirm
day or night time visual identifications along transect
lines.

INVASIVE REPTILE SPECIES

Appropriately designed surveys may also reveal the
presence of some of the following invasive reptile species.
Many of these species have a high risk of spread throughout
the tropical Pacific and potentially devastating effects on
native and endemic species.

Geckos: The rapid invasion of the Asian house gecko
(Hemidactylus frenatus) across the Pacific has been well
documented (e.g., Case et al. 1994; Fisher 1997) and its
impacts on endemic geckos in the Indian Ocean were
described by Cole et al. (2005). More recently the spread of
the gold-dust day gecko (Phelsuma laticauda) south from
Hawai’i has become a concern (Ota and Ineich 2006) after
it rapidly invaded the Hawaiian Islands from introductions
via the pet trade (McKeown 1996). In Hawai’i, the species
uses the night-light niche, which could make it a predator or
competitor of native geckos as it spreads across the Pacific
(Perry and Fisher 2006; Seifan et al. 2010). Currently
there are many native and invasive geckos in southeast
Asia and Hawai’i that could easily spread into the Pacific
and impact the natural gecko communities. Many geckos
are extremely successful invaders, which spread as adults
through shipping, but also because some species with
adhesive hard-shelled eggs deposit them under the lips of
buckets, in building materials, and other inconspicuous
locations. Such species also spread rapidly once they invade
new usable habitat. The potentially invasive gecko species
and the sites they have invaded are listed by Kraus (2009).
Islands that currently lack certain invasive reptiles, such as
the Asian house gecko, should be identified. Maintaining
them free of such species will require much vigilance and
outreach to local communities.

Skinks: Little is known about the impact of skinks, but
the curious skink (Carlia ailanpalai) is rapidly spreading
through Micronesia, replacing native ground skinks (Buden
2009). Two additional species, C. mysi and C. tutela, have
invaded Bougainville and Palau (respectively), which
indicates that the genus contains many highly invasive
species (Crombie and Pregill 1999; Zug 2004; McCoy
2006). Other skinks such as Emoia jakati, Lampropholis
delicata, and Lamprolepis smaragdina have been present
in the Pacific for longer although their impacts are not
well studied (Baker 1979; Perry and Buden 1999; McCoy
2006; Kraus 2009; Fisher and Ineich 2011; Fisher and
Richmond unpub. data). Continued vigilance is necessary
to ensure that these species do not spread further. Recently,
Lampropholis delicata, which is invasive in New Zealand,
was intercepted through biosecurity screening in a shipment
of timber to Raoul Island, Kermadec Islands, which lack
indigenous terrestrial reptiles (Phil Bell pers. comm.). The

53



Island invasives: eradication and management

species has apparently become recently established on
Lord Howe Island (Kraus 2009).

Iguanids (and Polychrotids): Several species of anoles
or American chameleons (Poychrotidae: Anolis) are now in
Hawai’i, Commonwealth of the Northern Mariana Islands
and Guam (McKeown 1996; Kraus 2009). Studies of
Anolis carolinensis in the Ogasawara Islands (Suzuki and
Nagoshi, 1999) indicate that anoles could compete with the
endemic skinks of the Pacific Basin. Additionally, Anolis
sagrei in Hawai’i apparently uses the same habitat as the
native Cryptoblepharus poecilopleurus (Fisher pers. obs.)
although the effects of this need further study. Additionally,
green iguanas (Iguanidae: Iguana iguana), which have
been in Hawai’i at least since the 1950s (McKeown 1996),
were introduced to Fiji early this century and now threaten
endangered Fijian iguanas (Brachylophus spp.; Naikatini
et al. 2009; Thomas et al. 2011). Restricting the spread
of green iguanas in Fiji is a major concern. The potential
impact of the species on the vegetation community is
unknown since the invasion is just now irrupting.

Chameleons: Jackson’s chameleon (Chamaeleo
jacksonii) was introduced into the Hawaiian islands in
the early 1970s and is now widespread (McKeown 1996).
The species had not spread beyond Hawai’i until recently,
when the chameleons were reported from the Marshall
Islands (Vander Velde 2003). In Hawai’i, the species preys
on endemic and endangered invertebrates, which adds to
the pressure on these species (Holland ef al. 2010).

Snakes: There is an extensive literature on the brown
tree snake (Boiga irregularis) and the threats posed by the
species are well known (Rodda and Savidge 2007). Other
snakes such as the wolf snake (Lycodon aulicus) also appear
to be capable invaders and could threaten the endemic
Pacific fauna if it spreads from southeast Asia (Buden et
al. 2001; Cheke and Hume 2008; Kraus 2009). The flower
pot snake (Ramphotyphlops braminus) continues to spread
throughout the Pacific Basin although its impacts are not
well known (Kraus 2009). With the recent discovery of
new endemic species of blind snakes (Ramphotyphlops
spp.) within the oceanic Pacific, concern over confusion
between indigenous and invasive species increases and
other endemic species might go unnoticed and unprotected
(Buden and Panuel 2010; Watling et al. 2010; Wynn ef al.
in review). Competition between native blind snakes and
the invasive flower pot snake might become a concern as
the latter species continues to spread.

These invasive reptile species raise biosecurity
issues that must be taken very seriously, especially since
conservation actions, including eradication efforts, could
be a mechanism for their spread. Training tools and
protocols for cleansing of equipment and supplies between
islands should be developed and rigorously implemented
to ensure that restoration projects do not spread unwanted
aliens. Geckos pose the greatest threat through their
accidental spread with the movement of materials used for
remote island restoration activities. Boats are a particular
risk pathway for some of these species and require careful
planning to minimise this threat when visiting and working
on remote islands.

CONCLUSION

Reptiles should be considered an important component
of adaptive management projects in the Pacific because
there are often endemic or relict populations on remote
islands. Because knowledge of these species is often
poor, experts should be consulted to ensure that these
management actions have positive rather than negative
impacts on native species. This is vital, especially in light
of the number of highly-localised, poorly-understood
endemic species distributed intermittently across the Pacific
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Basin. Capacity building through species identification
courses and the development of better, more exhaustive
field guides should be conducted with those who plan to
monitor reptile responses to these management activities.

Understanding and managing the biosecurity risks
associated with conducting fieldwork at remote sites is
vital to ensure that restoration activities do not further the
spread of invasive species, such as the Asian house gecko
or gold-dust day gecko (Hathaway and Fisher 2010).

Lastly, if priority reptile areas for conservation in the
Pacific were mapped, management activities that would
benefit multiple taxa could be identified, thereby adding the
recovery of reptiles to birds and invertebrates as restoration
targets.
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ABSTRACT A high proportion of European endemic species occur in island ecosystems, and many threatened species
are affected by invasive alien species. Tackling biological invasions on European islands is therefore crucial for protection
of regional biological diversity and, in many cases, for the well-being of local human communities. Europe is one of the
richest regions of the globe, but despite its formal commitment to halt the regional loss of biodiversity by 2010, the level
of action to prevent, eradicate or control invasive alien species on islands has been so far very scant. In order to provide
an updated list of attempted eradications and tools to support a more efficient decision making, a database on invasive
species on the islands of Europe has been implemented. It contains information on eradication programmes, the presence
of alien species, and native species directly impacted by these. The scope of the database extends over biogeographic
borders of the region and covers the outermost territories of Europe. Data have been collected by reviewing scientific
literature, unpublished data provided by experts, and reports produced by signatory countries of the Bern Convention. Data
on islands have been acquired through cooperation with the Global Islands Database (GID). In Europe, 224 eradication
programmes have been carried out on 170 islands, of these eradications 86% have been successfully completed, mostly
targeting rats (68%). We discuss options for future work, including prioritisation of actions based on an analysis of island
data, threatened species, and key invasives.

Keywords: Europe, management, invasions, prioritisation

INTRODUCTION

European islands host an important component of
the region’s biodiversity, including a large number of
endemics. For example, almost 12% of the flora of Corsica,
10% of the flora in Crete, and 7% of Cyprus are endemic.
In the Canary Islands up to 70% of some animal taxa,
such as Coleoptera, are endemic (Orueta 2009). The rich
biodiversity of European islands is severely threatened by
several factors including invasive exotic species. Tackling
the impact of invasives in these ecosystems is crucial
to reverse the loss of regional biological diversity. The
European Strategy on Invasive Alien Species (Genovesi
and Shine 2004) schedules special measures for isolated
ecosystems to prevent or minimise adverse impacts due to
biological invasions. Despite the need to address invasions
for protecting the regional biodiversity, the level of action
to prevent, eradicate or control invasive alien species
on islands in Europe has been scant when compared to
other areas of the world. A review by Genovesi (2005)
highlighted that few eradications have been successfully
completed in Europe, mostly on small islands, and that
no invertebrate, plant or marine organisms had been
removed. Several reasons were mentioned to explain this
limited action, including the lack of adequate legal tools,
the scarcity of specific financial resources, and the lack of
concern, awareness and public support for these kind of
actions.

Following the review by Genovesi, European
institutions have adopted several formal commitments
to address biological invasions. The Communication on
Biodiversity  (2006;  http://ec.europa.eu/development/
icenter/repository/com2006 0216en01_en.pdf), listed
invasive alien species as a key priority area of the European
Union Action Plan, starting from 2010. A more recent
Communication on Biodiversity (November 2008; http://
ec.europa.eu/environment/nature/invasivealien/docs/1
EN_ACT partl v6.pdf) reaffirmed the need and urgency
to develop a European policy on biological invasions. In
addition, the European Union Council (June 25" 2009)
stressed the urgent need for a strategy on invasive alien
species in the European Union, based on the Convention
on Biological Diversity (CBD) guiding principles and
the document by Genovesi and Shine (2004). Along with
these decisions, the European Commission has provided

significant financial support to actions aimed at tackling
invasive species. In the period 2004-2006 the average
annual budget spent for invasive species issues by the
European Union LIFE program, and the EU’s Framework
Programme for Research and Technological Development
has exceeded €18 M, in several cases used to carry out
eradication programs (Scalera 2009).

To evaluate whether or not the increased political
interest in invasions — as well as the improved technical
ability to manage invasive species — has led to an increase
in the number and complexity of eradications carried on
European islands, we provide in this paper an inventory of
such programmes. We explore prioritising future actions
based on identification of islands, areas and species where
funding and efforts should be concentrated. In this context
we discuss how available information on the presence of
native species threatened by invasives, and invaders with
most impact, can be analysed.

MATERIALS AND METHODS

For the purposes of this study, an information system for
invasive alien species (IAS) on the islands of Europe has
been implemented. This is based on a relational database
containing information on 1) geographical parameters of
islands (region, area in hectares, geographical coordinates);
2) presence of detrimental IAS; 3) presence of native species
directly affected by IAS; and 4) eradication programmes.

The reference list of the most detrimental IAS is based
on the DAISIE list “100 of the worst” (DAISIE 2009), the
presence of these species on European islands, and on the
results of an earlier review paper (Genovesi 2005).

The native species directly affected by IAS have been
selected through searches of the Global Invasive Species
Database (GISD), the Species Information System of
IUCN, and available literature (e.g., Ruffino et al. 2009;
Banks et al. 2008; Bonesi and Palazon 2007).

Data have been collected by reviewing scientific and
grey literature (e.g., Howald et al. 2007; Nogales et al.
2004; Campbell and Donlan 2005) and through a specific
questionnaire produced and circulated among key experts.
Data on islands have been primarily collected through
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cooperation with the Global Islands Database (GID),
which contain information on many different aspects of the
world’s islands, including biological, social, and economic
data.

The scope of the inventory covered in this paper extends
over the biogeographic borders of Europe and includes the
overseas territories of European countries. The review
covers data on all taxa of invasive species, from vertebrates
and invertebrates, to plants, but excluding marine aquatic
species.

RESULTS

Geographical data on more than 50,000 European
islands have been collected, mostly based on information
stored in the GID. More detailed information has been
gathered for a subset of 197 European islands, where
eradication programmes have been carried out.

From the data search, it appears that information on
presence/absence of key IAS and native species are rarely
available, and in general very scattered. Furthermore, very
little information is available at the geographical scale
required for prioritisation of eradications. We therefore
concluded that at the present time it is not possible to carry
out a pilot multi-species prioritisation exercise at the scale
we considered.

We recorded a total of 224 eradication programmes
reported in (Appendix 1). These have been, or are being,
carried out on 170 islands, belonging to 12 different
European countries.

Most of the documented eradications have been
on islands of the North Atlantic Ocean (n=50) and the
Mediterranean Sea (n=45). At present, 11 eradication
programmes are in the course of implementation, while a
further 16 are completed (but have still to be confirmed).
In 17 cases it was not possible to obtain the results of the
eradication campaigns (Table 1).

Of the total number of eradication campaigns
considered in the present review, final results have been
reported for 180 cases; of these projects, 86% are reported
as successfully completed, and 14% as unsuccessful. Since
successes are in general more likely to be reported than
failures, it is possible that the success rate is biased. In
three cases (Tuscan Archipelago, Italy) a re-invasion of rats
(Rattus rattus) has been recorded during a survey carried
out some years after the end of a successful eradication
(N. Baccetti pers. comm.). The reason is probably the very
limited distance (< 500 m) recorded between the islets and
the main island, Isola d’Elba, where the species is already
present.

The size of the islands where eradications have been
attempted ranges from 0.10 ha (Folaccheda, Mediterranean
Sea) to 925,100ha (Cyprus, where there was an attempt to
eradicate red palm weevil (Rhynchophorus ferrugineus)).

Table 1 Overall summary of the status of reported
eradications on European islands.

Eradication status n. eradications

successful 154
unsuccessful 21
uncompleted 5
being confirmed 16
on going 11
unknown 17
Total 224
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Fig. 1 Frequency of successful eradications; since 1970
reported per decade.

However, the median size of islands where a successful
eradication has been reported (n=137) is 17 ha (Q,=4.0 ha
—Q,=288.5 ha), while the median area of islands where an
eradlcatlon has failed (n=25) is 60 ha (Q,= 6.5 ha —

1015 ha). The majority of islands (63%) where a success%ul
eradication has been reported are below 100 ha; three
islands where the common myna (Acridotheres tristis) has
been eradicated are >150,000 ha.

In the last decade, the number of projects carried on
European islands has rapidly increased with 58% of
successful eradications completed in the 2000-2009 period
(Fig. 1).

Thirty five species have been targeted by eradication
campaigns, 19 of which are vertebrates, three invertebrates
and 12 plants. Rodents account for 66% (n= 137) of all
vertebrate eradications, and carnivores and ungulates
combined for 23% (n=52) of the total number of projects.
Rats (Rattus spp.) are the most common target (n=127,
57%), followed by goats (Capra hircus) (n=21, 11%).

For 26 eradications (13%) it was possible to gather
information on costs. For these cases, the cost ranged
from €200 spent for the eradication of ruddy ducks
(Oxyura jamaicensis) in the Balearic Archipelago (Spain)
to €2,247,951 spent so far to eradicate American mink
(Neovison vison) from the islands of Lewis and Harris
in the Outer Hebrides (UK). From the scarce available
information it appears that costs can vary much even
when the same species is targeted. For example the cost
of rodent eradication programmes (n=9) ranges from €321
to €400,000. It was not possible to test for any correlation
between costs and eradication area, because of the inaccurate
area measurements reported for most programmes.

Regarding the removal techniques, plant eradications
have usually been done by mechanical hand removal and
animal eradications have been most commonly carried out
with poisons, either alone or associated with other removal
methods (n=152, 79%). The use of combined techniques
was more common in eradications of rats, mice, cats and
rabbits. Several successful eradication campaigns (n= 38,
25%) have been carried on by applying several techniques,
but this percentage varies widely among target species
and in relation to the geographic location of the project.
For example, all the eradications of Rattus exulans on
islands of European overseas territories (n=24) have been
conducted using poisons, while for the other two species of
rat multiple techniques have been used (n=102, 28%).
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DISCUSSION

Information on European islands remains scarce and
mostly scattered. No inventory of islands was available
before the establishment of the GID (Orueta 2009). Data
on the presence of invasive species are not organised, and
often available only at the island or archipelago scale. And
studies on the impacts caused by invasive alien species to
native species are still very limited. No overall information
is available for native species on European islands, and very
little data have been published on those invasive species
with the most devastating impacts. We believe that, for
prioritising action to tackle the most impacting invasives,
it is necessary to significantly improve the level and scale
of information on the presence of threatened species —
including on small islands — and of key invasives.

Onthe other hand, information on attempted eradications
is becoming increasingly more accessible and the list of
eradication programmes presented in this paper is more
comprehensive than previous reviews have reported. A
comparison of the data collected for the present study with
those reported by Genovesi (2005), confirms the constant
increase in the implementation of this management tool
in Europe. The range of taxonomic groups targeted by
eradications is very wide, and is comparable with the
species targeted in other regions of the world (see Genovesi
2005 for a tentative comparison). However, the area of
islands where eradications have been attempted in Europe
remains quite small. This partly reflects the presence on
many European islands of native or endemic species,
which imposes restrictions on the removal methods that
can be used. The small range of treated islands is also due
to the limited awareness of the problems caused by IAS
in Europe, and the subsequent limited public support for
eradications.

One consequence of the limited awareness of invasions
is the often inadequate legal frameworks on this issue.
Several toxins have been (or are being) banned, and no
derogation procedure has been established for the controlled
use of such substances in eradication programmes. Several
countries have very strict legislation protecting domestic
species, that do not allow the effective management of
species such as the domestic cat or dog. It is interesting
to note that many complex and technically challenging
eradications have been carried on in European overseas
territories, located in regions where eradications are less
controversial than in Europe.

CONCLUSIONS

Eradication is a crucial tool to mitigate the impacts of
IAS and to preserve global biodiversity (Genovesi 2011).
The establishment of eradication inventories is important
for improving understanding of the technical parameters of
this management option, and monitoring the level of action
in this regard.

From the information collected for the present study,
Europe has increased efforts to combat invasions through
eradication campaigns; however, eradications are generally
less technically complex and challenging than similar
projects attempted in other parts of the world.

In order to improve and strengthen European action
on invasive species, it is crucial that any future European
policy on invasions has specific provisions on eradications,
supporting the realisation of such programmes, addressing
the legal obstacles, and providing specific funding devoted
to eradications.

Considering the huge number of islands present in
Europe, and the fact that in the European system most
projects are funded with public funds (e.g., EC, national),
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particular importance should be placed on establishment of
a transparent, science-based prioritisation of programmes.
In this regard, the results of this assessment confirm the
potential efficacy of an integrated data analysis of islands,
native species, and key invasives in order to identify
islands, areas and invasive species on which funding and
efforts should be concentrated.

Considering the differences in species composition
in the different geographic contexts of Europe, any
prioritisation work would be more feasible at the regional
scale rather than at the continental scale. To allow action
prioritisation, it would be useful to develop a list of the
invasive species with greatest impact in different European
regions (such as Mediterranean, Atlantic, tropical overseas
territories, and subantarctic overseas territories).
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Appendix 1 Eradications of alien species carried out on European islands.

Region Country Name of island Invasive species Erad - Eradication Methods Ref
year status code
Carribean Sea FRA  Burgaux Rattus rattus 2002  successful T, P 17
Carribean Sea FRA  Fajou Mus musculus 2001  successful T,P 17
Carribean Sea FRA  Fajou Rattus rattus 2002 unsuccessful T, P 17
Carribean Sea FRA  Fajou Oryctolagus cuniculus 1995  successful S, P 6,7,22
Carribean Sea FRA  Fajou Herpestes auropunctatus 2001  successful T 22,2432
Carribean Sea FRA  Hardy Rattus rattus 2002  successful T, P 17
Carribean Sea FRA  Percé Rattus rattus 1999  successful T, P 17
Carribean Sea FRA  Poirier Rattus rattus 2002  successful T, P 17
Carribean Sea NED Klein Curacao Capra hircus 1996  successful T 4
Carribean Sea UK Bay Cay Rattus rattus 2002  successful P 17
Carribean Sea UK Grand Cayman Myopsitta monachus on going 3,20
Carribean Sea UK Guana Capra hircus 1991  successful S 4
Carribean Sea UK Little Cayman Felis catus on going T 3,20
Carribean Sea UK Long Cay Felis catus 1999  unknown P 27
Carribean Sea UK Low Cay Rattus rattus 2000 successful P 17
Carribean Sea UK Nonsuch Rattus norvegicus 1985  successful P 17
Carribean Sea UK Nonsuch Rattus rattus 1985  successful P 17
Carribean Sea UK Nonsuch Rattus rattus 2005  successful P 17
Carribean Sea UK Pusey Cay Rattus rattus 2002  successful P 17
Carribean Sea UK Sandy Cay (White Cay) Rattus rattus 2002  successful P 17
Carribean Sea UK Sim Cay Rattus rattus 2002  successful P 17
Carribean Sea UK White Cay (Sandy Cay) Mus musculus 1998  successful P 17
Carribean Sea UK White Cay (Sandy Cay) Rattus rattus 1998  successful P 17
Carribean Sea UK William Dean Cay Rattus rattus 2002  successful P 17
Indian Ocean FRA  Amsterdam Capra hircus 1957  successful 4
Indian Ocean FRA  Australia Rattus rattus 2004 unknown P 23
Indian Ocean FRA  Australia Mus musculus 2004 unknown P 23
Indian Ocean FRA  Grande Terre Oryctolagus cuniculus 1956  unsuccessful 23
Indian Ocean FRA  Grande Terre Felis catus 1977 unsuccessful S 31
Indian Ocean FRA  Ile aux Cochons Oryctolagus cuniculus 1997  successful P 6,7,22
Indian Ocean FRA  Ile aux Moules Rattus rattus 2005  unknown P 23
Indian Ocean FRA  Ile du Chateau Rattus rattus 2002  unknown P 17
Indian Ocean FRA  Ile du Chateau Mus musculus 2001 unknown P 17
Indian Ocean FRA  Ile Guillou Felis catus 1995  successful S 27
Indian Ocean FRA  Ile Haute Ovis aries 2009 successful S 23
Indian Ocean FRA  Ile Verte Oryctolagus cuniculus 1992  successful S, P 6,7,22
Indian Ocean FRA  Saint-Paul Rattus rattus 1996  successful P 17
Indian Ocean FRA  Saint-Paul Oryctolagus cuniculus 1997  successful P 22
Indian Ocean FRA  Saint-Paul Mus musculus 1997  unsuccessful P 23
Indian Ocean FRA  Saint-Paul Capra hircus 1874  successful 4
Macaronesia POR  Deserta Grande Oryctolagus cuniculus 1998  successful S, P 14
Macaronesia POR  Deserta Grande Capra hircus uncompleted S, T 29
Macaronesia POR  Deserta Grande Felis Catus 1984  successful 27
Macaronesia POR  Praia islet Oryctolagus cuniculus 1997  successful 14
Macaronesia POR  Selvagem Grande Oryctolagus cuniculus 2002  successful T,P 29
Macaronesia POR  Selvagem Grande Mus musculus 2003  successful P 17
Macaronesia POR  Selvagem Grande Capra hircus 1900  successful 4
Macaronesia SPA  Alegranza Felis Catus 2002  successful T,P 14
Macaronesia SPA  Gran Canaria Acridotheres tristis 2006 successful T 16
Macaronesia SPA  Isla de los Lobos Felis Catus 2002  successful T, P 14
Macaronesia SPA  Montana clara Oryctolagus cuniculus 2001  successful T 14
Macaronesia SPA  Tenerife Acridotheres tristis 2000 successful S, T 16
Mediterranean Sea FRA 18 islets Rattus rattus 2000 successful TP 22,30
Mediterranean Sea FRA  Grand Congloué Rattus rattus 1999  successful TP 10,18
Mediterranean Sea FRA  Grand Congloué Rattus rattus 1995  unsuccessful T, P 23,39
Mediterranean Sea FRA  ilot de la Folaca Rattus rattus 2001 successful T,P 17
Mediterranean Sea FRA  Ilot de la Folaccheda Rattus rattus 2001  successful T, P 17
Mediterranean Sea FRA  Lavezzu Rattus rattus 2000 successful T,P 17
Mediterranean Sea FRA  Lavezzu Capra hircus 1994  successful S, T 4
Mediterranean Sea FRA  Petit Congloué Rattus rattus 1999 unsuccessful P 10
Mediterranean Sea FRA  Petit Congloué Rattus rattus 2005 successful T,P 9,18
Mediterranean Sea FRA  Plane Rattus rattus 2005  successful T, P 17
Mediterranean Sea FRA  Toro Rattus rattus 1991  successful P 17
Mediterranean Sea GRE  Atalanti Capra hircus 1979  successful 4
Mediterranean Sea GRE  Cyprus Rhynchophorus ferrugineus 2009  being confirmed T,P,H 47
Mediterranean Sea GRE  Kasidis Rattus rattus 2005 successful P 17
Mediterranean Sea GRE  Kastronisia-1 Rattus norvegicus 2006 successful P 17
Mediterranean Sea GRE  Kastronisia-1 Rattus rattus 2006 successful P 17
Mediterranean Sea GRE  Kastronisia-2 Rattus norvegicus 2006 successful P 17
Mediterranean Sea GRE  Kastronisia-2 Rattus rattus 2006 successful P 17
Mediterranean Sea GRE  Koufonisi (Lefki) Capra hircus 1976  successful S 4
Mediterranean Sea GRE  Lachanou Rattus rattus 2005  successful P 17
Mediterranean Sea GRE  Polemika Rattus rattus 2005 unknown P 17
Mediterranean Sea  ITA Capraia Ailanthus altissima 2001 uncompleted HR,H 12
Mediterranean Sea  ITA Gemino di Fuori (Elba) Rattus rattus 2000 successful P 17
Mediterranean Sea  ITA Gemino di Terra (Elba) Rattus rattus 1999  successful P 17
Mediterranean Sea  ITA Giannutri Rattus rattus 2007  successful P 5,38
Mediterranean Sea ITA  Isola dei Topi Rattus rattus 2000 reinvaded P 17
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Genovesi & Carnevali: Eradications on European islands

Region Country Name of island Invasive species 5::f :Et;ztlg;catlon Methods gﬁ{e
Mediterranean Sea  ITA Isola delle femmine Rattus norvegicus 2009  successful P 41
Mediterranean Sea ITA  Isola delle femmine Oryctolagus cuniculus 2009 uncompleted T 21,26,41
Mediterranean Sea  ITA Isola delle femmine Opuntia ficus-indica 2002  successful HR 41
Mediterranean Sea  ITA Isola delle femmine Solanum sodomaeum 2006 successful HR 41
Mediterranean Sea ITA  Isola La Scola Rattus rattus 2001 successful P 17
Mediterranean Sea ITA Isolotto d’Ercole Rattus rattus 2000 reinvaded P 17,26
Mediterranean Sea ITA ~ Molara Rattus rattus 2008 being confirmed P 8,26
Mediterranean Sea ITA ~ Pianosa Felis catus 2007 uncompleted T 15
Mediterranean Sea ITA  Procida Ceratitis capitata 1970  unsuccessful 49
Mediterranean Sea  ITA Scoglio La Peraiola Rattus rattus 2000 reinvaded P 17
Mediterranean Sea ITA Zannone Rattus rattus 2007  successful P 5,38
Mediterranean Sea SPA  Conills (Ibiza) Rattus rattus 1999  successful P 17
Mediterranean Sea SPA  Dragonera (Mallorca) Capra hircus 1975  successful S 4,14
Mediterranean Sea SPA  Isla grossa Oryctolagus cuniculus 1993 unknown 14
Mediterranean Sea SPA  Mallorca Acridotheres tristis 2007  successful S, T 16,19
Mediterranean Sea SPA ~ Menorca Oxyura jamaicensis 2001 successful S 19
Mediterranean Sea SPA  Menorca Carpobrotus edulis 2005 uncompleted  HR 43
Mediterranean Sea SPA  Ray Francisco (Isla del Rey) Rattus rattus 1992  successful P 17
Mediterranean Sea SPA  Ray Francisco (Isla del Rey) Rattus rattus 2000 successful P 17
N Atlantic Ocean ~ DEN  Anholt Pinus mugo 2005 being confirmed HR 42
N Atlantic Ocean DEN Laso Pinus mugo 2005 being confirmed HR 42
N Atlantic Ocean ~ EST  Hiiumaa Neovison vison 1999  successful T 14
N Atlantic Ocean ~ FIN  Korppoo Neovison vison 2001 successful S, T 28
N Atlantic Ocean FIN Nauvo Neovison vison 2001  successful S, T 28
N Atlantic Ocean ~ FIN  Trunso Neovison vison on going S, T 2

N Atlantic Ocean FIN  Uto Neovison vison on going S, T 2

N Atlantic Ocean FIN Viéno Neovison vison on going S, T 2

N Atlantic Ocean FRA  6islets Rattus norvegicus 2000 unsuccessful T, P 17
N Atlantic Ocean FRA  Bono Rattus norvegicus 1994  successful T, P 17
N Atlantic Ocean FRA  Bono Capra hircus 1993  successful T 4

N Atlantic Ocean FRA  Cézembre Rattus rattus 2004 unsuccessful T,P 23
N Atlantic Ocean FRA  Chatellier Rattus norvegicus 1994 successful T, P 17
N Atlantic Ocean FRA  Dumet Vulpes vulpes 2003  successful T 23
N Atlantic Ocean ~ FRA  Enez ar C’hrizienn Rattus norvegicus 1996 successful T,P 17
N Atlantic Ocean FRA  Ile aux Chevaux Rattus norvegicus 2002 successful T,P 17
N Atlantic Ocean FRA  Ile aux Moines Rattus norvegicus 1994  successful P 17
N Atlantic Ocean ~ FRA  Ile aux Moines Capra hircus 1993  successful T 4

N Atlantic Ocean ~ FRA  ]le aux Rats Rattus norvegicus 1994  successful T,P 17
N Atlantic Ocean ~ FRA  Ile des Morts Rattus norvegicus 2005 unsuccessful TP 11
N Atlantic Ocean FRA Ile Plate Rattus norvegicus 1994  successful T,P 17
N Atlantic Ocean FRA  Kemenez Mustela putorius 2003  successful T 22,32
N Atlantic Ocean ~ FRA  Le Loc’h Rattus norvegicus 2003  unsuccessful T, P 17
N Atlantic Ocean FRA  Ledenez Kemenez Mustela putorius 2003  successful T 22,32
N Atlantic Ocean FRA  Rimains Rattus norvegicus 1994  successful T, P 17
N Atlantic Ocean ~ FRA  Rocher de Cancale Rattus norvegicus 1994  successful T,P 17
N Atlantic Ocean FRA  Rouzic Rattus norvegicus 1951  successful P 17
N Atlantic Ocean FRA  St.Riom Rattus norvegicus 2000 unsuccessful T, P 17
N Atlantic Ocean ~ FRA  Tomé Rattus norvegicus 2002 successful T,P 17
N Atlantic Ocean ~ FRA  Trébéron Rattus norvegicus 2005 unsuccessful TP 11
N Atlantic Ocean FRA  Trielen Rattus norvegicus 1996  successful T, P 17
N Atlantic Ocean FRA  Trielen Capra hircus 1998  successful T 4

N Atlantic Ocean ICE  Flatey Island Rattus norvegicus 1971  successful P 17
N Atlantic Ocean ICE Flatey Island Mus musculus 1971  successful P 17
N Atlantic Ocean IRE Horse Capra hircus 1994  successful 4

N Atlantic Ocean ~ POR  Bugio Oryctolagus cuniculus 2008 being confirmed P 29
N Atlantic Ocean ~ POR  Bugio Mus musculus 2008 being confirmed P 29
N Atlantic Ocean ~ POR  Bugio Capra hircus 2008 being confirmed P 29
N Atlantic Ocean UK Alisa Craig Rattus norvegicus 1991  successful P 14
N Atlantic Ocean UK Canna Rattus norvegicus 2006 successful P 48
N Atlantic Ocean UK Cardigan Rattus norvegicus 1980 successful P 17
N Atlantic Ocean ~ UK Handa Rattus norvegicus 1997  successful P 17
N Atlantic Ocean ~ UK Holy Capra hircus 1963  unsuccessful 4

N Atlantic Ocean ~ UK Jersey Lymantria dispar unknown T 46
N Atlantic Ocean UK Lewis and Harris Neovison vison on going T 36
N Atlantic Ocean UK Lundy Rattus norvegicus 2004 successful P 17
N Atlantic Ocean UK Lundy Rattus rattus 2004  successful P 17
N Atlantic Ocean UK Puffin (Seiriol’s Island) Rattus norvegicus 1998  successful P 17
N Atlantic Ocean UK Ramsey Rattus norvegicus 2000 successful P 17
N Atlantic Ocean UK Uists Neovison vison 2006 being confirmed T 36
Pacific Ocean FRA  Clipperton Sus scrofa 1958  successful S 37
Pacific Ocean FRA G’i Rattus exulans 1998  successful P 17
Pacific Ocean FRA  Laregnere Rattus exulans 1998  successful P 17
Pacific Ocean FRA  Le Prédour, Grande Terre  Rattus rattus 2010 on going 23
Pacific Ocean FRA  Le Prédour, Grande Terre  Oryctolagus cuniculus 2010 on going 23
Pacific Ocean FRA  Le Prédour, Grande Terre ~ Cervus timorensis russa 2010  on going 23
Pacific Ocean FRA  Makapu Rattus exulans 2003  unknown P 17
Pacific Ocean FRA  Mato Rattus rattus 1998  successful P 17
Pacific Ocean FRA  Mekiro Rattus exulans 2003 unknown P 17
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Appendix 1 continued

Region Country Name of island Invasive species Erad - Eradication Methods Ref
year status code

Pacific Ocean FRA  Motu-o-ari Rattus exulans 2003 unknown P 17

Pacific Ocean FRA Ndo Rattus exulans 1998  successful P 17

Pacific Ocean FRA Nge Rattus exulans 1998  successful P 17

Pacific Ocean FRA  Otoiiti Rattus exulans 2007  successful P 23

Pacific Ocean FRA  Redika Rattus exulans 1998  successful P 17

Pacific Ocean FRA  Signal Rattus exulans 1998 unsuccessful P 17

Pacific Ocean FRA  Surprise Mus musculus 2005 successful P 17

Pacific Ocean FRA  Surprise Rattus rattus 2005 successful P 17

Pacific Ocean FRA  Taere ere Rattus exulans 2005 successful P 23

Pacific Ocean FRA  Taere ere Mus musculus 2005 successful P 23

Pacific Ocean FRA  Teanaone and Tepapuri Rattus exulans 2003 unknown P 17

Pacific Ocean FRA  Teuaua/Ua-Uka Rattus rattus 1987  unsuccessful P 17

Pacific Ocean FRA  Teuaua/Ua-Uka Rattus exulans 1988 unsuccessful P 17

Pacific Ocean FRA  Teuaua/Ua-Uka Rattus exulans 1995 unknown P 13,45

Pacific Ocean FRA  Tiarao Rattus exulans 2008 unknown P 23

Pacific Ocean FRA  Tiarao Rattus rattus 2008 unknown P 23

Pacific Ocean FRA  Uatermbi Rattus exulans 1998  successful P 17

Pacific Ocean FRA  Uatio Rattus exulans 1998  successful P 17

Pacific Ocean FRA Uie Rattus exulans 1998  successful P 17

Pacific Ocean FRA Uo Rattus exulans 1998  successful P 17

Pacific Ocean FRA  Vahanga, Tuamotu Rattus exulans 2000 unsuccessful P 17

Pacific Ocean FRA  Vua Rattus exulans 1998  successful P 17

Pacific Ocean UK Ducie Rattus exulans 1997  successful P 17,25

Pacific Ocean UK Oeno Rattus exulans 1997  successful P 17,25

Pacific Ocean UK Pitcairn Rattus exulans 1998  unsuccessful P 17

Pacific Ocean UK Pitcairn Felis catus 1997  successful S, T,P 27

S Atlantic Ocean UK Amy Island Rattus norvegicus 2009 being confirmed P 35

S Atlantic Ocean UK Ascension Felis catus 2004  successful S, T,P 33

S Atlantic Ocean UK Ascension Schinus terebinthifolius 2009 Dbeing confirmed HR, H 3,44

S Atlantic Ocean UK Ascension Ficus elastica 2009 being confirmed HR, H 3,44

S Atlantic Ocean UK Ascension Capra hircus 1945  successful S 4

S Atlantic Ocean UK Beaver Island Dusicyon griseus 1999  unsuccessful S, T,P 35

S Atlantic Ocean UK Beaver Island Felis catus 1983  successful S, T 35

S Atlantic Ocean UK Bottom Tussac Rattus norvegicus 2001  successful P 17,25

S Atlantic Ocean UK Calf Island Rattus norvegicus 2001  successful P 17

S Atlantic Ocean UK Calf Islet Rattus norvegicus 2001 successful P 17

S Atlantic Ocean UK Channel Island west Rattus norvegicus 2007  successful P 35

S Atlantic Ocean UK Double Rattus norvegicus 2001 successful P 17,25

S Atlantic Ocean UK Gough Arrhenatherum elatius 2006  successful H 3

S Atlantic Ocean UK Gough Sagina procumbens on going HR,H 3

S Atlantic Ocean UK Gough Senecio burchellii 1980 successful HR 3

S Atlantic Ocean UK Gough Conyza sumatrensis 1980 successful HR 3

S Atlantic Ocean UK Governor Island Rattus norvegicus 2008 being confirmed P 35

S Atlantic Ocean UK Grand Jason Capra hircus successful 4

S Atlantic Ocean UK Grass Island Rattus norvegicus 2000 successful P 35

S Atlantic Ocean UK Green Island Rattus norvegicus 2007  successful P 35

S Atlantic Ocean UK Harpoon Rattus norvegicus 2001 successful P 17

S Atlantic Ocean UK Horse Rattus norvegicus 2001  successful P 17

S Atlantic Ocean UK Inaccessible Sus scrofa 1950  successful S 34

S Atlantic Ocean UK Inaccessible Phormium tenax on going HR,H 3,20

S Atlantic Ocean UK Inaccessible Capra hircus 1872  successful S 4

S Atlantic Ocean UK Letterbox Island Rattus norvegicus 2007 being confirmed P 35

S Atlantic Ocean UK Little Coffin Island Rattus norvegicus 2007  successful P 35

S Atlantic Ocean UK Little Coffin Islet Rattus norvegicus 2007  successful P 35

S Atlantic Ocean UK Outer Rattus norvegicus 2001 successful P 17

S Atlantic Ocean UK Rat Island Rattus norvegicus 2001  successful P 17

S Atlantic Ocean UK Sedge Island Dusicyon griseus 1970  successful S, T 35

S Atlantic Ocean UK Skull Bay Island Rattus norvegicus 2007  successful P 35

S Atlantic Ocean UK Sniper Island Rattus norvegicus 2009 being confirmed P 35

S Atlantic Ocean UK St.Elena Equus asinus uncompleted 3,20

S Atlantic Ocean UK St.Elena Capra hircus 1970  unsuccessful 4

S Atlantic Ocean UK Stick in the Mud Rattus norvegicus 2007  successful P 35

S Atlantic Ocean UK Tea Dusicyon griseus 2008 successful S, T,P 3,35

S Atlantic Ocean UK Tea Rattus norvegicus 2009 being confirmed P 35

S Atlantic Ocean UK The Knobs Rattus norvegicus 2009 being confirmed P 35

S Atlantic Ocean UK Top Tussac Rattus norvegicus 2001  successful P 17,25

S Atlantic Ocean UK Tristan da Cunha Felis catus 1970  successful S 1

S Atlantic Ocean UK Tristan da Cunha Capra hircus 1951 successful S 4

List of References: (1) Angel and Cooper 2006; (2) Banks et al. 2008; (3) C. Stringer pers. comm.; (4) Campbell and Donlan 2005;

(5) Capizzi et al. 2006; (6) Chapuis et al. 2004; (7) Chapuis et al 2001; (8) D. Capizzi pers. comm.; (9) CEEP 2007; (10) Dupuis and Du

Chatenet 2006; (11) Dutouquet and Hamon 2005; (12) F. Giannini pers. comm.; (13) Faulquier et al., 2009 (14) Genovesi 2005; (15)
Giannini and Baldinelli 2008; (16) S. Saavedra pers. comm.; (17) Howald et al. 2007; (18) Tranchant et al. 2008; (19) J. Mayol pers.
comm.; (20) K. Varnham pers. comm.; (21) Lo Valvo pers. comm.; (22) Lorvelec and Pascal 2005; (23) M. Pascal pers. comm.; (24)

Lorvelec et al. 2004; (25) Martins et al. 2006; (26) N. Baccetti pers. comm.; (27) Nogales et al. 2004; (28) Nordstrom et al. 2002; (29) P.

Olivera pers. comm.; (30) Pascal et al. 2005; (31) Pascal, 1980; (32) Abdelkrim et al. 2005; (33) Ratcliffe et al. 2010; (34) Ryan P. 2007;

(85) S. Poncet pers. comm.; (36) S. Roy pers. comm.; (37) Lorvelec and Pascal M. 2006; (38) Sposimo et al. 2008; (39) Tranchant et al.
2007; (41) V. Di Dio pers. comm.; (42) www.nobanis.org; (43) Fraga et al. 2006; (44) PLambdom pers. comm.; (45) Pascal et al. 2009;

%46; Meadows 2009; (47) Melifronidou - Pantelidou 2009; (48) http://www.ntsSeabirds.org.uk/properties/canna/canna_progress.aspx;

49) Harris 1975

Methods Code: S = Shooting; T = Trapping; HR = Hand Removal; P=Poisoning H = Herbicides
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Abstract Introduced rodents (ship rats (Rattus rattus), Norway rats (R. norvegicus) and mice (Mus musculus)) have
been present in the Galapagos Islands for at least 300 years. Their presence has resulted in adverse effects on native flora
and fauna, including the likely extirpation of native rodents. Control of rodents has mainly been to protect native species
like the dark-rumped petrel (Pterodroma phaeophygi) and to reduce effects on human infrastructure. Introduced rodent
eradication attempts in Galapagos have been conducted since the 1980s, generally on small islands, and mainly using
poison bait either hand-laid or in bait stations. Successful eradications have all been of ship rats in drier years, when
reduced vegetation biomass apparently restricts rat populations through food limitation. Eradication attempts are being
planned for larger islands using aerial poison applications with a view to scaling up to islands as large as 57,000 ha.

Keywords: Rattus rattus, Rattus norvegicus, Mus musculus, islands, brodifacoum, eradication

INTRODUCTION

Introduced rats (Rattus spp.) and house mice (Mus
musculus) are considered responsible for a significant
number of extinctions and ecosystem changes on islands
worldwide (Towns ef al. 2006). Over the past 30 years,
increasing success in eradicating rats from islands has
often been followed by spectacular responses by resident
populations of native species and re-colonisation by
species that had been extirpated (Bellingham et al. 2010).
These responses have led to increased eradication attempts
on archipelagos worldwide. Although the size of islands
where rodent eradications are attempted is increasing,
there have been failures (Howald et al. 2007). Reviews
of the impacts of rodents on islands, and the outcome of
eradication attempts, provides information that can justify
and inform plans for rodent eradications elsewhere and are
therefore useful for eradication practitioners worldwide.
In the tropics, more information on eradications of
invasive rodents on islands is required and should include
information about improving efficiency to reduce cost and
assessing risks to non-target species (Howald et al. 2007;
Harper ef al. 2011). The aim of this paper is to briefly
review the impacts of introduced rodents in the tropical
Galapagos Archipelago, outline the eradication attempts to
date, and assess techniques and risks for the future.

INTRODUCED RODENTS IN GALAPAGOS

Three of the four species of rodents commonly
introduced to oceanic islands have reached the Galapagos
Archipelago (total area: 777,000 ha): ship rats (Rattus
rattus), Norway rats (R. norvegicus) and house mice. The
invasion history, and threats posed by introduced rodents
to native flora and fauna of the Galapagos, are summarised
below.

Ship rat

Ship rats were first introduced to Galapagos by
pirates and whalers between 1600 and the 1700s. A
population established at James Bay, Santiago Island (Fig.
1), where buccaneers careened their vessels. The first
recorded specimen was collected at Santiago by Darwin
in 1835 (Waterhouse 1839). Two subsequent waves of
introductions were apparently associated with human
colonisation of other islands in the archipelago (Patton et
al. 1975). The first wave began in about 1830, when ship
rats became established on Floreana and Isabela islands.
The second wave began during the Second World War,
when the rats became established on Baltra and Santa Cruz

islands (Clark 1978) and were followed by introductions
to smaller islands with increased human activity. Ship rats
now inhabit 35 islands, which comprise 90% of the land
area of the Galapagos.

Most of the knowledge about the impacts of rodents in
the Galapagos relates to ship rats but even then information
is scarce. Ship rats caused up to 70% reproductive failure
in the dark-rumped petrel (Pterodroma phaeophygi),
whose colonies are restricted to the highlands of Santa
Cruz, Floreana, Santiago and Isabela islands (Cruz and
Cruz 1987a, 1987b). On Punta Pitt, San Cristobal Island,
ship rats preyed on eggs and chicks of wedge-rumped
storm-petrels (Oceanodroma tethys) and Madeiran storm-
petrels (O. castro) leading to a dramatic decline in both
populations (Valle 1996). Nesting success of the critically
endangered mangrove finch (Geospiza scandens) was
significantly higher where ship rats are controlled (B.
Fessel pers. comm.). On Pinzén Island recruitment of
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Fig. 1 Location of the Galapagos Islands and islands
mentioned in the text.
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the endemic giant tortoise (Geochelone elephantopus
ephippium) consistently failed due to predation of eggs and
young by ship rats (McFarland et al. 1974). There is also
evidence that invasions by ship rats were responsible for
the extinction of several species of the endemic rice rats
Nesoryzomys spp. and Oryzomys galapagoensis (Clark
1984).

Norway rat

Norway rats, were first introduced to Santa Cruz and
San Cristobal islands in the 1980s, were recently discovered
on Rébida Island and may be on Isabela Island (Key and
Muiioz 1994). This species has been slow to spread through
the Galapagos, possibly due to the widespread distribution
of ship rats, which on forested islands can displace Norway
rats (Russell and Clout 2004; Harper 2006). Norway rats
are very common in urban areas and are trapped in the
highlands where water is more freely available (Key et al.
1994). Their effect on birds in the Galapagos is unknown,
but it is likely to be adverse, considering the effects of
Norway rats on land birds and seabirds elsewhere (Towns
et al. 2006; Jones et al. 2008). Norway rats occupy
approximately 20% of the land area of the Galapagos.

House mouse

Mice were possibly introduced at the same time as
ship rats in the 17* century (Key et al. 1994) and are now
found on 12 islands. However, some populations of mice
may have been overlooked during monitoring for the
larger rodents, as mice are often cryptic in the presence
of rats probably due to interference competition (Harper
and Cabrera 2009). Little is known of the impacts of mice
in the Galdpagos. They are known to affect numbers and
recruitment of the cactus (Opuntia echios) by digging
around roots and affecting their stability during periods
of high rainfall when cacti often become waterlogged.
This adverse effect is then exacerbated by land iguanas
(Conolophus  subcristatus), which subsequently eat
cladodes from the toppled cacti (Snell ef al. 1994).

Mice have the potential to affect birds in the Galapagos
in similar ways to those reported for seabirds in the Southern
Ocean (Angel ef al. 2009), but this possibility has yet to be
examined. Mice do eat and contaminate crops and damage
infrastructure, thus having an economic impact on human
activity. For example, mice have reportedly damaged the
wiring in electronic equipment at Baltra Airport. Mice are
present on at least 90% of the land area of the Galapagos.

Rodent control and eradication

So far, the control of rodents in the Galdpagos has
focussed on rats for species protection and to reduce damage
to infrastructure and the contamination of food supplies.
Ship rats were first controlled for species protection using
poison in bait stations on Cerro Pajas, Floreana Island, in
1983 to protect a population of dark-rumped petrels (Cruz
and Cruz 1987a). This programme has since been extended
to other petrel colonies in the highlands of Santa Cruz,
Santiago and San Cristobal. Rat control is also carried out
on the north coast of Baltra Island to prevent them from
reinvading the adjacent Mosquera and Seymour Norte
Islands from which the rats have been eradicated (Harper et
al. 2011). Rats are also controlled on Baltra at the airport,
the military base, and at the refuse tip. Local authorities
carry out control in urban areas on inhabited islands.

Attempts to eradicate ship rats from islands in the
Galéapagos began in the early 1980s (Table 1). Until now,
they have been focused on smaller islands, but with the
eradication of ship rats on Seymour Norte (Harper et al.
2011) planning is underway to attempt larger islands.

An early ambitious attempt to eradicate rats on a large
island using bait dumps almost succeeded on Pinzén
Island (Table 1). During a very dry year over 45 days in
November and December, a team of 47 people established
bait dumps at 50m spacing across the entire island (Cayot
etal. 1996). Each bait dump comprised 200gm of Racumin
(Coumatetralyl) powder combined with rice in a paper
bag, which equates to an application rate of 1 kg poison/
ha. Brodifacoum (Klerat) blocks were also hand broadcast

Table 1 Attempted eradications of ship rats (Rattus rattus) on islands in the Galapagos Islands, Ecuador.

Distance Year of

Island Size Negre.s t to main eradication Technique Poison Bait Success Year
(ha) main island . type Confirmed
island (m) attempt

Venezia 13.3 Santa Cruz 30  Early 1980s unknown unknown No -

Pinzon 1815 Santa Cruz 10,399 1988 Hand-laid bait dumps/ Racumin No -
broadcast Klerat
50 x 50m grid

Marielas Sur 1.3  Isabela 848  June 1988 Bait stations Klerat Yes 1999
25m x 25m grid

Marielas 0.24 Isabela 812  June 1988 Bait stations Klerat Yes 2009

Norte 25m x 25m grid

Pitt 0.4 SanCristobal 622 1989 Hand broadcast/ trapping 1080 Yes 1989

Bainbridge #1: 11.4 Santiago #1 1024 2000 unknown unknown  unclear -

Islands (4) #3:18.3 #3 630

#5:4.1 #5 1167
#6: 4.5 #6 874

Lobos 6.7 SanCristobal 162 2002 Bait stations Klerat No -
30m x 30m grid

Mosquera 4.6 Baltra 406  Early 1980s unknown unknown No -

Mosquera 4.6 Baltra 406 2007 46 bait stations Klerat, 1080 Yes 2009

Seymour 184 Baltra 1464 2007 Hand broadcast Klerat Yes 2009

Norte 25m x 25m grid
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between bait dumps. On coastal cliffs Klerat blocks were
thrown onto cliff faces. Most bait take was on the coast
and in the more humid highlands where the last rat sign was
in loose rocks on the crater walls. Monitoring in January,
February, April, May, July-August, October (two trips)
and November 1989 detected no rat sign from February
until the end of October when sign was found at a single
bait station. Although poison bait was laid around that
bait station, more comprehensive sampling in November
found sign of rats at 10 stations in the central highlands and
higher southern slopes. These areas were re-poisoned with
Racumin and Klerat (Cayot ef al. 1996). By January 1990,
the beginning of the ‘hot’ season and associated increase in
rainfall made bait distribution untenable and the project was
abandoned. Observed short-term benefits of rat suppression
for native wildlife included increases in the abundance of
juvenile marine iguanas (Amblyrhynchus cristatus) (Cayot
et al. 1994) and in populations of endemic Pinzén lava
lizards (Microlophus duncanensis) and Galadpagos doves
(Zenaida galapagoensis). Successful giant tortoise nesting
was also recorded. There was an apparent decrease in the
population of Galapagos hawks (Buteo galapagoensis) and
short-eared owls (4sio flammeus) (Mufioz 1990).

One of the first successful eradications was on Pitt
Island, an islet off San Cristébal after ship rats colonised
around 1983 (Valle 1996). The eradication attempt was
confirmed successful in 1989 (Table 1).

In 2000, attempts were made to eradicate ship rats
from the Bainbridge islands where they had established
on four of the eight islands (Table 1). By 2002, no rats
were detected on two of the four islands attempted, but the
success within the island group is still unclear and requires
extensive sampling to confirm the outcome.

DISCUSSION

There have been 10 recorded ship rat eradication
attempts in the Galapagos since the early 1980s and five
(50%) have been successful. The result from one operation
at the Bainbridge Islands is unclear but appears to have
mixed success, with some islands with rats still extant
and one or two islands where rats have been eradicated.
Most of the islands attempted have been small (< 20ha),
although the successful eradication on Seymour Norte and
failed Pinzon operation are exceptions.

Ship rats have been heavily suppressed or eradicated
in the Galapagos with low poison application rates and
this may be related to climatic conditions. On Pinzén
approximately 1 kg/ha of Racumin was applied with rice
as a bait which equated to 7.5g coumatetralyl/ha. Although
there is no information on the rates of Klerat bait broadcast
between Racumin bait dumps it appears that the application
rates were relatively low. On Seymour Norte less than 3
kg/ha of Klerat bait was applied (Harper et al. 2011) which
was equivalent to 150g brodifacoum/ha. In temperate
islands applications routinely apply bait at rates of 12 kg/
ha or more (Empson and Miskelly 1999; McClelland 2002)
which equates to 240g brodifacoum/ha. In the Galapagos,
the 1988 Pinzon Island eradication attempt, successful
1988 Marielas Islands, and 1989 Pitt Island eradications
were carried out in particularly dry years. For example,
in 1988 and 1989 78.5mm and 82.5mm annual rainfall
respectively were recorded at Puerto Ayora ( M. Gardener
pers. comm.) instead of a median rainfall of 277mm. In
contrast, an eradication attempt on Lobos Island in 2002
failed during a relatively wet year (577mm).

In the Galapagos, population densities of rats during
dry years in all vegetation types rarely exceed five rats/

ha whereas in particularly wet years densities reach 19
rats/ha (Clark 1980; Harper and Cabrera 2010). Ship
rat populations on the Galapagos show food limitation
with a positive correlation between population density
and vegetation biomass (Clark 1980). The generally arid
conditions that prevail in the Galapagos during the dry
season and in non El Nifio years thus appear to restrict ship
rat populations. Strong food limitation for ship rats in the
dry season was suggested by the apparent palatability of
wax-based Klerat to the low density ship rat population on
Seymour Norte (Harper et al. 2011). Failed rat eradications
on tropical islands elsewhere were often timed at the end of
wet seasons when abundant food was available (Rodriguez
et al. 2006).

The information presented here suggests that relatively
low poison bait application rates may be suitable for
eradication attempts in dry years. Poison operations
should be timed for the last three months of the dry season
and in particularly dry years if possible. Low application
rates will reduce resources and time required, as well as
risks to non-target species, and should be tested on smaller
islands in the Galapagos with a view to scaling up to larger
operations.

Grid spacing of bait stations or hand-laid baits does not
appear to have had any appreciable affect on the success
of eradications although the sample size is small. Grids
of < 25m on three islands have all resulted in successful
operations (Table 1). The grid spacing for the Pinzén
operation was 50 x 50 but Klerat was hand sown between
the bait dumps, effectively reducing the grid size.

Future operations

In April 2007, international rat eradication experts met
in the Galapagos and drafted a plan, Project Pinzon, to
eradicate rats from several larger islands in the archipelago
(Cayot 2007). The plan included improving eradication
experience in the Galdpagos by beginning with rat
eradications on smaller islands, then with the information
and experience gained, scaling up eradication attempts to
islands as large as Santiago (57,728 ha).

Since that meeting, rats have been eradicated on
Seymour Norte. An operational plan has been completed
for the eradication of ship rats on Pinzén Island and Norway
rats on Rabida Island (499 ha) using aerially distributed
brodifacoum 25D bait (Bell Labs) in late 2010 or 2011
(Harper 2009). The 2010 El Nifio event may postpone
the operation if it results in substantial vegetative growth
and an associated increase in rat abundance which would
threaten the success of operation. Some smaller islands
will be treated concurrently, including Roca Beagle Sur
(8.7 ha); Roca Beagle Oeste (4.3 ha); Bartolomé (124 ha);
Bainbridge Islands No.3, No. 5, No. 6; and Plaza Norte
(8.8 ha). All of these islands have ship rats except for Plaza
Norte, which has mice.

Keeping islands rodent-free

The success of the planned eradications will depend in
part on substantially improved biosecurity measures. There
are substantial numbers of small boat journeys between
Galapagos islands for tourism, domestic fishing, and
personal travel. All of these journeys pose risks for further
introductions to islands and reintroductions of rodents to
islands where they have been eradicated. The development
and implementation of biosecurity measures that can
capture every boat journey and detect rodents as small
as mice is a challenge but will be essential if Galapagos
Islands are to remain free of introduced rodents.
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The history of mammal eradications in Hawai i and the United States
associated islands of the Central Pacific
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Abstract Many eradications of mammal taxa have been accomplished on United States associated islands of the Central
Pacific, beginning in 1910. Commonly eradicated species are rabbits (Oryctolagus cuniculus), rats (Rattus spp.), feral
cats (Felis catus), and several feral ungulates from smaller islands and fenced natural areas on larger Hawaiian Islands.
Vegetation and avifauna have demonstrated dramatic recovery as a direct result of eradications. Techniques of worldwide
significance, including the Judas goat method, were refined during these actions. The land area from which ungulates
have been eradicated on large Hawaiian Islands is now greater than the total land area of some smaller Hawaiian Islands.
Large multi-tenure islands present the greatest challenge to eradication because of conflicting societal interests regarding
introduced mammals, mainly sustained-yield hunting. The difficulty of preventing reinvasion poses a persistent threat
after eradication, particularly for feral pigs (Sus scrofa) on multi-tenure islands. Larger areas and more challenging species
are now under consideration for eradication. The recovery of endangered Hawaiian birds may depend on the creation
of large predator-proof exclosures on some of the larger islands. Large scale eradications of small Indian mongooses
(Herpestes auropunctatus) would be beneficial to ground-nesting birds such as néné (Branta sandvicensis), but this has

been achieved only in small exclosures.

Keywords: Carnivores, rabbits, recovery, rodents, ungulates, fences

INTRODUCTION

The terrestrial biota of the Central Pacific is defined
by its degree of isolation. For example, the Hawaiian
Archipelago is 3200 km from any continental land
mass (Ziegler 2002). After tens of millions of years of
evolutionary isolation from all mammals except bats, islands
of the Central Pacific were besieged by rodents, carnivores
and herbivores (Ziegler 2002). The first mammals were
introduced by early canoe voyagers of the Pacific more
than 1000 years ago (Kirch 1982). The discovery of the
Hawaiian Islands by Cook in 1778, like many other islands
of the Pacific, brought introductions of hoofed animals for
beasts of burden, milk, hides and meat as well as additional
species of rodent and predators to control rodents.

Ecological degradation ensued and groups of endemic
plants and animals suffered extinctions, including flightless
birds (Olson and James 1982; Steadman 1995), and nine
percent of all Hawaiian flora (Sakai et al. 2002). After
a century of settlement by westerners, the concept of
eradicating non-native species came about as a solution to
agricultural, public health, or economic problems (Tomich
1986), and more recently, to solve ecological problems
(Hess et al. 2009). Reversing the effects of alien mammals
has proven to be difficult, but successes have resulted in
the recovery of native biota (Hess ef al. 2009).

This paper reviews the history of invasive mammal
management on United States associated islands of the
Central Pacific, particularly as it involves eradications and
the effects of these actions on native biota. Questions we
address are: has the scale of eradications increased? Are
additional species being eradicated? Are new techniques
being developed and employed? We aim to provide
perspective on the Central Pacific islands both in space and
time, and how current and future management of invasive
mammals compares to the past.

RESTORATION THROUGH ERADICATIONS

All eradications are listed in Table 1 and locations are
given in Fig.1.
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Fig. 1 Locations of mammal eradications from U.S.
administered islands of the Central Pacific. Island group
names (italicised) are included to provide location
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Table 1 Mammal eradications from U.S. administered islands of the Central Pacific.

Species Year
Location Area ha Introduced Eradicated Method
Rabbits
Laysan 400 1902 1923 Shooting
Lisianski 170 1903 <1923 Starvation
Pearl & Hermes Atoll 30 <1916 1928  Shooting
Ford, Pearl Harbor 183 <1825 ? Starvation?
Manana, O'ahu 25 <1890 <1985 Starvation
Molokini, Maui 8 <1915 <1965 ?
Haleakala, Maui 25 1989 1990  Snaring, shooting, and live-trapping
Kaua'i ? 2000s 2003  Trapping
Lehua Islet, Ni'ihau 110 <1930 2006  Dogs and hunters
Total 951
Pacific rats
Rose Atoll, Samoa 6.3 <1920 1992  Brodifacoum bait stns, live- & snap-traps, bromethalin
Green Island, Kure 129 ? 1993  Brodifacoum bait stations, live- & snap-traps
Mokuauia, O ahu 385 ? 2000  Diphacinone bait stations, live- & snap-traps
Mokapu, Moloka'i 7 ? 2008  Diphacinone aerial broadcast
Lehua Islet, Ni'ihau 110 ? -- Diphacinone aerial broadcast in 2009
Total 584
Ship rats
Eastern Is, Midway 134 1940s 1994  Brodifacoum bait stations, live-traps, snap-traps
Spit Island, Midway 1 1940s 1994  Brodifacoum, Live-traps
Sand Island, Midway 486 1940s 1997  Brodifacoum bait stations, live-traps
Palmyra Atoll 275 1940s -- Brodifacoum hand broadcast in 2001
Mokoli'i, O'ahu 5 ? 2002  Diphacinone bait stations
Mokuauia, O"ahu 385 2004 2006  Diphacinone bait stations, live- & snap-traps
Total 1011
Cats
Baker 164 1937 1960s  Direct pursuit-hunting
Howland 184 1937 1986  Shooting, trapping
Jarvis 450 1189%57? Dlle9d9(())ut Shooting, trapping, poisoning, virus
Wake 737 1960s 2004  Shooting, trapping
Total 1535
Pigs
Lana'i 36,130 >1911  mid-1930s Shooting
Kipahulu Valley, Maui 1400 1970s 1988  Snaring
HAVO, Hawai'i (176?? gO) 1790s 1989 (2007) Dogs, shooting, snaring
HFNWR, Hawai'i 4450 1790s 2004  Dogs, shooting, snaring
Ola'a-Kilauea 14,120 1790s 1995-2010 Driving, trapping, shooting, snaring
Total 72,280
Goats
Ni'ihau 18,910 1900s 1910-11 Contract Hunting
Jarvis 450 ? 1935  Self-extirpation
Lana'i 36,130 1800s 1981  Ground shooting
HAVO, Hawai'i 55,440 1778 1984  Drives, shooting, Judas
Haleakala NP, Maui 13,690 > 1780 1989  Drives, shooting, Judas
Kaho'olawe 11,650 1793 1990  Helicopter & ground shooting, Judas
Mauna Kea, Hawai'i 32,110 1778 -- Drives, helicopter shooting since 1934
Total 136,270
Sheep
Lana'i 36,130 mid-1800s 1980s  Ground shooting
Kaho'olawe 11,650 1858 1990s  Helicopter & ground shooting, Judas
Mauna Kea, Hawai'i 32,110 1778 - Drives, helicopter shooting since 1936
Kahuku Unit, Hawai'i 46,800 1968 -- Ground shooting, dogs, helicopter shooting since 2004
Total 47,780
Cattle
HFNWR, Hawai'i 44,050 1800s 2004  Dogs, shooting, snaring, helicopter shooting
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Rabbits

In the Northwestern Hawaiian Islands, European
rabbits (Oryctolagus cuniculus) were introduced as a
source of food to Lisianski and Laysan islands about 1902,
and subsequently discovered on Southeast Island of Pearl
and Hermes Atoll in 1916 (King 1973).

Rabbits were eradicated from Laysan and Lisianski
in 1923 after a failed eradication attempt on Lisianski in
1912-1913 (King 1973). Compounding the effects of
mice (present since 1846), the rabbits eliminated most of
Lisianski’s vegetation by 1914, which then caused starvation
of the rabbits (Olson and Ziegler 1995). Eradication of
rabbits on Laysan coincided with desertification and
the extinction of the Laysan honeycreeper (Himatione
sanguinea freethii), the Laysan millerbird (Acrocephalus
familiaris familiaris), and the last observations of Laysan
rail (Porzana palmeri) (Ely and Clapp 1973). Rabbits were
also eradicated on Southeast Island of Pearl and Hermes
Atoll 1928 by shooting (King 1973; Amerson ef al. 1974).

Among the larger Hawaiian Islands, rabbits were on
Ford, Manana, and Molokini islands, but disappeared,
perhaps due to starvation (Swenson 1986). An incipient
rabbit population was eradicated in Haleakala National
Park (HALE) on Maui in 1990 by shooting, trapping and
snaring (Loope et al. 1992), and another on Kaua'i was
eradicated by trapping in 2003 (C. Martin pers. comm.).
Intensive hunting eradicated rabbits from Lehua Islet
near the island of Ni'ihau in 2005-2006 (B. Keitt and C.
Swenson pers. comm.). Rabbit releases have occurred
on the larger Hawaiian Islands, without establishing wild
populations.

Rodents

The Polynesian or Pacific rat (Rattus exulans) was
among the earliest introductions of Pacific voyagers more
than 1000 years ago (Kirch 1982; Matisoo-Smith and
Robins 2004). House mouse (Mus musculus) reached
the Hawaiian Islands by 1816 aboard European ships and
Norway rats (R. norvegicus) were noted in Hawai'i as early
as 1835, but ship rats (R. rattus) were not documented until
1899, apparently after the construction of shipping wharfs
(Atkinson 1977). Introduced rodents, particularly ship
rats, prey on birds at all life history stages and compete
by preying on invertebrates and seeds, often interrupting
reproduction in plants (Lindsey et al. 2009). The effects of
Pacific rats may have included the disappearance of native
lowland forests of Hawai'i in as little as 50 years (Athens
2009).

The first rat eradication in 1990, by the U.S. Fish &
Wildlife Service (USFWS) and the Samoan Department
of Wildlife and Marine Resources, was Pacific rats on 6.3
ha Rose Atoll, American Samoa. WeatherBlok containing
0.005% brodifacoum was used in bait stations spaced 50
m apart over the entire island, along with live- and snap-
traps (Morrell ef al. 1991; Ohashi and Oldenburg 1992).
This eradication failed but a subsequent treatment with
Vengeance (0.01% bromethalin, an acute neurotoxin) was
successful (Murphy and Ohashi 1991).

In the Northwestern Hawaiian Islands, Wildlife Services
(WS) of the U.S. Department of Agriculture’s Animal and
Plant Health Inspection Service and the Hawai'i Department
of Land and Natural Resources (DLNR) eradicated Pacific
rats in 1993 from 129 ha Green Island, Kure Atoll, using
brodifacoum bait stations (J. Murphy pers. comm.). In
1994 the U.S. Navy, USFWS and WS eradicated ship rats
from Eastern and Spit Islands at Midway Atoll (J. Murphy
pers. comm.). Trapping and baiting with WeatherBlok of
134 ha Eastern Island was completed within three months.
No evidence of rats was found at bait stations after a year

(Murphy 1997a). The eradication of rats from 1 ha Spit
Island in 1990 was accomplished within a month with live
traps, incidental baiting and rat nest removal (J. Gilardi
pers. comm.; Murphy 1997a).

The successful Eastern and Spit Island eradications,
combined with evidence of the impacts rats were having
on Bonin petrel (Pferodroma hypoleuca), persuaded the
U.S. Navy to fund rat eradication on Sand Island (Seto
and Conant 1996). In July 1996, the 486 ha island was
overlaid with two 50 m grids, one for brodifacoum bait
stations and one for live traps (Murphy 1997b). The last
rat sighting was in October 1997. Sand Island remains the
largest island and the only permanently inhabited island
in the U.S. from which rats have been removed. Growth
of the Bonin petrel population from an estimated 32,000
nesting birds (Seto and Conant 1996) to more than 900,000
provides compelling evidence for the enormous benefits
of rat eradication. Native vegetation on Midway, such as
naupaka (Scaevola taccada) and nohu (Tribulus cistoides),
also became noticeably more dense and abundant (N.
Hoffman pers. comm.). Mice on Sand Island are now
the only small mammal remaining in the Northwestern
Hawaiian Islands.

At Palmyra Atoll in the equatorial Line Islands, rats
prevent six seabird species from nesting. An attempt to
eradicate ship rats from the atoll by WS failed in 2001.
This was the most complex eradication attempt by Hawai 'i-
based wildlife managers, involving approximately 275 ha
and 54 islets, some of which were densely vegetated with
coconut palms (Cocos nucifera), naupaka bushes and papala
képau (Pisonia grandis) trees (Ohashi 2001). Numerous
factors contributed to the failure, among them high rainfall
in a complex forest habitat which resulted in rat foraging
ranges that were smaller than the 50 m bait station spacing,
and high bait take by land crabs Cardisonma carnifex,
Coenobita brevimanus and C. perlatus. A successful pilot
eradication on several small islets using hand broadcast of
brodifacoum at a rate of 90 kg/ha was conducted in July
2005 after the failure was evaluated.

The successes of rat eradication on remote islands
have also brought about efforts to restore offshore islets
of the main Hawaiian Islands. In 2002, the Offshore Islet
Restoration Committee was formed to restore selected islets
around the Hawaiian Islands. To date, rat eradications have
been successful on Moku'auia and tiny Mokoli'i Islet, both
near O'ahu, using traps and diphacinone in bait stations
(J. Eijzenga pers. comm.). Wedge-tailed shearwaters
(Puffinus pacificus) subsequently began fledging from
Mokoli'i, although ship rats have apparently reinvaded
(D. Smith pers. comm.). A joint project by the USFWS,
Hawaii DLNR and WS to eradicate Pacific rats from 7 ha
Mokapu Island off Moloka'i in February 2008 was the first
rat eradication using an aerial application of a registered
rodenticide (diphacinone) for conservation purposes in the
U.S. (P. Dunlevy pers. comm.). Attempting to build on
this precedent, diphacinone pellets were also broadcast by
helicopter for Pacific rats in January 2009 on 110 ha Lehua
Islet, but the eradication was unsuccessful (VanderWerf et
al. 2007; P. Dunlevy pers. comm.).

Carnivores

Domestic cats (Felis catus) arrived with the earliest
European explorers (Tomich 1986). “Wild” cats had spread
as far as the wilderness of Kilauea by 1840 (Brackenridge
1841). Feral cats continue to present challenges to
managers of natural areas on islands where they are known
to prey on birds, but there is little prospect for island-wide
eradication (Lindsey et al. 2009). Cat predation of nesting
wedge-tailed shearwaters on O'ahu, has caused total loss
of reproductive success (Smith ef al. 2002).
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Cats were eradicated from Baker Island in 1964,
Howland Island in 1987, and Jarvis Island in 1990 (Rauzon
et al. 2011). Hunting on Baker and Howland sufficed,
but Jarvis also required trapping, poisoning, and feline
panleucopaenia virus to a limited extent (Rauzon 1985).
These eradications resulted in the recolonisation of five
extirpated seabird species (Rauzon er al. 2002). Feral
cat eradication was completed on Wake Atoll in 2004 by
Marine Endeavors. Seabird diversity and abundance as
well as Pacific rats increased in the absence of cats (Rauzon
et al. 2008), and rat eradication by Island Conservation is
planned.

The small Indian mongoose (Herpestes auropunctatus)
was introduced to the Hawaiian Islands from Jamaica in
1883 and released to reduce rat populations in sugar cane
fields on Hawai'i Island, O ahu, Moloka'i, and Maui (Hays
and Conant 2007). Mongooses may have been effective at
reducing damage to sugarcane by Norway rats for a short
period of time prior to the arrival of ship rats in Hawai'i
(Atkinson 1977). Mongooses are now regarded only as
pests and predators of ground-nesting birds, particularly
néné (Hawaiian goose; Branta sandvicensis) and waterbird
species (Stone and Loope 1987; Banko 1992). Without
adequate prevention, mongooses may yet colonise Kaua'i
and Lana'i, the fourth and sixth largest Hawaiian Islands.
Mongoose eradication has been achieved only in small
exclosures.

Ungulates

Pigs (Sus scrofa) from Island Southeast Asia were the
first ungulates introduced to Central Pacific islands by the
earliest colonists more than 1000 years ago (Kirch 1982;
Larson et al. 2005). The effects of pigs are widespread in
Hawai'i, and throughout the Pacific region. In Hawai'i,
pigs may have remained near commensal situations until
the admixture of other strains brought by Europeans
beginning in 1793 (Ziegler 2002).

Goats were established on Ni'ihau in the early 1900s
and eradication by contract hunting became warranted by
1910 or 1911 (Kramer 1971). Lana'i was also affected
by excessive browsing and, by 1900, large arecas were
deforested by sheep and goats introduced in the mid-
1800s (Hobdy 1993). Charles Gay began goat and
sheep eradication on his Lana'i ranch in 1902 and fenced
the summit cloud forest to protect the watershed. The
ornithologist George C. Munro came to run Gay’s ranch
in 1911 and spent much of his first decade there shooting
sheep and goats. He also began eliminating pigs that had
been released in 1911. Munro eradicated pigs from Lana'i
by the mid-1930s, feral goats by 1981, and feral sheep in
the 1980s. Introductions of axis deer (Axis axis) in 1920,
and European mouflon sheep (Ovis gmelini musimon) in
1954, continue to limit vegetation recovery on Lana’i.

Feral sheep have repeatedly reached excessive
densities on Mauna Kea, devastating the watershed and
dry subalpine woodland environment. Foresters for the
Territory of Hawai'i conducted sheep drives starting
in 1934 that eliminated tens of thousands. The Mauna
Kea Forest Reserve (MKFR) was fenced in 1935-1937
(Bryan 1937a) and nearly 47,000 sheep and over 2200
other ungulates were removed in the following 10 years
by foresters and Civilian Conservation Corps workers
using drives on foot and horseback (Bryan 1937b, 1947).
Populations rebounded when sport hunting became a
management goal of wildlife biologists after World War I1
and by 1960, the dire condition of the Mauna Kea forest
was decried (Warner 1960). Despite this knowledge,
European mouflon were hybridised with feral sheep and
released between 1962 and 1966 to improve hunting
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opportunities (Giffin 1982). Scowcroft (1983), Scowcroft
and Giffin (1983), and Scowcroft and Sakai (1983) used
exclosures, aerial photography and studied tree size classes
to demonstrate the effects of browsing and bark-stripping
by sheep, cattle, and goats on the subalpine vegetation. U.S.
Federal District court orders of 1979 and 1986 mandated
the removal of goats and sheep to protect the endangered
palila (Loxioides bailleui) that feed and raise their nestlings
on mamane (Sophora chrysophylla) seed pods. More than
87,000 sheep have been removed from the MKFR over a
75-year period, but sheep are still far from being eradicated.
The fence surrounding Mauna Kea has not been maintained
and several hundred sheep are removed each year by aerial
hunting from helicopters (Banko ef al. 2009).

Goats had been removed from Hawai'i Volcanoes
National Park (HAVO) on Hawai'i Island since 1927 but
with no lasting effect due to reinvasion from the reservoir
of animals in surrounding areas (Baker and Reeser 1972).
Managers of Hawai'i’s National Parks took action on
the recommendation of the Leopold Report on Wildlife
Management in National Parks (1963), which stated: “A
visitor who climbs a mountain in Hawaii ought to see
mamane trees and silverswords, not goats.” The eradication
of goats from 55,400 ha of the park took place from 1968
to 1984 (Tomich 1986). Goat eradication in HAVO proved
the technical feasibility of eradicating ungulates from
large areas of multi-tenure islands and developed specific
techniques necessary to accomplish the task. The Judas
goat method, which uses radio-telemetry to take advantage
of gregarious behaviour in ungulates, has been replicated in
many other management operations (Taylor and Katahira
1988). The re-invasion problem was solved by dividing
areas into fenced units of manageable size, a difficult
logistical process at the time for large areas and dense
tropical forests on volcanic substrates. After a century
and a half of degradation, a previously unknown endemic
plant species, ‘awikiwiki or Canavalia kauensis (now C.
hawaiiensis), was found growing on the dry lowlands of
Kukalau'ula in the absence of goats (St. John 1972).

At Haleakala National Park (HALE) on Maui, 51 km
of the 6920 ha Crater District was fenced between 1983
and 1987. Goats were also eliminated from the 4542 ha
Kipahulu District by the late 1980s (Stone and Holt 1990),
and eradication of goats from the 13,700 ha park was
completed in 1989 using techniques developed in HAVO
(L. Loope pers. comm.).

Goats and sheep were eradicated from Kaho'olawe
Island in 1990 by ground shooting, helicopter hunting, and
the use of Judas animals (Kaho'olawe Island Conveyance
Commission 1993). Goats and sheep had contributed
to the loss of as much as 5 m of soil and interfered with
livestock operations before the island became a bombing
and shelling range after World War II (Kramer 1971).

The National Park Service was also the first to eradicate
pigs from large areas of the Hawaiian Islands. Due to the
steep terrain of Maui, feral pigs did not begin to invade
the remote Kipahulu Valley until the 1970s (Anderson
and Stone 1993). Conventional control methods such
as trapping and hunting dogs were precluded because
helicopters were needed for access. Snaring was used
to eradicate pigs from a 1400 ha area of Kipahulu during
a 45-month period beginning in 1978. Hunting dogs,
shooting and snaring were also used to remove pigs from
7800 ha of HAVO from 1980-1989 (Katahira ez al. 1993).
The area from which pigs have been removed in HAVO
increased to 16,200 ha by 2007 (D. Benitez pers. comm.).
Native understory in the 'Ola’a Forest koa unit of HAVO
increased 48% from 1991 to 1998, largely in the first two
years following pig removal (Loh and Tunison 1999).
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Hakalau Forest National Wildlife Refuge (HFNWR),
also on Hawai'i Island, employed similar methods to
remove pigs from a 4500 ha area in 1988-2004. Cattle
were eradicated concurrently. The long period of time
to complete removal was due in part to the large size of
one management unit (> 2000 ha), interspersed areas of
continued sustain-yield hunting, high densities of pigs, and
relatively late use of snares (Hess ef al. 2007). Preventing
reinvasion into pig-free areas requires maintenance in
perpetuity. Fences must be inspected monthly for damage
and corrosive volcanic environments require fence
replacement every 5—15 years.

The Nature Conservancy of Hawai'i (TNCH), the
Natural Area Reserve System of the Hawai'i Division of
Forestry and Wildlife, East Maui Watershed Partnership
and the Three-Mountain Alliance of Hawai'i Island have
all adopted and refined techniques for managing ungulates
across larger landscapes. Many of these lands adjoin each
other, thereby creating buffers or blocks of ungulate-free
areas with high conservation value. While techniques to
control and remove ungulates are well-established, some
pose additional new threats. European mouflon have not
yet reached their full distribution on Hawai'i Island and
may invade conservation areas that have fences <2 m tall.
Axis deer populations are growing on Maui where they
were introduced in 1960 (Tomich 1986). Game farms and
ranches may inadvertently (and illegally) release additional
ungulate species.

Perspective on Size of Eradications

We examined the area from which alien mammals have
been eradicated to determine trends and consider whether
eradications are increasing, decreasing, or unchanged over
time. There has been no significant increase in the area
from which rats (linear regression; coefficient = 0.018, F,
=0.04, p = 0.851), rabbits (coefficient = -0.021, F, = 2. 2é

= 0. 193) and cats (coefficient = 0.150, F, = 6. 62, p =
0 124) have been eradicated but cats show ‘the strongest
positive trend (72 = 0.77). The number of islands from
which rabbits can be eradicated is now virtually zero.
Rodent eradications have only recently begun in earnest.
Despite the small number of islands from which cats have
been eradicated, there appears to be an incipient pattern of
application of successful techniques to larger islands. The
trend in ungulates is more difficult to interpret because of
incremental removal of contiguous populations on larger
islands, repeated reinvasion, and lack of documentation
(coefficient = -0.862, F ., = = 0. 36, p = 0.562). There were
some unprecedented large -area ungulate eradications at a
relatively early time, but later eradications have been of
smaller areas.

THE NEAR FUTURE FOR RECOVERY AND
REINTRODUCTIONS

Eradications of rodents, cats, and rabbits from smaller
islands of the Central Pacific have been beneficial to
seabirds but there are a limited number of such islands.
The restoration of landbirds and terrestrial biota depends
on our ability to manage pests at the landscape level of
larger islands. Societal values for hunting ungulates and
harbouring outdoor pets necessitates expensive barriers to
excludethese animals from pest-free refuges on multi-tenure
islands. Careful planning and multiple pest management
strategies may be used to maximise the area of pest-free
refuges in relation to boundary perimeter that must be
fenced. There is roughly 75,000 ha of ungulate-free area in
the larger Hawaiian Islands (TNCH, unpubl. data; Table 2),

Table 2 Areas from which ungulates have been eradicated
in the Hawaiian Islands based on unpublished data from
The Nature Conservancy of Hawai i (TNCH). Other agency
acronyms are: East Maui Watershed Partnership (EMWP),
Hawai'i Division of Forestry and Wildlife (DOFAW),
Kaho " olawe Island Reserve Commission (KIRC), National
Park Service (NPS), National Tropical Botanical Garden
(NTBG), Natural Area Reserve System (NARS), Three-
Mountain Alliance (TMA), U.S. Fish & Wildlife Service
(USFWS) and West Maui Mountains Watershed Partnership
(WMMWP).

Island/Location Agency Area ha
Hawai'i

HAVO NP NPS 23,910
Hakalau NWR USFWS 4240
Ola’a-Kilauea TMA 35,030
Kona Hema TNCH 3270
Pohakuloa Training Area  U.S. Army 3000
Pu'u Maka'ala NARS 1170
Kipahoehoe NARS 580
Pu'u Wa'awa'a DOFAW 100
Manuka NARS 40
Pu'u O Umi NARS 30
Ka'tpiilehu NTBG 30
Total 39,920
Maui Nui

Kaho'olawe KIRC 11,550
Haleakala NP NPS 10,610
West Maui WMMWP 5760
East Maui EMWP 2710
Waikamoi TNCH 2180
East Maui NARS 810
Auwabhi ‘Ulupalakua Ranch 10
Olokui, Moloka'i NARS 680
Kika'iwa'a Pen, Moloka'i NPS 60
Total 34,340
Kaua'i

Alaka'i DOFAW 70
O'ahu

Wai'anae Range NARS 110
Wai'anae Range U.S. Army 70
Pe'ahinai‘a, Ko'olau Range U.S. Army 50
Honouliuli TNCH 70
Total 300
Grand Total 74,620

but this comprises only about 19% of all forest bird habitat
(Price et al. 2009). There is no significant area from which
all mammalian pests have been eradicated. This presents
obstacles to the reintroduction of native species which
today exist only in captivity, such as the ‘alala (Hawaiian
crow; Corvus hawaiiensis) which requires large areas with
diverse native understory food plants, and is susceptible to
predation by rats and toxoplasmosis hosted by feral cats
(Work et al. 2000). Successful reintroductions of species
like “alala back into the wild will depend on the ability of
landowners and management agencies to establish and
maintain large pest-free areas across ownership boundaries
for the indefinite future.
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CONCLUSION

The concept of eradication arose independently and
at a relatively early time in the Central Pacific due to
the necessity to protect fragile small-island ecosystems,
forested watersheds and ranching operations on larger
islands.  Techniques of worldwide significance have
been developed here, particularly during the eradication
of ungulates. In their review of feral goat eradications
on islands, Campbell and Donlan (2005) acknowledged
the development of the Judas goat technique in Hawai'i
(Taylor and Katahira 1988), but they made no mention of
the goat-free areas created by this technique in the National
Parks of Hawai'i, which are larger than the combined area
of Ni'ihau, Lana'i and Kaho'lawe. Although there is a
negligible amount of area that is entirely pest-free on the
larger Hawaiian Islands, many conservation agencies and
landowners are developing methods and capacity for this
goal and proposing larger island-wide eradications, such
as cats and rodents from Kaho'olawe. There are now few
remaining uninhabited small islands with alien mammals
in the Central Pacific. Regulation of toxicants in the U.S.
(Fagerstone et al.1990; Poché 1992) and conflicting societal
interests between conservation, sustained-yield hunting
and free-ranging pets continue to present challenges for the
management of larger natural areas on multi-tenure islands.
Future prospects for eradications over the entire area of the
largest islands are limited, but there is potential for creating
fenced areas free from ungulates on public lands, which are
inhabited by much of the endemic Central Pacific biota.
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Abstract Islands are important for the conservation of biodiversity because they house 20% of terrestrial plant and
vertebrate species, have suffered 64% of IUCN-listed extinctions and have 45% of IUCN-listed critically endangered
species. Yet islands make up only about five percent of the earth’s surface. The main cause of extinction and endangerment
to biodiversity on islands is the presence of invasive vertebrates. Fortunately, many future extinctions can be prevented
by eradicating invasive vertebrates from islands. To assess the current state of this conservation tool, we are compiling a
global database of terrestrial vertebrate eradications from islands, including successes and failures. To date, in the Global
Islands Invasives Vertebrate Eradication Database we have documented approximately 950 island eradication attempts
involving 28 species of invasive vertebrates in 12 families. These are preliminary data and will be updated and checked
for accuracy as part of the Island Invasives: Eradication and Management conference, Auckland 2010. Most eradication
attempts have been of rodents (>350) and bovid ungulates (>160). Moderate numbers of eradication attempts have been
of cats (>90), suid ungulates (>55), and rabbits (>45). Most projects have been on islands smaller than 500 ha (68%) and
in temperate climates (72%). Targeting eradications on larger and more tropical islands would lead to the protection of
more biodiversity. To this end, our vision is to maintain an accurate, web-accessible, regularly updated database that can

be used to promote and improve the protection of island ecosystems by eradicating invasive vertebrates.

Keywords: Endangered species, threatened species, endemic species, biodiversity, alien species, extinction

INTRODUCTION

Islands are the epicentre of the extinction crisis. While
islands make up only five percent of the earth’s surface
area, they support 20% of all biodiversity, including a
disproportionately high level of endemic species (Kier
et al. 2009). This biodiversity is particularly fragile and
the vast majority of extinctions have been island species.
For example, about 95% of bird, 90% of reptile and
70% of mammal extinctions have been on islands. These
extinctions are primarily the result of the introduction of
invasive vertebrates to islands. Fortunately, techniques
to remove invasive vertebrates from islands are available
and the practice is becoming an accepted conservation
management tool. To better understand how this tool has
been used, and to improve its future use, we developed,
and are populating, a database of all vertebrate eradication
efforts on islands (www.islandconservation.org/db).

The eradication of invasive vertebrates from islands is
among the most challenging and beneficial actions land
managers can take to restore islands and protect threatened
species. Collating and understanding the lessons learned in
previous efforts to eradicate invasive vertebrates are critical
to improving and promoting this valuable conservation
tool. Published global reviews of eradication efforts
include regional approaches for all taxa (Clout and Russell
2006; Genovesi and Carnevali 2011; Lorvelec and Pascal
2005) and global approaches for individual taxa such as
goats (Capra hircus; Campbell and Donlan 2005), cats
(Felis catus; Nogales et al. 2004; Campbell ef al. 2011),
rodents (Howald ef al. 2007), and mongoose (Herpestes
spp.; Barun ef al. 2011). These provide valuable reviews
of the eradication efforts for these species and regions.
Most importantly, these reviews provide land managers
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Fig. 1 Locations of all of the recorded eradications of invasive vertebrates from islands for which location data are

available (n=664).
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Table 1

Keitt et al.: Islands Vertebrate Eradication Database

Invasive vertebrates in the database assigned to

omnivore, carnivore and herbivore categories.

Omnivore

Carnivore

Herbivore

Gallirallus australis
Macaca mulatta
Mus musculus
Rattus rattus

Rattus exulans
Rattus norvegicus
Sus scrofa

Alopex lagopus
Canis familiaris
Felis catus

Bos taurus
Capra hircus
Castor canadensis

Herpestes javanicus Equus caballus

Mustela vison
Mustela erminea
Mustela furo

Trichosurus vulpecula Mustela nivalis
Procyon lotor

Lepus nigricollis
Myocastor coypus
Oryctolagus cuniculus
Ovis aries

Petrogale penicillata

Suncus murinus
Vulpes vulpes

with information on which combinations of island size,
technique, invasive species, and non-target species are
feasible, and which combinations may have a high risk of
failure. However, to date, there has been no global review
of all vertebrate eradications on islands.

Here we present our vision for a web accessible
database, including an initial analysis that provides
details on eradication attempts including data on island
characteristics, methods used, and contacts. Our goal is
to highlight the most successful techniques, assess trends
in eradication methods, and facilitate communication
between practitioners to improve success. The database
allows analysis of eradication effort for individual target
species, and facilitates analysis of trends across different
target invasive vertebrates.

It is important to note that this is an unfinished product,
and we report here on preliminary data as of 15 December
2009. The Island Invasives: Eradication and Management
Conference of February 2010 was used as a forum to
validate and improve the database followed by a more
thorough analysis and presentation at a later date.

METHODS

Data were mined from the published, grey, and
unpublished literature. The bulk of the database came
from the published summary articles for rodents (Howald
et al. 2007), goats (Campbell and Donlan 2005), and cats
(Nogales et al. 2004; Campbell ez al. 2011). Additional data
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Fig. 2 Cumulative number of successful invasive vertebrate
eradications on islands over time.

Table 2 Number of eradication attempts and success rate
globally for selectinvasive vertebrates. An eradication event
is defined as a successful or failed eradication attempt plus
any follow up efforts on the same island.

Invasive vertebrate Number of events Failure rate %

Rattus 348 12.1
Goat 165 4.8

Cat 90 12.5
Pig 56 3.9

Rabbit 48 4.6

Fox 42 2.5

Mus 48 26.8
Mustelid 29 13.0%*
Other 113

Total 949 9.1

*50% of the eradication events in the database for mustelids list
unknown for the eradication status so the reported failure rate is
likely inaccurate for this group.

were collected through web searches, telephone interviews,
emails, and specific requests directed at practitioners.

The database provides details of every documented
eradication attempt, which is defined to include failures,
successes, and follow up attempts on the same islands either
after a failure or a reinvasion. Data categories were selected
to provide information about each action, including specific
details on methods, using drop down menus to facilitate
analysis, and text fields to allow detail to be captured.
For some analyses, all target invasive vertebrates were
assigned a category of herbivore, carnivore, or omnivore
(Table 1). Contact information and citations were provided
where possible.

The methods used to populate the database have likely
led to an underestimate of historical eradications, as those
are less likely to be included in published papers or reports,
and the people familiar with those projects are no longer
involved in the field. The data also likely underestimate
the failure rate for eradications, as failures are less likely to
be reported. For these reasons, we tried to reach as many
individual people as possible to encourage them to report
older eradication efforts and failed eradications in the
database.

Data on location (latitude and longitude), island size,
country, and oceanographic region were extracted from
the Global Islands Database (GID) (Depraetere 2007). For
islands that were not in the GID we used the Meridian Data
Global Island Database. Locations were verified using
Google Earth and corrected if necessary.

RESULTS

Asof15December2009, we documented 949 vertebrate
eradication attempts on islands globally (Fig. 1), involving
27 species of mammal and one species of bird. The three
earliest documented eradication attempts were in 1673,
1686, and 1709. All three were of large ungulates and all
three failed. The first documented successful eradication
was of goats in 1857 on Norfolk Island, Australia.

Seven hundred and eighty six successful eradications
were reported and 41 of those were later reinvaded. Fifty
two eradications are listed as unknown, i.e. there was
information indicating an eradication event took place but
no data were available on the outcome, and eight were listed
as incomplete. Ninety eradications were listed as failed
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eradications have occurred for select species of invasive
vertebrates.

eradication attempts. The success rate for all eradications
with a known outcome was 91% (n=835, Table 2). Location
data were available for 664 islands and the subsequent
analyses that involve location data are restricted to these
islands.

Since that first successful eradication over 150
years ago, rats (Rattus spp.) have become the invasive
vertebrates most frequently eradicated from islands, with
348 reported eradication attempts, followed by goats with
165 eradication attempts (Table 2). The pace and scale of
eradications have increased dramatically during this time
(Fig. 2). After the first successful eradication in 1857 there
were only 27 eradication attempts during the next 80 years
(through 1940). From 1940-1980 there were 118 vertebrate
eradication attempts, or about three per year. Since 1980,
the rate of vertebrate eradications on islands has increased,
with about 600 eradications between 1980 and 2009, or
about 20 eradications per year (Fig. 2).

Along with increased frequency of eradications also
came an increase in the size of islands from which invasive
vertebrates were eradicated. The invasive vertebrate species
that have been eradicated from the largest islands are goats,
pigs and Arctic foxes (Alopex lagopus) (Fig. 3). Most of
the largest islands had eradications implemented in the last
20 years (Fig. 4). Some of the attempts on large islands
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Fig. 4 Cumulative area in hectares of invasive vertebrate
eradications over time for carnivore, herbivore and
omnivore vertebrate eradications on islands.
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are near completion (e.g., removal of goats from Isabela,
412,000 ha). Other more ambitious island projects are
being planned such as the eradication of rodents, cats and
brushtail possums (7richosurus vulpecula) from Stewart
(170,000 ha) (Beaven 2008).

Eradications have been attempted in 33 different
countries, with New Zealand having 313 eradication events,
followed by Australia with 154, and the United States with
139. France and Mexico have had 67 and 38 eradication
events, respectively. The distribution of eradications is
primarily in temperate regions. Of the 664 eradication
events reported with latitudes for the islands, 436 have been
attempted in temperate regions (23.5 to 60 degrees North
and South latitudes) and only 180 in the tropics (between
23.5 and -23.5 degrees latitude). No eradications above 60
degrees latitude North or South were reported. Failure rate
in the temperate regions was 7.6% (31 of 405) and 13.2%
(21 of 159) in the tropics.

DISCUSSION

The first documented attempts to eradicate invasive
vertebrates from islands were over 250 years ago, with the
first successful attempt over 150 years ago in Australia.
These early attempts to eradicate invasive vertebrate
species began what is now a leading component of the
conservation of island ecosystems and the protection of
threatened species. Collecting details about current and
historical vertebrate eradication attempts, including success
rates, methods, costs, and island characteristics is required
if this management tool is to be promoted and improved.
The Global Islands Invasive Vertebrate Eradication
Database project was designed to summarise information
on all invasive vertebrate eradications and enable analyses
that can: 1) help land managers and funders understand
the applicability and limitations of eradication as a tool; 2)
enable eradication practitioners to share information that
facilitates iterative improvement, and 3) identify regions
and target species for which eradication is under-utilised.

Preliminary analysis of the Global Islands Invasive
Vertebrate Eradication Database indicates that the frequency
of vertebrate eradications on islands is increasing. This
demonstrates that conservationists, land managers, and
funders have recognised and embraced the technique (Figs
2 and 4). Furthermore, the size of islands that have been
attempted has increased. While not a perfect measure of
cost, size of the island is positively linked to the cost of
an eradication, thus the increase in size of islands with
eradication is an indicator of the increased financial support
for invasive vertebrate eradications from governments and
funders.

New Zealand leads to protect island ecosystems, with
313 invasive vertebrate eradications attempted, which is
more than the next three countries combined. This in part
explains why a disproportionate number of eradications
have been reported from temperate regions (Fig. 1).
However, this concentration of eradications in temperate
areas is unlikely to be the most efficient distribution of
eradication effort to protect global biodiversity since most
biodiversity is located in the tropics (Dirzo and Raven
2003).

Greater efficacy is also desirable in tropical latitudes.
The rate of failed eradication efforts in the tropics is almost
twice the rate in temperate areas. The reasons for this
disparity are not known. However, the lack of seasonality
in tropical environments may be a key factor. Many
eradication campaigns take advantage of seasonal periods
of reproduction and/or food stress for the target animal.
For example, the over 40 Arctic fox eradications in the
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Aleutian Islands, United States were undertaken during the
winter when the target animal was primarily restricted to
the coastlines (Ebbert 2000) The recommended strategy for
rodenteradicationsistoapply bait when the target population
is experiencing a food related, seasonal population decline
(Howald et a/ 2007) and when reproduction is at its lowest.
In tropical systems, these seasonal advantages are often
more nuanced or completely absent.

It is not surprising that some invasive vertebrate species
are harder to eradicate than others, based on success rates
of eradication attempts (Table 2). Rodent eradications as
a group experienced the highest failure rates, with 12.8%.
This is likely due to the complexity of rodent eradications
and the difficulty associated with putting every individual
animal at risk during an eradication campaign. Surprisingly,
at 12.5%, cat eradications had a similar failure rate to
rodents. This is likely due to both the difficulty of detecting
small numbers of cats on an island and the ability of cats
to learn avoidance of available eradication techniques.
The high failure rate for cats suggests a tendency among
practitioners to underestimate the effort necessary to
complete an eradication.

Invasive vertebrate eradication is becoming an
increasingly accepted pathway to restoring native species
and ecosystems, and is increasing in frequency, geographic
distribution, size, and complexity. The Global Islands
Invasive Vertebrate Eradications Database is designed to
provide context for what types of eradications are simple
or challenging and also to encourage communication
between experienced practitioners and land managers that
are protecting biodiversity on islands. It should not only
be used by eradication practitioners, but also by island
land managers, government agencies and foundations.
However, its ongoing utility depends on everyone who
conducts an eradication taking the time to input their own
work and review other relevant entries.
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Abstract Control of feral pigs (Sus scrofa) has become a high priority for management of many island and mainland
ecosystems, but few programmes have used population models to estimate the effect of harvest intensity on population
size. We used data collected from 1991 to 1999 on density and sex/age structure of feral pigs on Santa Cruz Island,
California, to develop a Leslie matrix model for estimation of the likelihood of eradication and number of years to
eradication for different combinations of harvest rates and initial population size (N,). The model included an estimated
island-wide carrying capacity (K) of 3400, annual harvest rates of 0-95% for all sex and age classes, a management
programme duration of ten years, and three levels of N : 25% of K (low population), 75% (average population), and 150%
(high population). The rate of reduction in population size depended on N, at low to moderate harvest rates (5%-65%) but
not high harvest rates (>70%). Mortality from harvest shifted from compensatory to additive once harvest rates > 10%,
but population size tended to stabilise, albeit at substantially reduced levels, for annual harvest rates < 70%. Harvest rates
between 60% and 70% reduced the population to low enough numbers that pigs could be considered ecologically extinct,
but there was no likelihood of eradication until 70-75% of the population per year was harvested. Once this threshold was
crossed, the likelihood of eradication increased rapidly to 1 for all N ’s. The median number of years to eradication when
harvest rates > 70% ranged from ten (72% annual harvest rate) to 2.5 (95% harvest rate). The simulations suggest that
N, will not add appreciable amounts of time to eradication programmes when harvest rates are high and that a strategy of
intense harvest for five years will likely achieve eradication of many insular feral pig populations.

Keywords: Conservation, demography, invasive species, islands, feral animals, Leslie matrix, population management,

population models, Sus scrofa

INTRODUCTION

The effects of non-native vertebrates on insular
ecosystems have been recognised for decades (Atkinson
1989; Simberloff 1995; Mack et al. 2000). These include
altered ecosystem processes (Fukami et al 20006),
destruction or degradation of vegetation communities
(Coblentz 1978), altered trophic interactions (Fritts and
Rodda 1998), and extinctions (Sax and Gaines 2008).
Consequently, control or eradication of introduced species
is widely regarded as being an integral step in conservation
of island ecosystems (Myers ef al. 2000; Veitch and Clout
2002; Courchamp et al. 2003).

Pigs (Sus scrofa) have been among the most devastating
species introduced to island and mainland systems (IUCN
2005). They can cause long-term damage to crops (Geisser
and Reyer 2004) and have been implicated in alterations
to ecosystem, community, and species-level properties
(Aplet et al. 1991; Cushman et al. 2004). Because of their
impacts on natural and agricultural systems, control of pig
populations has become increasingly common in many
parts of the world (Choquenot ef al. 1996; Bieber and Ruf
2005) and there has been an upsurge in efforts to eradicate
them where possible, especially on islands (Lombardo and
Faulkner 2000; Kessler 2002; Cruz et al. 2005).

Increased control and eradication efforts have resulted
in sophisticated methods for programme planning, design,
implementation, and monitoring (Morrison et al. 2007;
Nogueira et al. 2007). Particular emphasis has been on
methods for deciding when eradication has been achieved
(Ramsey et al. 2009; Rout et al. 2009). Surprisingly,
there has been less attention paid to the question of
what harvest rates are necessary to achieve control or
eradication. Determining what level of harvest can be
economically sustained for a given period of time is
crucial for determining if there are adequate resources for
eradication, long-term control, or neither. First principles
of population growth suggest that increasingly higher rates
of harvest will likely lead to lower levels of abundance,
greater probability of control or eradication, and shorter

programme duration. But these harvest rates are unknown,
as is the approximate point where mortality from hunting
ceases to be compensatory and becomes additive, how
initial population size influences the likelihood of control
or eradication, what levels of abundance can be expected to
result from a given harvest rate, and how long an eradication
programme will take to complete.

Feral pigs have had especially acute effects on
California’s Channel Islands, where they were introduced
to the four largest islands in the 19" century (Knowlton
et al. 2007). On Santa Cruz Island (SCI), the largest of
the eight California islands, pigs were first recorded in
1852 (Schuyler 1988). Their long term effects have been
increased erosion rates, alteration of native vegetation
communities, damage or destruction of endemic plant
populations, reduced abundance of some vertebrate species,
and impacts to archaeological sites (NPS 2003). Pigs co-
existed with feral sheep on SCI for at least 150 years, but
there is little evidence of negative interactions between the
two species (Klinger 2007). Historical accounts (Daily
1989, 1994), qualitative surveys conducted before sheep
were eradicated in the 1980s (Baber 1982; Van Vuren
1994), and observations of island residents all indicate that
the pigs were at times very abundant.

The Nature Conservancy (TNC) conducted a trial
eradication of pigs in a fenced portion (2250 ha) of SCI
from 1989 to 1991 to evaluate the feasibility of eradication
throughout the island (Sterner and Barrett 1991). Despite
the success of this trial (Sterner and Barrett 1991), TNC
decided not to proceed with wide scale eradication at that
time (Klinger 2007). Instead, data would be collected in
a systematic monitoring programme to improve estimates
of pig abundance (Sterner and Barrett 1991) and to model
their population dynamics.

In this paper, we used a nine-year dataset from the SCI
monitoring to develop a matrix population model of the
influence of varying harvest rates on abundance of feral
pigs for three different initial population sizes. Matrix
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models are a common and powerful tool for analysing
the relationship between the dynamics and vital rates of
a population (Leslie 1945, 1946; Caswell 2001). To date,
they have only been applied in a limited capacity to gain
insight into population dynamics of pig populations (Neet
1995; Bieber and Ruf 2005), and none have been explicitly
developed in the context of an eradication programme.
Our goals were to use predictions from the models to help
answer questions a manager might ask when designing
a pig management programme: 1) what level of annual
harvest is required to achieve eradication; 2) how long will
it take to achieve eradication; and, 3) what is the effect
of initial population size on the likelihood of achieving
eradication?

MATERIALS AND METHODS

Santa Cruz Island

Santa Cruz Island (249 km?) is 40 km off the southern
California coast. Although the highest point on the island
is only 741 m, topography is very rugged. Two east-west
trending mountain ranges flank a long central valley,
with the interior and exterior flanks of each range cut by
numerous small, deep drainages.

Climate on SCI is Mediterranean with warm, dry
summers and cool, wet winters. Summer temperatures
typically range from 27° to 35° C, while winter temperatures
generally range from 5° to 15° C. Approximately 80% of
the precipitation falls from November through April (L.
Laughrin, UC Natural Reserve System, unpublished data).
Inter-annual variation in precipitation is relatively high; the
mean annual rainfall from 1903-1999 was 50.5 cm with SD
+ 23.4. The complex topography and soils on SCI have
resulted in a diverse array of vegetation communities that
are structurally similar to communities on the mainland
(Brumbaugh 1980; Minnich 1980; Junak et al. 1995).
The dominant vegetation communities include grasslands,
chaparral, coastal scrub, woodland, and bishop pine (Pinus
muricata) forest (Junak ef al. 1995).

American Indians were the first human inhabitants on
SCI, beginning approximately 9000 YBP (Glassow 1980).
From the early 19" through latter 20" century SCI passed
through a series of Spanish and American owners. The
predominant land uses during this period were ranching
and agriculture. Since the late 1970s, the island has been
managed primarily as a conservation site by TNC and the
National Park Service (NPS).

Human infrastructure on SCI is very limited; there are
several small facilities in the central valley and the east
and west ends of the island. A series of unpaved roads
and trails provides access to 75% of the island; most of
the northwestern 25% of SCI has no maintained roads or
trails.

Pig abundance surveys and density estimation

Density estimates of feral pigs were derived from
surveys conducted along 15 transects established on the
western 90% of the island. The surveys were conducted
during the wet season (late November through early March)
each year from 1990 through 2000. The steep and irregular
topography would have made cross-country transects
impractical, therefore nine transects were established along
existing roads and the other six on trails or abandoned roads.
The 15 transects were selected randomly from a pool of 56
potential routes and varied in length from 2.9 to 20.4 km
(Table 1). The order in which the surveys were conducted
was randomised each year, including when repeat counts
were conducted on the same transects in the same year.
The surveys were conducted by a single observer on foot
or in a vehicle. Observers on foot walked at a pace of 3-5
km/h; on surveys done from vehicles a single person would
observe while another person drove the vehicle at a rate of
10-20 km/h. The data collected on the counts included the
transect bearing, the distance and bearing to each group of
pigs, the number in each group, and vegetation types where
the groups were seen (Buckland et al. 2001).

The sighting distance and angle were used to derive the
perpendicular distance of groups to the transect (Buckland

Table 1 The number of surveys per transect collected in each of ten seasons for estimation of feral pig density on
Santa Cruz Island, California, 1990 — 2000. The counts were conducted from late November — early March each year
(Season). Total is the number of transects surveyed (including repeat counts on the same transect), Length is the
number of kilometres surveyed (including repeat counts on the same transect), Observed is the total number of pig
groups sighted that season, and the Encounter rate is the mean number of groups observed per km (+ SE).

Season
Transect Length  Wet Wet Wet Wet Wet Wet Wet Wet Wet Wet
(km) 90/91 91/92 92/93 93/94 94/95 95/96 96/97 97/98  98/99  99/00
1 20.4 2 2 2 1 2 1 1
2 15.0 2 2 2 2 1 2 1 1 1
3 14.7 2 2 2 2 1 1 2 1 1 1
4 18.4 2 2 2 2 1 2 1 1
5 7.6 2 2 2 2 1 1 1 1 1 1
6 13.0 2 2 2 1 1 1
7 9.3 2 2 2 2 1 1 1
8 9.8 2 2 2 2 2 1 1 1
9 12.1 2 3 3 2 1 1 1
10 5.3 2 3 3 2 1 1 1
11 3.4 2 3 3 1 1 2 1 1
12 2.6 2 3 2 2 1 1 1 1
13 4.3 2 2 2 2 1 2 1 1
14 2.9 2 2 3 2 1 1 1 1
15 6.1 2 2 3 2 1 1 1 1 1
Total 30 34 35 27 6 19 18 9 9 6
Length (total) 289.8 3132 319.6 253.0 53.1 1969 1789 723 107.6 494
Observed 71 114 85 91 106 89 81 57 118 88
Encounter rate 024 % 036+ 027+ 036+ 199+ 045+ 045+ 079+ 11+ 166+
0.01 0.01 0.01 0.02 0.24 0.03 0.02 0.05 0.09 0.12
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etal.2001). The distribution of the perpendicular distances
were then used to model density with the programme
DISTANCE (Buckland et al. 2001). Two key functions
(uniform and half-normal) with cosine and polynomial
expansion terms were used to generate and compare
different models of density. We produced an initial set of
models based on ungrouped perpendicular distances. If
the fit of these models was inadequate (based on visual
inspection of the observed and estimated distributions), we
then grouped the data into intervals to improve model fit.
The model with the lowest value for the corrected Akaike
Information Criteria (AIC ) was considered the one with the
most support. When AAfC was < 2 then model selectlon
was based on the visual fit of the model as well as v values
for model fit.

Pig sex and age data

Data on pig population structure were collected during
systematic hunts augmented with opportunistic Kkills.
Hunting was conducted an average of 7-10 days per year
in each of nine geographic zones in the western 90% of
the island (Table 2). The hunts were conducted in all
months of the year. From 1990 through 1994, all hunts
were conducted with 1-6 Catahoula Leopard Stock Dogs
working with hunter groups. From 1995-1998 a single
Catahoula was used on the hunts. Hunter groups were
comprised of trained volunteers, NPS staff, and members
of two municipal southern California Special Weapons and
Tactics (SWAT) teams. Hunter/dog teams would sweep
individual drainages within a watershed and kill all pigs
flushed out, regardless of size or coloration. Field necropsy
was done on all kills to determine sex, age class (years),
body condition (indexed by the thickness of rump fat),
and reproductive status. Data collected for reproductively
active females included the number of foetuses, the number
of lactating teats, or the number of piglets accompanying
her. Age was determined by patterns of tooth wear and
eruption (Matschke 1967).

Population modelling

A two-step process was used to model the effect of
different harvest rates on the pig population. First, a base
model was developed to determine if parameter estimates
derived from the kill and density data were biologically
realistic. We knew from historic records that pigs had
persisted on SCI for at least 150 years, but had pronounced
fluctuations in density over this period. We reasoned that a

Table 2 Effort and success rates for feral pig hunts on
Santa Cruz Island, California. Days is the total number of
days each year when hunts were conducted, Hunters is the
mean number of hunters per hunt, Success is the number
of hunts where at least one pig was killed, and Kills is the
total number of pigs killed where data on sex and age class
were collected .

Hunter- Success

Year Days Hunters Days Success (%) Kills
1990 9 1 9 8 88.9 16
1991 65 2.8 182.0 56 86.2 109
1992 73 24 175.2 71 973 276
1993 68 2.7 183.6 62 91.2 226
1994 85 2.2 187.0 85 100.0 390
1995 91 2.0 182.0 91 100.0 501
1996 78 2.3 179.4 78 100.0 394
1997 76 2.4 182.4 75 98.7 284
1998 45 3.9 175.5 42 933 227
Mean 65.6 2.6 180.9 568 95.1 2423

'An additional 368 pigs were killed between 1990 and 1998, but
these were on recreational or feral sheep hunts where no data
were collected.
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realistic model of the population would be highly variable
over a 150 year period, but there would be no extinction
events or abnormally high densities. Once we developed a
biologically realistic base model, our second step would be
the addition of annual harvest rates over a period of time
representative of most pig eradication programmes.

Development and evaluation of the base model

Age-specific survival and fecundity rates for the base
model were derived from the kill data. We developed a
vertical life table (Skalski e al. 2005) for each sex in each
calendar year from 1991 through 1998, as well as a table
for data pooled across years. The number of pigs killed in
each age class x for each sex (N where i = m for males,
f for females) was multiplied by the age-specific kill rate
then subtracted from the total number killed () to obtain
an estimate of the number alive in each age class (N ).
Because we could not count the number of newborn pigs
(age x = 0), we estimated the initial population size for
each sex N, as

g g

where M, was the mean per capita litter size (m ) in that
year. The proportion of each sex alive at the start of each
age interval (/) was derived from the N, and the age
-specific survival rates (s,) were calculated from the [
values. Age-specific fecundities (f,) were calculated from
the estimates of m_and s . Pigs breed year round on SCI,
therefore estimates of lw s, and f were calculated as
birth-flow values (Caswell 2001).

We used a generalised linear model (GLM) with a
binomial error structure and logit link to analyse the degree
to which /_values varied among years

logit! =g, v, +*u, v,
where v, is a constant, v, is the ith age class in the xth

year, B, 1s an estimated parameter and u,_is an estimated
parameter allowing /_to vary randomly among years.

The estimates of s, and f, were used to parameterise a
two-sex Leslie matrix model M (Skalski et al. 2005) with
nine age classes. Both sexes were included in the model
because males and females of all ages would be harvested in
an eradication programme. We assumed thata small number
of pigs was originally introduced to SCI, therefore we used
an initial vector N of 25 animals as the starting population
size. We incorporated demographic stochasticity into the
model by deriving a standard deviation matrix S from the
observed temporal variation ins_, and /. For each run of
the model, values fors , and f were drawn randomly from
a lognormal distribution based on their age-specific mean
and SD. Based on observations of pig behaviour during
a population crash (see RESULTS), we selected contest
density-dependence as the form most likely representative
of that on the island.

Carrying capacity (K) was estimated directly by
regression of the rate of population change (A) against
estimated abundance in the prior year (V). We used a
simple exponential equation

L= c*(exp™™ ))
where C. and b are estimated parameters for the intercept
and slope, respectively. Carrying capacity was estimated
as abundance where the regression line intersected A = 1.
Environmental stochasticity was incorporated into the
model by: 1) randomly drawing estimates of K from a
lognormal distribution with a coefficient of variation
(CV) of 0.25; and 2) a catastrophic event every decade
(approximately one generation). The estimate of the CV of
K was based on variation in mast counts collected annually
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Fig. 1 (A) Variation in lambda (}; the rate of population
change) for feral pigs over a 10-year period on Santa Cruz

Island, California; and, (B) the relationship between lambda
and abundance of feral pigs in the previous year (d, ).

from 1990 through 1999 (R. Klinger, unpublished data),
and the catastrophes represented mast failures, years of
extreme drought, or both.

We evaluated performance of the models in three
ways. First, we conducted 10,000 simulations (Caswell
2001) based on estimates of s and /., from each individual
year (1991-98) and the model with' years pooled (N =9
models). We visually inspected the distribution of the mean
population estimates in 5% percentile intervals for each
model, and then compared the mean population estimates
among them with standard least-squares ANOVA. Next, we
used a jackknife procedure to derive estimates of s and "
by sequentially removing each year from the poolea ‘model’
We then conducted 10,000 Monte Carlo simulations for
each model with a missing year, as well as the model with
years pooled. We compared mean population estimates
among the models with ANOVA and visual inspection of
the distribution of the model estimates in percentiles at 5%
intervals. All of the simulations spanned a period of 150
years. Finally, we generated 10,000 bootstrap samples

Table 3 Estimated abundance (+ SE) of feral pigs on
Santa Cruz Island, California, from 1990 through 2000.
The model for all seasons is Half-normal w/ cosine and
is the base model and expansion term used to derive the
density estimate; Type is whether the data were analyzed
ungrouped or grouped into predefined intervals; and
N is the total number of observations used to derive the
estimates. Distance data were collected along transects
annually from late November through early March (wet
season).

Season Abundance  Type N
Wet 1990-91 579 +£97 Ungrouped 71
Wet 1991-92 1161 + 130 Ungrouped 114
Wet 1992-93 1940 + 300 Ungrouped 85
Wet 1993-94 2776 +£428  Grouped 91
Wet 1994-95 5315+984  Grouped 99
Wet 1995-96 801 £ 108 Grouped 83
Wet 1996-97 1110 £ 199 Grouped 78
Wet 1997-98 2444 + 454 Ungrouped 57
Wet 1998-99 2670+ 416 Ungrouped 112
Wet 1999-00 2753 + 387 Ungrouped 88

consisting of 150 random draws of abundance and its CV
from the models generated in the previous steps. We then
determined which percentile of the bootstrapped values the
mean estimates of abundance and CV for each individual
model fell.

Harvest Models

We incorporated annual harvest rates (4) from 5%
to 95% at 5% intervals for models with three different
starting levels of island-wide abundance (N ): a low
abundance model where N = 800 (appr0x1mate(iy 25% of
K; see RESULTS), a mean abundance model where N, =
2400 (75% of K;), and a high abundance model where
= 5000 (150% of K). Harvest effort was targeted equally
among all sex and age classes for ten years. To simplify
interpretation of the trajectories we set the environment
as constant (CV K =0) and eliminated catastrophes. We
conducted 10,000 runs for each of the three models, then
calculated the probability of eradication (Pr), the median
time to eradication in years for 0 < Pr, < i, the time to
eradication for Pr, = 1, and the mean percent reduction in
abundance at each for the harvest rates in each model.

RESULTS

Abundance, population change, and carrying capacity

Abundance of feral pigs on SCI ranged from 579 (£ 97
SE) in 1990/91 to 5315 (x 984 SE) in 1994/95 (Table 3).
The coefficients of variation ranged from 11.1% to 18.9%.
The population exhibited a “boom or bust” pattern, with
a steady increase in abundance from 1990/91 through
the wet season of 1994/95, followed by a severe crash
the following year. The population recovered rapidly
though, and continued to increase through the wet season
of 1999/2000 (Fig. 1A). There was a significant negative
relationship between lambdaand N, (r=0.769, F, ,=10.13,
P =0.015). With the exception of ‘the wet season 1994/95
lambda tended to decrease as island-wide abundance of the
pigs approached 3000 (Fig. 1B). Abundance for lambda =
1 was 3400, which was used as the estimate of K.

Population structure and evaluation of the base model

Sex and age data were collected for a total of 2423
pigs. The sex ratio of the population was approximately
1:1 (N = 1221 females, N = 1202 males). Values for /,
between 1991 and 1998 are given in Table 4. Model-
derived estimates from the GLM analysis indicated that
variation in /_was similar across years (Fig. 2).
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Table 4 The estimated proportion of feral pigs surviving at the start of nine age classes (years) on Santa

Cruz Island, California.

_AgeClass 1991 1992 1993 1994 1995 1996 1997 1998 Years Pooled
1 0.553 0427 0394 0537 0490 0575 0430 0.522 0.489
2 0.381 0320 0.270 0396 0375 0429 0326 0.359 0.357
3 0279 0.192 0.155 0219 0247 0315 0.230 0.223 0.231
4 0.195 0.068 0.044 0.067 0.074 0.109 0.070 0.101 0.072
5 0.106  0.039 0.019 0.032 0.028 0.039 0.024 0.041 0.031
6 0.053 0.014 0.003 0.007 0.004 0.007 0.006 0.005 0.008
7 0.004 0.009 0.000 0.001 0.001 0.000 0.005 0.002 0.002
8 0.000  0.002  0.000 0.000 0.000 0.000 0.002 0.000 0.000

There were no simulated model runs where the
population went naturally to extinction. The mean
minimum estimate of abundance from the models based
on individual years was 805 + 23 SE and from jackknifed
models 847 + 8 SE. Mean maximum abundance from
models based on individual years was 6257 + 64 SE and
from jackknifed models 6314 + 63 SE. The range in
percentile abundance among years for both individual
and jackknifed models was 17.6%, with 90% of the mean
estimates of annual abundance falling between 1200
and 5900 (Table 5). Although the relative range among
the simulated estimates tended to be < 20%, the greatest
differences were in the 5" percentile. All mean abundance
and CV abundance estimates from the individual models
fell within the 32" and 71 bootstrap percentiles. There was
no significant difference in mean estimates of simulated
feral pig abundances for models based on simulations

Table 5 Estimated percentiles of abundance from two
groups of models simulating feral pig abundance on Santa
Cruz Island, California. Individual models were simulations
run separately for each year, as well as an additional one
with years pooled. Jackknifed models were run with one
year removed from each simulation. Each simulation
consisted of 10,000 runs over a 150-year period.

Individual Percentile
Models 5th 25th 50th 75th 95th
1991 1641 2648 3088 3855 5018
1992 1643 2596 3061 3945 5230
1993 1583 2278 2869 3912 5892
1994 1621 2371 3089 3793 5460
1995 1640 2503 3378 4038 5023
1996 1501 2554 3145 3808 5214
1997 1466 2526 3117 3752 5052
1998 1200 2262 2907 3693 5699
Pooled 1252 2618 3424 4027 5337
Mean 1505 2484 3120 3869 5325
Range 443 386 555 345 874
Range (%) 29.4 15.5 17.8 8.9 16.4
Jackknifed
Models 5th 25th 50th 75th 95th
No 91 1293 2363 2980 3773 5687
No 92 1226 2065 2867 3501 5648
No 93 1518 2073 2603 3897 5683
No 94 1577 2255 3046 3790 5446
No 95 1333 2029 2850 3440 5404
No 96 1411 2372 2965 3672 5537
No 97 1383 2070 2824 3822 5671
No 98 1402 2225 3027 3604 5637
Pooled 1388 2429 3054 3799 5123
Mean 1392 2209 2913 3700 5537
Range 351 401 451 457 565
Range (%) 25.2 18.2 15.5 12.4 10.2
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from individual years (F ;) = 1.433, P = 0.178) or the
jackknifed models (F ,,, = 0.641, P = 0.744).

Because there was little evidence of systematic
differences among the models, we selected the base
model to be the one with demographic rates derived
from the years pooled together. The mean and CV of the
simulated abundance estimates from the pooled model
were well within the range of bootstrapped estimates, and
deriving estimates of s , and f, from kill data collected
across years was likely the most appropriate approach for
integrating the observed temporal variability in vital rates
into the simulations. The mean minimum and maximum
abundance from 10,000 simulated 150-year time series of
the base model were 669 (=107 SE) and 5645 (£636 SE),
respectively. The mean value of A was 1.118 + 0.128 SE.
The population did not reach zero in any of the simulations
for the base model.

Harvest Models

The effects of increasing harvest rates (#) on pig
abundance for the three initial levels of abundance are
shown in Fig. 3. At low initial abundance (N, = 800) / >
45% was required to reduce abundance below N, and / >
60% was required to prevent the population from loaecomlng
stable. Levels of abundance for 45% < h < 60% were 40-
80% below N =800. Harvest rates >20% initiated declines
when N, = 2400 but & > 45% was required to keep the
populatlon from stablhslng Levels of abundance for 45%
<h<60% were 10-87% below N = 2400. Severe declines
in pig abundance were 1ndependent of harvest when N =
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Fig. 2 Estimated variation in the proportions of feral pigs
surviving at the beginning of eight age classes (/_on a logit
scale) from 1991-1998 on Santa Cruz Island, "California.
Year was modelled as a random effect, with each line
representing the /_distribution in any given year.
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Fig. 4 Simulated rate of reduction at different harvest rates
for a feral pig population on Santa Cruz Island, California.
Simulations (N = 10,000) were run for three levels of initial
abundance (N,).

5000. Modest harvest rates of 10-35% during the decline
phase when N = 5000 reduced abundance to stable levels;
levels of abundance for 10% < 4 < 35% were 26-68% below
K. The population at N = 5000 continued to decline when
h > 35% (Fig. 3). The 1nitial size of the population had a
strong influence on proportional reduction relative to N at
low to moderate harvest rates (5%-50%), but the influence
decreased as harvest rates approached 70% (Fig. 4). By
year 10 of the simulations, the 95% confidence intervals
for all three initial population sizes overlapped that of the
unharvested population when 4 < 10%.

There was no probability of eradication until 7 >
70% (Fig. 5). The probability of eradication (Pr,) was <
1 for 70% < h < 80% (Fig. 5), but as h approached 80%
Pr, rapidly increased. For 4 = 70% values of Pr, ranged
from 0.02 to 0.09, but when h > 75% values of Pr ranged
from 0.97 to 0.98. Pr, = 1 when / > 80%. There was
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Fig. 5 Simulated probability of eradication at different
annual harvest rates for a feral pig population on Santa
Cruz Island, California. Simulations (N = 10,000) were run
for three levels of initial abundance (N,).
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Fig. 6 Simulated time to eradication at different annual
harvest rates for feral pigs on Santa Cruz Island, California.
Simulations (N = 10000) were run for three levels of initial
abundance (N ). Panel (A) is based on the median number
of years when probability of eradication (Pr,) < 1. Panel (B)
is based on the number of years when Pr, = 1.

no relationship between N and Pr, (Fig. 5), but N did
influence the number of years to eradication (Fig. 6). " The
median number of years to eradication ranged from ten
(72% annual harvest rate) to 2.5 (95% annual harvest rate).
There was a linear decrease in median years to eradication
for all three levels of abundance (Fig. 6). Median years to
eradication for programmes initiated when N, = 800 was
predicted to be between 3 and 9 months less than those
begun when N = 2500. Programmes initiated when N =
800 were predlcted to be between 6 and 12 months shorter
in duration than those begun when N, = 5000. Eradication
programmes that began when N = 2%00 were predicted to
be completed 1-6 months sooner than those initiated when
N, = 5000 (Fig. 6).

Time to eradication when Pr, = 1 decreased linearly with
increasing rates of annual harvest for N, = 800. Time to
eradication also decreased linearly when'h > 75% for N, =
2400, while the pattern of decrease for N; = 5000 exhibited
a more stepwise pattern (Fig. 6). Eradication programmes
that were initiated when N, = 800 were generally a year
shorter in duration than those that began when N, = 2400
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for 70% < h < 95%, and 1-2 years shorter than those that
began when N = 5000 for 70% < & < 95% (Fig. 6). Time
to eradication When Pr, =1 for N, = 2400 and N, = 5000
were the same at all harvest rates except h= 80% which
was the threshold value for N = 5000 (Fig. 6).

DISCUSSION

Simulations of the effect of varying harvest rates
on abundance of feral pigs modelled when a population
was likely to be controlled and when it was likely to
be eradicated. For example, attempts to manage pig
populations with annual harvest rates below 10%, which
are likely typical of sport hunting, will have little or no
detectable effect on abundance (Barrett et al. 1988;
Waithman et al. 1999). Harvest rates in the range of 15%
to 50% will reduce and maintain numbers below that of a
population that is not hunted, but abundance may still be
greater than desirable relative to conservation goals. For
instance, in models with moderate and high levels of initial
abundance (N, = 2400 and N = 5000), annual harvest
rates below 4§% resulted in populat1on size in excess of
1000 individuals even after 10 years of hunting. When
actual numbers of pigs were above this level on SCI, they
continued to have undesirable ecosystem and species-
specific effects, including widespread rooting and impacts
to two species of rare endemic plants (Klinger et al. 2002;
Klinger 2007). So, while pig numbers can be controlled
with annual harvest rates between 15% and 50%, their
reduced abundance may still be above that required to meet
conservation objectives.

Mortality from hunting was largely compensatory at
low annual harvest rates (5%), but became additive as
rates increased beyond 10%. However, the importance of
the additive mortality depended on harvest rates and the
abundance of the population when hunting commenced. At
low abundance, the rate of growth was high enough that,
despite mortality being additive, control was unlikely if the
annual harvest rate was between 5% and 40%. When initial
population size was low, and annual harvest rates were
between 45% and 65%, control became more likely. When
initial population size was relatively high, but still below
carrying capacity, control was likely when annual harvest
rates exceeded 20%. This likely reflected the additive
effects of harvest and the influence of negative density-
dependence. Not surprisingly, when abundance exceeded
carrying capacity strong negative density-dependence
resulted in rapid population declines. Initiating harvest as
the population declined pushed it to lower abundance than
from density-dependent processes alone. When annual
harvest rates were between 10% and 60%, the population
still stabilised, albeit at progressively lower abundance.
There was little likelihood of eradication unless annual
harvest rates exceeded 75% per year. However, when
harvest rates exceeded 75% then additive mortality had
a very significant influence on the population and the
likelihood of achieving eradication became independent of
the initial level of abundance.

Although there was little possibility of eradication until
annual harvest rates were greater than 75%, harvest rates
between 60% and 70% reduced the population sufficiently
for the pigs to be considered ecologically extinct. This
condition would likely be acceptable if the goal of the
management programme was control rather than eradication
and there were financial resources available to sustain
hunting. In this case, the effects of pigs as a transformer
species would be eliminated and there would be far less
likelihood of impact to high value species, such as rare
endemic plants (Klinger et al. 2002). However, maintaining
low numbers as a long term conservation strategy could be
very risky. Animal removal programmes are controversial,
so sustaining institutional support and financial resources
for long-term control may be unrealistic when faced with
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strong public opposition (Sagoff 2005; Perry and Perry
2008). Moreover, the expenditure of resources would be
much greater to reduce and then maintain a population at
low levels rather than implement a relatively short term
but intense eradication programme (Cruz et al. 2005,
2007). These possibilities could result in situations that
would be considered “a conservation nightmare”; that is,
the cessation of control and the subsequent return of the
population to previous levels of abundance (Campbell and
Donlan 2005).

While the predicted ranges in abundance among the
models tended to be relatively consistent, the results should
still be interpreted with caution. Estimates of fecundity
and survival derived from vertical life tables can be biased
if data are collected from a single sample of a population
when growth rates are not constant (Caughley 1977).
Rates of change in the pig population were clearly not
constant during the study, but our estimates of sex and age
structure were collected across multiple years. This likely
reduced error in the estimates, but some degree of bias is
still possible (Caughley 1977; Skalski et al. 2005).

Comparison of the simulations with actual eradication
programmes suggests that the estimates for time to
eradication are realistic, though in some cases they may be
somewhat conservative. For example, more than 18,000
feral pigs were removed from Santiago Island (Galapagos
Islands; 584 km?) over a 30-year period, but the first phase
of this project was largely a low-intensity effort with little
evidence of substantial control (Cruz et al. 2005). When
rates of removal were increased in 1995, the remaining few
hundred pigs were eradicated within six years (Cruz et al.
2005). A similar pattern was reported from Santa Catalina
in the Channel Islands (194 km?), where more than 12,000
pigs were removed from 1990-2003 (Garcelon ef al. 2005).
For the first seven years, the focus on Santa Catalina was
control, but when it became an eradication programme
in 1996, 2679 pigs were removed within seven years
(Schuyler et al. 2002, Garcelon et al. 2005). Eradication of
200 pigs from a 57 km? fenced area at Pinnacles National
Monument in central California, USA, was completed in
2.5 years (McCaan and Garcelon 2007), and 1206 pigs
were eradicated from Santa Rosa Island (Channel Islands,
California, USA; 215 km?) in three years (Lombardo and
Faulkner 2000). Eradication of 143 pigs from Annadel
State Park (20 km?) in central California was accomplished
in under three years (Barrett ef al. 1988).

Other cases suggest that eradication times can be
substantially reduced from those predicted by the models.
One factor is the size of the eradication area; eradication in
very small areas with low pig density can be accomplished
in a year or less (Kessler 2002). More important factors,
though, may be a combination of resource allocation,
technology, and hunting techniques, especially in larger
areas. When eradication of feral pigs was undertaken on
SCI, NPS and TNC invested considerable funds in fencing,
helicopters, large numbers of hunters and dogs, Judas
animals, strategically and tactically integrated hunting
techniques, GIS and GPS technologies, and systematic
monitoring (Morrison ef al. 2007). These factors, as well
as the commitment by NPS and TNC to eradicate and not
control the population, resulted in the removal of 5036
pigs in 15 months, approximately 5-10 years less than
anticipated (NPS 2003; Parkes ef al. 2010).

The results of the simulations are likely applicable to
many insular systems, but they may be less applicable to
mainland systems where pigs have more predators and
competitors (Barrett 1978). Competition between pigs
and other vertebrates is rarely reported, and when it does
exist it may alter patterns of distribution rather than reduce
abundance (Ilse and Hellgren 1995). Predation could lead
to significantly different estimates of vital rates though,
especially survival (Woodall 1983, Okarma et al. 1995).

Moreover, dispersal from areas where pigs are not being
controlled is likely to act as a “rescue effect” for sink
populations where control efforts are underway (Barrett
et al. 1988). Indeed, in many areas, eradication may not
be a feasible option unless expensive measures are taken
to prevent recolonisation (Hone ef al. 1980; Barrett ef al.
1988; Garcelon et al. 2005; McCaan and Garcelon 2007).
In situations where such measures (eg. fencing) cannot
be used, there may be few options other than control. At
that point, a key decision will be what long term harvest
rates can be sustained to prevent pigs from becoming too
abundant (Cowled ef al. 2006).

MANAGEMENT IMPLICATIONS

Our models suggest that, in general, a strategy of
intense harvest for five years will likely eradicate many
insular feral pig populations. When options are limited to
some form of control, development of population models
would be a substantial aid in justifying target harvest
rates and developing monitoring programmes to evaluate
if conservation goals are being met. But even when
institutions are willing to commit fully to eradication,
investing in the collection of several years of data to
develop models projecting the likelihood of eradication for
different harvest scenarios would help with planning and
design.
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ABSTRACT Beavers threaten ecosystems of global importance in southern Patagonia, causing significant impacts on
biodiversity. Introduced in 1946, they have reached all the most important islands south of the Strait of Magellan and now
are invading the Briinswick Peninsula, on the South American continent, occupying a total area of approximately 70,000
km?. After years of trying to promote beaver control by stimulating their commercial exploitation, the governments of
Argentina and Chile agreed to redirect management efforts and to attempt to eradicate the species throughout its entire
range in South America. As a first bi-national activity, a feasibility study, conducted by international experts, was jointly
initiated, to assess the technical, ecological, economic, social and cultural feasibility of eradicating beavers over their entire
range. This study indicated that eradication was justified and feasible, although several issues must be resolved before an
eradication operation is implemented. Beaver eradication in southern South America presents unique challenges, as well
as unique opportunities, to develop a new cooperative model to handle complex and global environmental problems.

Keywords: American beaver, southern Patagonia ecosystems, new approach, bi-national agreement, Chile, Argentina

INTRODUCTION

Beavers (Castor canadensis) are ecosystem engineers
that directly or indirectly control the availability of
resources for other organisms by causing changes in the
physical state of ecosystems (Jones et al. 1994). Exotic
in South America, beavers are threatening biodiversity
values of global significance in southern Patagonia, where
temperate forest and peat bog ecosystems dominate the
landscape in one of the world’s largest and most pristine
remaining wilderness areas. Together, these ecosystems
play a key role in global circulation processes, since they
constitute the most significant terrestrial carbon reservoirs
and carbon sinks in these latitudes. However, Subantarctic
ecosystems appear to be particularly vulnerable to invasion
by introduced species (Mittermeier et al. 2001) such as
beavers, which now impact the largest stands of Subantartic
forests and Holocene peat bogs. This invasion is a good
example of how the human footprint can dramatically
reach the last of the wild areas of the world, and how global
hazards, like biological invasions, can affect biodiversity
and key ecological processes in very remote areas.

In order to establish a new fur industry, 25 breeding pairs
of North American beaver were introduced in 1946 to Rio
Claro’s lower basin, south of Tierra del Fuego Main Island,
the largest island of the Fuegian Archipelago (48,000 km?)
(Fig. 1). This archipelago, at the southernmost tip of South
America, consists of hundreds of islands administered by
Chile and Argentina. The area is surrounded by the Atlantic
and Pacific Oceans and is influenced by an Antarctic
climate, with extreme cold and wet conditions. In southern
Patagonia, beavers have flourished with abundant food,
water, and a virtual lack of predators and competitors. This
has favoured their expansion, allowing them to colonise
all existing habitats including deciduous and evergreen
beech forests, peat bogs, Patagonian steppe, and Andean
grasslands (Saavedra and Silva 2008). The beavers have
since spread throughout the entire Fuegian archipelago and
beyond.

The rate of beaver expansion has been estimated at
2-6 linear km/year (Lizarralde et al. 1996), and the total
population is about 60,000 individuals (Skewes et al.
1999). In the first twenty years after their introduction,
beavers occupied about 30% of the rivers of the Andean
zone of the Main Island of Tierra del Fuego (Lizarralde
1993) and were recorded in Chilean territory in the 1960s,

16 years after their release in Argentina (Lizarralde 1993;
Lizarralde and Escobar 2000; Lizarralde er al. 2004).
Beavers subsequently crossed the Beagle Channel in 1962
and colonised the northern coast of Navarino Island. They
are now found on almost all of the islands south of the Strait
of Magellan, including the entire Isla Grande of Tierra del
Fuego, Picton, Lenox, Nueva, Hoste, and Dawson (Fig. 1).
In their invaded range, beavers have affected over 20,000
linear kilometres of streams, rivers and watersheds and
their density is estimated in 0.7 colonies/km?. In the 1990s,
beavers crossed the Strait of Magellan and established on
the Brunswick Peninsula, where they are starting to invade
the southernmost part of the South American continent
(Soto and Cabello 2007) (Fig. 1). The total area occupied
is now estimated as 70,000 km?.

Beavers in southern Patagonia have had significant
impacts on native species, habitats, ecosystems and
landscapes (Figs. 2A and B). Nothofagus forests have been
particularly affected with understory diversity, structure
and natural dynamics impacted in the cut and flooded zones
and in abandoned ponds (Anderson et al. 2006). Beaver
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Fig. 1 Tierra del Fuego archipelago and Brunswick
Peninsula in the South American continent where the
introduced beaver population is spreading.
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dams, which directly change hydrological processes, have
caused other serious impacts and sediment flows. Dams
transform lotic environments into lentic ones. By creating
flooded areas, beavers change drainage patterns and water
table depth, cause the accumulation of sediments and
organic matter, facilitate the alteration of nutrient cycles
in Nothofagus forests (Lizarralde et al. 1996; Jaksic 1998;
Lizarralde et al. 2004), accelerate the decomposition
process, and alter water and soil chemistry (Lizarralde et
al. 1996), with consequences to benthic and vertebrate
communities (Anderson et al. 2009). Perhaps the most
obvious impact of beaver invasion is the direct destruction
of riparian southern beech forests preventing the natural
recovery of forest ecosystems, which in the long term are
transformed into grassland (Anderson et al 2006; Martinez
Pastur ef al. 2006).

Beavers also have economic impacts affecting
aquaculture, agriculture and particularly forestry. These are
important local industries and support a significant portion
of the Chilean and Argentinean economies. Flooding as a
result of beaver activity reduces the availability and quality
of pastures for livestock, blocks culverts and destroys
bridges and roads.

While they were confined to Tierra del Fuego, beavers
were a remote problem. After crossing the Strait of
Magellan and reaching the Brunswick Peninsula, beavers
are now recognised as a serious threat to biodiversity and
the economy of southern South America. The northward
expansion of beavers, which is inevitable unless their
expansion and establishment is stopped, will destroy further
forests and lead to greater watershed contamination.

Fig. 2 Ecological impacts produced by exotic beavers
in Tierra del Fuego ecosystems. A Vestiges of an original
beach forest replaced by a “Beaver meadow” in and
abandoned site. B Beaver lodge in a dammed and flooded
riverine environment.
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In this paper we describe a new bi-national approach
that is being developed to manage beaver populations in
Southern Patagonia. This approach will strategically test
if the shift from localised control to eradication of all
populations is achievable.

BEAVER CONTROL IN SOUTHERN PATAGONIA

In Argentina, control of beavers started in 1981 when
the government authorised recreational hunting, followed
by authorised commercial hunting in 1997 and the first
management plan in 1999. At that time, the beaver
populations was estimated at 30,000-50,000, increasing at
0.21- 0.23 and was close to maximum capacity (Lizarralde
1993). An elimination rate was set at 21-23% per year,
with a required extraction of 7000-10,000 animals in the
same period. Control was based on sustainable culling,
implemented by local trappers, using Conibear 330 traps
and assumed the creation and maintenance of a market
for beaver products. Since 2001, a bounty was also paid
for every tail delivered to local authorities. Together with
the development of a fur market, the bounty was intended
to provide an additional stimulus for beaver trapping.
Furthermore, in order to stimulate beaver trapping, use
of the meat was promoted. Despite these efforts, the
necessary and planned extraction rate was not achieved.
The Government also failed to maintain a monitoring
system to guide or improve management decisions.

In Chile, the National Agriculture and Livestock
Service officially recognised beavers as a harmful species
in 1992. The first control programme was implemented in
1999, focused on the Isla Grande of Tierra del Fuego and
Navarino Island. As in Argentina, the goal was to promote
the economic benefits of the species and included a bounty
system for private trappers who could profit from beaver
pelts and meat. In 2004-2006, the Chilean government
continued this programme, reinforcing the bounty system
to promote beaver capture and the creation of a market for
beaver products and sub-products. As a tool to mitigate
beaver impacts, beaver hunting was concentrated in those
areas closer to the mainland. As in Argentina, these plans
failed to create a market, to promote beaver trapping, or to
limit expansion of the beaver’s range.

A KEY CHANGE OF VISION: BEAVER
ERADICATION IN SOUTHERN PATAGONIA

Because efforts to control beavers were insufficient to
reduce the beaver population or limit its expansion, beavers
crossed the Strait of Magellan and established on the South
American continent. In response, control programmes were
critically reviewed and an historic first bi-national scientific
and administrative agreement was reached in 2006 by
the governments of Argentina and Chile. Both countries
agreed to cooperatively work towards eradicating beavers
throughout southern Patagonia. Key stakeholders from
Chile and Argentina, along with international advisors,
have since been working on ways to implement this new
strategy. The goal is to restore natural southern Patagonian
ecosystems through the eradication of beavers from their
entire non-native range.

Key steps in this new approach include:

- A feasibility study conducted by a team of international
experts and financed by the Governments of Chile and
Argentina and the Wildlife Conservation Society.

- A bi-national agreement signed between Argentina and
Chile (2008) under the bi-national Treaty on Environment
(1992) and the specific shared Wildlife Protocol, to work
towards beaver eradication as a necessary step to restore
southern Patagonian ecosystems.

- The preparation of a Strategic Plan for the eradication
of beavers from southern Patagonia, which will be adopted
as a bi-national strategic reference document.



Malmierca et al.: Beaver eradication, Patagonia

The feasibility study

This study assessed the technical, ecological, economic,
social and cultural feasibility of beaver eradication over
their entire range, whether beaver eradication was possible
in a regional context, and if it is justified in terms of
potential benefits relative to costs.

Different management options were: 1) removing
beavers currently on the mainland of South America, with
sustained control of source populations in buffer zones in
the Fuegian Archipelago, along with surveillance and rapid
response at mainland sites; 2) eradicating beavers from
Tierra del Fuego and the South American continent; and 3)
sustained control of beavers and other invasive species in
high priority areas.

The eradication of beavers from southern Patagonia
would avoid increasing damage on the continent and would
remove impacts on biodiversity and economic values
within the beavers’ current range. Eradication would be a
preliminary step to restoring southern ecosystems.

The control options would require the perpetual
removal of beavers in specific areas in order to maintain
impacts within acceptable levels. These options involve
the sustained and regular input of resources that should be
allocated to specific sites, which are selected and prioritised
for their conservation values, or the need for protection
from harm (Parkes et al. 2008).

Although eradication is ecologically, technically,
and economically feasible, constraints include: 1) access
to all types of land tenures (e.g., military lands, private
lands) must be guaranteed; 2) organisational complexities
involved with the bi-national character of the project must
be resolved; 3) capacity to implement the project is currently
absent from the region and must be developed; 4) technical
and logistical complexity due to isolation and weather will
need to be overcome; and 5) other minor constrains derived
from the presence of native species that could incidentally
become targets (e.g., native otter Lontra provocax). Such
constraints present risks of failure that need to be tested,
and management responses must be resolved before any
eradication operation proceeds (Parkes et al 2008).

The feasibility study also identified risks and limitations
and raised key questions that need to be answered before
or during the implementation of each strategy, along with
an indication of necessary resources and possible actions
required (e.g., research, demonstration or pilot projects,
monitoring). Also, it was clearly established that all
technical, political, legal and operational tools must be
available to guarantee complete beaver removal before any
active eradication operation is started.

Theremoval of beavers from the continent was identified
as of high priority and urgency. Its goal is to maintain areas
at “zero density”, which implies a permanent/sustained
capture and monitoring regime to reduce immigration
and reinvasion of beavers in the managed area. Beaver
colonisation on the mainland seems to be slower compared
to the island of Tierra del Fuego. Different invasion rates
could be explained by reduced propagule pressure, or by
the presence of predators such as pumas (Felis concolor
patagonica) that are absent from islands (Wallen et al.
2007; Parkes et al. 2008). All these hypotheses remain to
be tested.

All of the management options require assessment
of the geographical range of beaver populations to
ensure that all individuals in targeted populations are
removed. Moreover, among other issues, the following
additional information will be required for an effective
management strategy: 1) mechanisms of beaver migration
and establishment at continental sites; routes or pathways
for access and movement on the continent; 3) frequency
of immigration pulses; 4) sources of beaver populations:
and 5) the relationship between dispersal and density of
beavers.

Detectionand surveillance methods thatuse probabilistic
methods as a tool to provide transparent decision-making
will be needed for areas to be declared beaver-free, and
also to ensure the quick detection of any new arrivals.

The feasibility study recommended that pilot or
demonstration projects should be used to resolve some
of the above issues and to evaluate operational aspects of
the eradication (Parkes et al. 2008). These projects should
address key research, training and capacity-building
objectives at different levels (e.g., public agencies,
trappers, scientists). An adaptive process will also be
required in order to learn and build capacity. The ultimate
goal of this process will be to generate best practice and the
highest operating standards to be applied in the effective
planning, implementation and monitoring of a beaver
eradication operation. Pilot or demonstration projects
could also be used to present approaches and advances to
key stakeholders such as politicians, financiers and other
important actors needed to support and strengthen any
eradication programme.

We suggest that the beaver eradication project should be
organised in phases. Phase one should include establishment
of'the project and declarations of support from management
agencies of both countries, as well as from other national
and international stakeholders. It will also include the
development of necessary capacities within management
agencies to fulfil their roles and complete tasks to agreed
standards. This will involve training in such varied fields
as communications, population modelling and using radio
transmitters. Project governance policies and procedures
will need to be established. Baseline monitoring will need
to be initiated and relevant management-driven research
undertaken.

The eradication operation will involve beaver removal,
beginning zone by zone, following a tactical, systematic,
and adaptive approach.

The last phase of the project will involve monitoring
and on-going surveillance.

Although no deliberate beaver eradication project
has been undertaken previously -many populations of
Castor canadensis were destroyed or heavily reduced by
commercial fur trapping pressure in vast areas of their
original range in North America (Baker and Hill 2003).
Succession processes after pond abandonment and the
effects that influence this process have been widely studied
(Naiman et al. 1994, Collen and Gibson 2000, Wright
et al. 2003, Anderson et al 2009, Burchsted et al. 2010,
Hay 2010). However, it is unclear how this research will
apply in South America. It thus remains unknown whether
beaver removal, by itself, would be enough to promote
the recovery of the ecosystems to a pre-beaver condition,
at least in the short term. There is evidence (Martinez
Pastur 2006) that Nothofagus forest restoration could need
to be re-enforced by other practices such as long-term
commitments to ecosystem management at the watershed
level (Anderson et al. 2006)

Since beaver removal is aimed at the restoration
of Patagonian ecosystems, specific information on
restoration must be developed along with the eradication
implementation, to assess the capacity and speed of recovery
of ecosystems. Implementing appropriate measures to
mitigate potential impacts of eradication activities should
move the system into more acceptable trajectories (Parkes
and Panetta 2009).

The cost of beaver eradication, which includes
preparation, undertaking the operation and early stages
of surveillance, but excluding on-going monitoring, is
estimated at about US$ 35 million (Parkes et al. 2008).
Although only indicative, the estimate includes the major
cost components such as staff, equipment, and logistics.
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Helicopters were viewed as an essential tool to
implement the eradication, due to the large areas involved,
their inaccessibility, the need to work in the shortest time
possible to minimise risk of recolonisation, and to maintain
commitment to the project at all levels (e.g., operational,
governments, funding agencies). Helicopters are not
widely used for conservation purposes in Argentina and
Chile, although there is experience in their use for forest
fire control activities and spraying crops.

Project governance will be challenging because it
involves bi-national collaboration over administration,
making decisions and evaluating progress. This project also
has additional complexities including a large spatial scale,
relatively long duration, logistical difficulties, and political,
social and cultural challenges due to its bi-national nature,
with the derived involvement of multiple jurisdictions,
entities and organisations. These high levels of complexity
will require the development and implementation of an
appropriate governance structure and procedures to achieve
project objectives (Parkes et al. 2008). Good governance
also entails explicit processes for decision-making, and
the establishments of transparent and efficient processes
with clear lines of accountability. Moreover, appropriate
and effective governance will be the key to retaining the
political support required for the project to be implemented
and for project goals to be achieved.

CONCLUSIONS AND NEXT STEPS

The processes so far completed have already provided
useful lessons. First, beaver invasion in southern Patagonia
is a global as well as a local problem. Addressing them
in southern Patagonia will require international as well as
local and national inputs. Second, the beaver problem must
be completely understood by stakeholder communities, as
well as by government authorities in Argentina and Chile
(Soto et al. 2008). Third, beaver eradication in southern
Patagonia appears feasible, but will be an enormous
challenge. Finally, the environmental and economic
benefits from beaver eradication will be extraordinary, and
therefore, it is worth the effort to try to eradicate them.

Decision-making and the implementation of operational
plans will now be guided by the strategic plan, which will
provide an important basis for preparing funding proposals,
and for potential funders and other agencies to evaluate the
merits of the project based on anticipated outcomes and
costs.

Planning should include a horizon of at least nine
years, covering phases that include establishment, capacity
building, implementation and biosecurity. Field activities
should include the establishment of pilot or demonstration
projects in which personnel can cooperate in research and
trials, undertake training and refine management techniques
and procedures.

The eradication phase should be organised in steps,
clearing areas progressively zone by zone, and initiating
active surveillance, to either confirm eradication or improve
the process.

Eradicating invasive beavers from southern Patagonia
presents special challenges associated, in particular, with
the involvement of two countries, the presence of beavers
in both continental and insular habitats, and the remoteness
and size of the management area. Key issues associated
with these challenges include the need to develop efficient
and effective governance that reflects the necessary
political support for making and implementing decisions
and for securing and allocating funds. The development of
an effective, goal-oriented management structure that can
respond to logistic challenges imposed by these risks will
be essential.

Beaver eradication in southern Patagonia is a novel
and ambitious project. It will require the development
and application of innovative tools and approaches. At the
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same time, it will allow Chile and Argentina, together with
international players, to develop a new cooperative model
to handle complex environmental problems. If effective
in Southern Patagonia, similar collaborative models may
help to improve the management of other global threats to
biodiversity.
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Strategy to control the invasive alien tree Miconia calvescens in Pacific
islands: eradication, containment or something else?
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Abstract: Miconia calvescens (Melastomataceae) is a notorious plant invader in the tropical islands of French Polynesia,
Hawaii and New Caledonia. A small tree native to Central and South America, it was first introduced as an ornamental
in private botanic gardens in Tahiti (1937), Honolulu (1961), and Nouméa (1970s) where it escaped, became naturalised,
and formed dense monospecific stands. More than 80,000 ha are currently invaded in French Polynesia, 10,000 ha in
the Hawaiian Islands and 140 ha in New Caledonia. Control programmes have been under way in the Hawaiian Islands
(Oahu, Maui, Hawaii, Kauai) and French Polynesia (Raiatea, Tahaa, Nuku Hiva, Fatu Hiva) since the early 1990s, and
in New Caledonia (Province Sud) since 2006. Despite more than 15 years of intensive control efforts and millions of
plants destroyed, eradication has not been achieved in any of these islands, mainly because the species has multiple
features that thwart its elimination (e.g., prolific seed production, active dispersal by alien and native frugivorous birds,
large and persistent soil seed bank, shade-tolerance), combined with the difficulty of detecting and destroying plants on
rough terrain and steep slopes, insufficient control frequency, and limited financial and human resources. Miconia’s life
cycle requires at least four years growth from seedling to fruiting. Consequently, prevention of fruit production may be
an effective management strategy for small populations. This “juvenilization” process may allow the eradication of small
populations when carefully conducted over a quarter century.

Keywords: management strategy, invasive plant, juvenilization, seed bank

INTRODUCTION

Pacific islands, along with most other islands worldwide,
are vulnerable to the establishment and invasion of alien
plant species. In some tropical oceanic islands, such as
Hawaii and French Polynesia, the number of plant species
that have established, formed sustainable populations and
reproduce without human intervention (i.e. naturalised;
see e.g., Richardson et al. 2000) approaches or exceeds
the size of the native flora. Some naturalised species have
become invasive and alter native ecosystems, cause severe
economic losses, or are responsible for the two combined.
Furthermore, the rate of species introductions is increasing,
enhancing the risk of new invasions. Major cities, such
as Honolulu in Hawaii, Papeete in French Polynesia and
Nouméa in New Caledonia have international airports and
harbours that act as “transport hubs” for people, goods,
and plant and animal species, accidentally or intentionally
introduced from Asia, Australia, and the Americas. The
high human population density and per capita gross
domestic product (GDP) of Hawaii, New Caledonia
and French Polynesia (Denslow et al. 2009; Kueffer et
al. 2010) may partially explain the high proportions of
naturalised and invasive alien plants found in these islands.
Moreover, these French and US territories support many
public and private botanical gardens that were established
in the last century to acclimatise “useful” plants from other
tropical and temperate countries, including many forestry
and ornamental species, some of which are now considered
aggressive plant invaders. Management of current and
potentially invasive alien plants has now become a priority
for Pacific island countries (Sherley 2000; Meyer 2004).

The most cost-effective strategy for managing invasive
species is preventing entry into a potential new range
(e.g., Wittenberg and Cock 2001). Weed risk assessment,
quarantine regulations, and other biosecurity and
phytosanitary measures form a first barrier to plant invasion.
When a species is already established and naturalised, three
management strategies may be appropriate (Carter 2000;
Grice 2009): 1) eradication for recently established species
or species with a limited distribution; 2) containment for
species which are beyond eradication (or where eradication
has been rejected as a goal) but still in an early stage of

invasion and expanding their range; and 3) control for
large and extensive populations (“sustained control” sensu
Parkes and Panetta 2009; or “maintenance control” sensu
Hulme 2006) that may include biological control. An
alternative option is to do nothing.

Eradication is the “removal of all individuals of a
species from an area to which reintroduction will not
occur” (Myers and Bazely 2003) or the ‘“permanent
removal of discrete populations” (Parkes and Panetta
2009). Eradication is a function of the area over which the
weed is distributed and must be searched for repeatedly
following control (gross infestation area), and constraints
such as site accessibility, plant detectability, the species’
characteristics, control efficacy, and funding support
(Panetta and Timmins 2004; Parkes and Panetta 2009).
Containment and control are sometimes combined because
their common aim is reduction of the density of the target
species or its rate of spread.

Whether plant eradications are successful depends on
the life history traits of the species, including growth rate,
reproductive capacities, and dispersal abilities (distance
and speed). A major obstacle for plant eradication is the
existence of a soil seed bank, which can persist for several
years or more.

To demonstrate the importance of plant life history
characteristics to an eradication attempt, we report here
on the history of miconia (Miconia calvescens DC.:
Melastomataceae), which is one of the most damaging
plant invaders in native forest of Pacific islands. Miconia is
a small tree unlike the “agricultural weeds” such as grasses,
herbs, vines, shrubs, and aquatic plants, which are targeted
for eradication in California, USA (Rejmanek and Pitcairn
2000), Australia (Woldendorp and Bomford 2004; Parkes
and Panetta 2009), or New Zealand (Harris and Timmins
2009). The species is capable of prolific reproduction, has
a persistent seed bank (Fig. 1), and can invade species-rich,
intact rainforest and cloud forests subsequently destroying
native biodiversity. We review the current status and
distribution of miconia, and compile the results of control
efforts during the past decades in French Polynesia, Hawaii
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and New Caledonia. We discuss the accepted strategies for
plant eradication, and propose an alternative strategy to
more efficiently manage this species and its environmental
threat to all Indo-Pacific tropical high volcanic islands.

CHARACTERISTICS AND INVASION HISTORY

Miconia grows to 4-12 m but may reach 16-18 m in its
native range in tropical Central and South America. The
species was introduced as a garden ornamental in several
private and public botanic gardens worldwide because of
its striking, large leaves with purple undersides. It was first
introduced to Tahiti in 1937, to the Hawaiian Islands in the
early 1960s and to Nouméa in the early 1970s. Historical
evidence and molecular analysis (Le Roux et al. 2008)
indicates that the first plants cultivated in Hawaii and New
Caledonia were imported from Tahiti. In each of these
island groups, where mean annual rainfall exceeds 2000
mm, miconia escaped from gardens and became naturalised
in surrounding vegetation. The lag between introduction
and clear signs of invasion in these three island groups
has ranged from 20 to 30 years (Meyer 1998), a relatively
long time span which may explain why control responses
were often too late. The rainforests and cloud forests of
all high volcanic islands of French Polynesia and Hawaii,
which have relatively similar origins, ages, latitudes,
climate, topography and biota, are likely to be under high
risk of invasion by miconia. Although New Caledonia is
a large continental island with a more subtropical climate
and a large area covered by nutrient-poor ultramafic soils,
a predictive model shows that miconia might invade
up to 25% of Grande Terre rainforests (i.e. 4000 km?)
on sedimentary soils, mainly on the rainy east coast of
Province Nord (Meyer et al. 2006).

Miconia is already considered to be the most disruptive
invasive alien plant in French Polynesia and the Hawaiian
Islands, and threatens native rainforests of New Caledonia,
the Wet Tropics region of Queensland in Australia (Csurhes
2008), Sri Lanka (Meyer 1998) and some Caribbean
islands (Meyer 2010). On Tahiti, Moorea, Raiatea (French
Polynesia), Maui and Hawaii (Hawaiian islands) and in
Province Sud of New Caledonia, miconia can form dense
monospecific stands that suppress native vegetation.
Because of its devastating impact on the endemic flora
in Tahiti (Meyer and Florence 1996), miconia is viewed
as one of the highest control priorities in Hawaii, New
Caledonia, and Australia. Potential environmental impacts

Table 1 Miconia invasion in the Pacific islands.

such as increased runoff and soil erosion, as well as reduced
groundwater recharge (Kaiser 2006), make miconia a
“transformer species” sensu Richardson et al. (2000).
Miconia was legally declared a “noxious weed” in Hawaii
in 1992; a “threat to the biodiversity” in French Polynesia
in 1997; a “Class 1 weed”, the highest priority category
in Queensland, Australia, in 2002; and listed an “invasive
exotic species” to be eradicated, by authority of the Code
de I’Environnement of the Province Sud, New Caledonia,
in 2009.

Ground surveys and helicopter reconnaissance using
GPS and GIS have been used to map miconia distribution.
Control methods consist of manually uprooting seedlings
and saplings, chemically treating the reproductive (or
mature) trees on cut-stumps or bark, and carefully targeting
spraying from helicopter (the latter only in Hawaii).
Volunteers for short-term control operations or long-term
funded teams, or both, have been involved and public
awareness campaigns have been conducted in all island
groups (Conant et al. 1997, Medeiros et al. 1997; Meyer
and Malet 1997; Meyer 2010).

RESULTS

More than 80,000 ha of lowland rainforests and montane
cloud forests are currently invaded in French Polynesia,
ranging from near sea-level to 1400 m elevation; more than
10,000 ha are invaded in the Hawaiian Islands; and 140
ha in New Caledonia (Table 1). Management programmes
detailed below were initiated in French Polynesia on the
islands of Raiatea, Tahaa, Nuku Hiva, Fatu Hiva; the
Hawaiian Islands on Hawaii, Maui, Oahu, and Kauai
beginning in the early 1990s; and in New Caledonia
(Province Sud) in 2006 (Table 2).

Raiatea (Society Is., French Polynesia)

Miconia was first introduced in the 1950s as a garden
ornamental, then as a soil contaminant in the 1980s. About
250 ha were considered invaded in the early 1990s; infested
sites ranged in elevation from sea-level up to 300 m
elevation (Meyer and Malet 1997). An eradication attempt
was started in 1992. Over 18 years, more than 470 ha has
been surveyed (3% of the island surface) and 2.2 million
plants have been manually removed, including more than
4500 reproductive trees. More than 3,500 people have
been involved, including employees of the Departments
of Forestry, Agriculture, Environment and Research, the

All data from the Hawaiian islands according to “Invasive Species Committees” (BIISC, KISC, MISC, OISC)

Island int?‘{(f(zl‘flcotfion Nu;;:?::;:g::]lﬁ z;:ed Elevation range (m) Invaded area (ha)
FRENCH POLYNESIA

Tahiti 1937 > 100 10-1400 > 80,000
Moorea 1960s >20 10-1100 > 3500
Raiatea 1955 > 10 10-1000 > 470
Tahaa 1980s 1 20-200 <10

Nuku Hiva 1990s 3 400-1100 <35

Fatu Hiva 1990s 3 500-600 <1
HAWAII

Hawaii early 1960s > 100 10-820 > 10,000 (> 45,000%)
Maui early 1970s >20 20-870 > 1000 (>15,000%)
Oahu 1961 > 6 10-500 > 700 (>12,000%)
Kauai mid-1980s >2 40-310 > 220 (>1400%)
NEW CALEDONIA

Province Sud 1970s 1 200-650 > 140

* surveyed areas including buffer zones of 1 km around all known occurrences, to allow for comprehensive surveillance

(“gross infestation area” sensu Panetta and Timmins 2004).
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Table 2 Results of miconia control efforts in Pacific islands.

Control methods: MC = Manual control; CM = Chemical control; BC = Biological control using the fungal pathogen
Colletotrichum gloeosporioides f.sp. miconiae; (Year) = Year when control started.

Number of plants

Island Degree of Control strategy Control methods destroyed

Invasion (reproductive trees)
FRENCH POLYNESIA
Tahiti High ~ (omtrolinsmallareas of e e+ BC (2000) Not evaluated

igh ecological values

Moorea High lcl:i(;rﬁtreoclollré;?:ll lvirlfliss of MC, CM + BC (2000) Not evaluated
Raiatea Medium Eradication / Containment MC, CM (1992) + BC (2004) 2,200,000 (> 4,540)
Tahaa Low Eradication MC, CM (1995) + BC (2005) 10,000 (8)
Nuku Hiva Low Eradication MC, CM (1997) + BC (2007) 8000 (14)
Fatu Hiva Low Eradication MC, CM (1997) + BC (2007) 3000 (5)
HAWAII
Hawaii High Containment MC, CM + BC (1997) Evaluation not available
Maui Medium Eradication / Containment MC, CM + BC (1997) Evaluation not available
Oahu Low Eradication MC, CM (1993) + BC (1997) 16,000 (115)
Kauai Low Eradication MC, CM (1993) + BC (1997) 8000 (23)
NEW CALEDONIA
Province Sud Low Eradication MC, CM (2006) 170,000 (> 180)

French Army, local volunteers, religious groups, employees
of the island Counties, and schoolchildren (Meyer 2010).
Campaigns against miconia were organised only once
a year because of financial and logistic constraints. The
discovery in 2002 and 2003 of isolated, but nonetheless
dense miconia populations and reproductive trees at high
elevation (up to 1000 m elevation) and in remote gulches
and on inaccessible steep slopes, has subsequently shifted
the goal to containment.

Tahaa (Society Is., French Polynesia)

A small miconia population was discovered in 1995 in
the bottom of a wet valley between 20 and 200 m elevation,
near an old track (Meyer and Malet 1997). Reproductive
trees and thousands of seedlings have been removed. It is
surprising that miconia has not been discovered elsewhere
in Tahaa, including the nearby valleys, but detection
in dense native Hibiscus tiliaceus lowland rainforest is
particularly difficult.

Nuku Hiva (Marquesas Is., French Polynesia)

Miconia seedlings were discovered on Nuku Hiva in
1997 during a botanical expedition (Meyer 1998). Three
small infestations, between 400 and 1,000 m elevation,
have been detected; all originated from soil contamination
during road construction. Two of the sites were on very
steep slopes, enhancing the difficulty of detection and
control. Ground-surveys and a helicopter fly-over were
conducted in 2006 (J.-Y. Meyer and R. Taputuarai, unpub.
data), but a few mature trees escaped detection in a nearby
valley until 2008, after which thousands of seedlings were
pulled out (F. Benne pers. comm.).

Fatu Hiva (Marquesas Is., French Polynesia)

Two small infestations of miconia were discovered in
1996 and 2002 by local pig hunters at between 500 and 600
m elevation (Meyer 1998). These populations have few
reproductive trees but do contain thousands of seedlings
in the understorey of dense native rainforest. Given the
locations in the upper portion of a wet gulch, the risk is high
that seeds may be washed down rivers. A new population
was discovered in 2009 and some non-reproductive plants
4-6 m tall have recently been found at lower elevations (R.

Taputuarai pers. comm.). The island’s rugged topography
makes plant detection and treatment particularly difficult.

Hawaii (Hawaiian Is.)

Miconia was introduced to Hawaii in the 1960s
(Medeiros et al. 1997). Sustained control did not begin until
1995, due to the large size of the infestation. Comprehensive
surveillance on Hawaii would currently need to cover >
45,000 ha (Table 1). Given limited resources, the current
strategy involves preventing trees from fruiting along the
upper-elevation margin of miconia distribution (J. Leialoha
pers. comm. 2009).

Maui (Hawaiian Is.)

Control of miconia began in 1991 and was focused on
major infestation sites by 1995. Comprehensive helicopter
reconnaissance capable of detecting outlier trees was not
initiated until about 2002. The current area surveyed for
potential fruiting trees is 15,000 ha, allowing for a 1 km
buffer zone around known miconia plants. Two “core”
areas totalling about 1000 ha still have fruiting trees. The
prognosis seems to be a status quo with a large but well-
contained miconia population. Containment will require
aerial and ground surveillance and control, costing about
USS$1 million per year, until effective biological control
can be implemented.

Oahu (Hawaiian Is.)

Miconia was introduced to the first of three botanical
gardens on Oahu in 1961 (Medeiros et al. 1997). Two
of these gardens (Wahiawa and Waimea) have marginal
conditions for its growth with mean annual rainfall
between 1500 and 1650 mm. Consequently, spread of
miconia was limited, which led to the false belief that the
species was innocuous. A single plant introduced to Lyon
Arboretum, in Manoa Valley (annual rainfall > 3000 mm)
in 1964 produced numerous seedlings that were noted
and sporadically removed by staff from 1975. When
control began in 1993, there were at least two naturalised
populations (Medeiros et al. 1997). Fruiting trees on Oahu
are currently removed upon detection; 115 have been
removed since 1993, including four in 2009 (R. Neville and
J. Fukishima, “Oahu Invasive Species Committee” (OISC)
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pers. comm.). Nearly 12,000 ha needs to be surveyed for
miconia, but OISC lacks the resources to survey this entire
area, which includes extremely steep topography and
narrow valleys.

Kauai (Hawaiian Is.)

Miconia was found in forest on Kauai in 1995 (Medeiros
et al. 1997), having been introduced in about 1985. An
eradication/containment effort was initiated soon afterward.
The current management goal is eradication, through
detection and removal of potential fruiting trees through
surveillance in nearly 1,400 ha, by foot or helicopter. The
“Kauai Invasive Species Committee” (KISC) had not seen
a fruiting tree from December 2004 to November 2009;
however, several fruiting trees were detected and destroyed
in late 2009 (K. Gunderson, KISC pers. comm.).

Province Sud (New Caledonia)

Miconia was first introduced from plantings in an 800
ha private botanical garden located above the main town of
Nouméa during the 1970s (Meyer 1998). The invaded area
is currently estimated to be 140 ha at between 200 and 650
m elevation, which consists of a single major infestation
along with isolated trees in small gullies with steep slopes.
From 2006 to 2009, 16 ha had been surveyed, and more
than 165,000 plants destroyed, including at least six mature
trees in 2009. A single isolated plant was discovered and
destroyed in 2006 in a private garden at Yienghen 450 km
north of Nouméa, but no other plants have been detected
since.

DISCUSSION

Can miconia be eradicated?

Despite 4-17 years of intense management and the
destruction of millions of plants, miconia has not been
eradicated from any of the islands of French Polynesia,
Hawaii and New Caledonia, even from small infested areas.
We are left asking: why? Eradication success depends on:
1) the number and size of infestations, 2) the accessibility of
infestations, 3) detectability of the species, 4) the biological
characteristics of the species (or its invasiveness), and 5)
effectiveness of the control (Panetta and Timmins 2004).

Furthermore, the most cost effective strategy against
invasive plants is early intervention and eradication during
a “lag phase” when populations remain small and localised
(e.g., Hobbs and Humphries 1995; Loope and Stone
1996). Although news of the effects of miconia invasions
on forests in Tahiti reached the Hawaiian islands in the
late 1970s, responses to Hawaiian infestations were slow
(Medeiros et al. 1997). In the Hawaiian islands, miconia
had already been introduced to a botanical garden on Oahu
and private lands on the island of Hawaii in about 1961. By
1980, miconia was obviously spreading near Hilo, Hawaili,
but there was no action against these populations by state
or federal agencies. Action began on Maui when miconia
was discovered 8 km from Haleakala National Park in
1991, perhaps 20 years after it had been introduced. The
concern raised on Maui spread to other islands and by 1995
control of miconia was underway on Maui, Oahu, Hawaii
and Kauai.

In New Caledonia, miconia was known to be in a
private botanical garden in the early 1990s but since the
land owner claimed that the species was locally naturalised
but not expanding, there was no control until 2006 when
local authorities recognised the need for action. In contrast,
there was an immediate response by managers when
miconia was discovered in the late 1990s in the Marquesas
(French Polynesia). Except in the latter example, early
opportunities to eradicate the plant were not taken owing
to a general lack of understanding of the threat.

In California, about one third of targeted “weed
infestations” between 1 and 100 ha, and one quarter
between 101 and 1,000 ha were successfully eradicated
during 1972-2000 (Rejmanek and Pitcairn 2002), although
biological and ecological attributes of the targeted species
were not considered in this analysis. Our results in French
Polynesia and Hawaii show that it is unlikely that miconia
infestations larger than 500 ha (“net area” sensu Panetta and
Timmins 2004) can be eradicated with current resources.
Eradication may even be difficult with smaller infested
areas (Table 3).

Site accessibility and plant detectability are key factors
for the success of eradication. Miconia is conspicuous
because of its large, bicoloured leaves, but the shaded
understorey of dense native rain and cloud forests in French
Polynesia, the Hawaiian Islands and New Caledonia limits
easy detection of individual plants. The rough topography
in these high volcanic islands adds further constraints to
eradication.

Miconia life history characteristics and invasiveness

Whether seeds are transient or persistent is fundamental
to successful invasive plant management. Eradications
may fail for species with seeds that are long lived, buried,
rapidly dispersed and spread by uncontrolled vectors such
as birds and wind (Carter 2000).
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Fig. 1 Miconia life-cycle in Tahiti (in Meyer 2010).

Table 3 Proposed miconia control strategy according to the degree of invasion (total infested area and

number of infestations).

Degree of invasion Very localise;d Localised . Wides'pread )
(1-5 infestations) (5-50 infestations) (> 50 infestations)
Area<5ha Eradication Eradication / containment? Containment
Area >5-500 ha Eradication / containment? Containment Containment
Area > 500 ha Containment Containment No control/ biocontrol
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Early enthusiasm for eradicating miconia in Hawaii
underestimated the persistence its tiny seeds. In the Pacific,
a single reproductive miconia produces millions of seeds
each year, dispersal is by alien and native frugivorous birds,
and a large and persistent soil seed bank is now known to
last more than 15 years (Fig. 1). Miconia seeds are only C.
0.5 mm in diameter, so their long seed bank life may be a bit
surprising (see Dalling and Brown 2009). The persistence
of some invasive species as seeds appears related to the
absence of fungal pathogens. For example, fungicide trials
with seeds and seedlings of neotropical Clidemia hirta
(Melastomataceae), which is highly invasive in Hawaii,
indicate that fungal pathogens limit growth of Clidemia
hirta in its native range but not in Hawaii (DeWalt et al.
(2004). The seed bank longevity of miconia in the Pacific
may also result in part from the plant’s escape from its
native range pathogens. Tropical forest plants, including
species of Melastomataceae, are commonly classified into
regeneration guilds or functional groups based on their light
requirements for seed germination, seedling establishment
or growth (Ellison et al. 1993). In its invaded range in
the Pacific, miconia is a relatively shade-tolerant, late
successional, long-lived pioneer, with a large and persistent
seed-bank. Its regeneration strategy therefore differs from
that of many other invasive trees such as the strawberry
guava, Psidium cattleianum (Myrtaceae), seeds of which
do not live beyond three months in the soil (Uowolo and
Denslow 2008).

“Juvenilization”, a strategy to control miconia

Control and removal of small populations within a
limited area is more likely to be successful than removal
over large areas. Moody and Mack (1988) suggest that
containment programmes should give priority to small
isolated populations (“nascent foci”) rather than large
infestations. In the case of miconia, small infestations are
characterised by many seedlings and few reproductive
trees, and large infestations by many reproductive trees
and relatively few seedlings and saplings. Since seed
production and dispersal rates are high, the management
priority is to eliminate all mature trees in all major and
minor foci (Fig. 2).

Miconia’s “Achilles heel” lies in the four or more
years required for growth from seedling to fruiting (Fig.
1). Prevention of the spread of fruit may therefore be
an effective strategy for populations small enough to be
managed over a long-term with limited resources. This
“juvenilization” process is an essential step towards
eradication of small populations if maintained for long
enough, i.e. beyond the >15 year soil seed bank persistence.
This may still seem a long period, but compared with pest
animals, the eradication of weeds with long-lived seed
populations will often require longer periods of funding
and institutional support (Panetta and Lawes 2005). One
of the most consistent contributors to success has been
gaining widespread, sustained public acceptance of the
need for the eradication (Mack and Foster 2009).

CONCLUSIONS

An integrated management strategy incorporating
biological control may be the only achievable/sustainable
option when miconia populations become so large that
eradication is no longer possible; but again, long-term
and adequate funding, political will, and institutional
commitment are required. Fortunately, effective public
awareness campaigns and reinforced biosecurity have
prevented the spread of miconia to the other islands with
suitable habitat including two high Hawaiian islands
(Molokai and Lanai), other Society Islands (Bora Bora,
Huahine), Marquesas Islands (Hiva Oa, Tahuata, Ua Huka,
Ua Pou), and the southern Austral islands.
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Fig. 2 Common invasive plant strategy following the
“Moody & Mack model” (A); ‘Juvenilization” miconia
control strategy (B).
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Non-indigenous freshwater fishes on tropical Pacific islands:
a review of eradication efforts
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Abstract Many fishes introduced by humans to islands in the Pacific region have established reproducing populations.
As a result, there have been changes to insular aquatic faunas, some obvious and some subtle. Introduced fishes are
threats to ecosystems and native species, but little is published about efforts to eradicate them. We compiled information
on eradication efforts for freshwater fishes introduced to tropical Pacific islands. Over 60 non-native species of
freshwater fishes, representing 18 families, are established on Pacific islands. They represent a diversity of morphologies,
environmental tolerances, behaviours, dietary specialisations, and other life-history attributes. We found information
on past or present invasive fish eradication efforts for the Hawaiian Islands, Nauru, Kiribati, Palau, Guam, Fiji, and
the Galapagos. The main fishes targeted have been tilapias (family Cichlidae) and live-bearers (Poeciliidae). A few
eradication efforts succeeded when using chemical ichthyocides, typically rotenone. Future needs include review and
modification of existing methodologies to improve efficacy, and development and testing of new chemical and non-
chemical methods that may be more selective and less harmful to non-target species.

Keywords: Invasive fishes, Cichlidae, Poeciliidae, Hawaii, Nauru, Kiribati, Palau, Guam, Fiji, Galapagos, tilapia,

Oreochromis mossambicus, removal methods, physical, chemical, biological

INTRODUCTION

Many species of fishes introduced to islands in the
Pacific region have established reproducing populations
(Maciolek 1984; Eldredge 2000). Most introductions were
associated with aquaculture, commercial and sport fishing,
the ornamental fish trade, biological control, and research;
some were intentional and others accidental (Maciolek
1984). Introductions of non-native fish in the Pacific began
in the 1800s, but newly established species are still being
discovered. The introductions have led to marked and
often repeated changes to insular aquatic faunas (Jenkins
et al. 2009), with effects that have often been variable
and unanticipated. For instance, the introduction of
Mozambique tilapia (Oreochromis mossambicus) on many
Pacific islands during the mid 1900s was later recognised
as disastrous. Among other impacts, it led to the near
disappearance of traditional milkfish (Chanos chanos)
culture (Nelson and Eldredge 1991; Spennemann 2002;
Jenkins et al. 2009). Moreover, because Mozambique
tilapia tolerate high salinity, they also invaded estuaries and
other coastal marine environments (Lobel 1980; Maciolek
1984).

Other negative ecological consequences of non-native
fishes were illustrated by armoured suckermouth catfishes
(family Loricariidae), which are abundant in streams and
lakes in Hawaii. The burrows excavated by these species
for spawning and nesting destabilise banks and increase
erosion (Yamamoto and Tagawa 2000; Nico et al. 2009).
Other groups such as poeciliids pose multiple threats.
These small fishes were initially introduced to the Pacific
region for biological control of mosquitoes and later as
aquarium releases. Two widely introduced species, the
guppy (Poecilia reticulata) and western mosquitofish
(Gambusia affinis), threaten Hawaii’s anchialine pool
environments (Brock and Kam 1997; Yamamoto and
Tagawa 2000). Introduced poeciliids that prey heavily on
native aquatic insects likely contributed to the decline or
extinction of native stream-breeding damselfly species on
Oahu, and the extinction or near-extinction of two other
species in Hawaii (Englund 1999). Poeciliids are also
the likely source of non-native parasites now present in
Hawaiian freshwater ecosystems (Font 2003). Apart from
these examples, the ecological and economic impacts of
non-native fishes are poorly understood or inadequately
documented (Maciolek 1984; Englund 1999). In part, this
is because of a lack of field studies (Fuller ez al. 1999), but
even where environmental changes have been observed,
cause and effect relationships are difficult to establish.

Because introduced fishes can pose ecological or
economic harm (Courtenay and Stauffer 1984; Nelson and
Eldredge 1991; Simon and Townsend 2003; Vitule et al.
2009), there have been periodic attempts to eradicate some
populations (Kolar et al. 2010). However, there is little
published information about eradication attempts in the
Pacific. In part, this reflects the few attempts at removal
but there is also evidence that many failed eradication
attempts are never published or are otherwise unreported.
This is unfortunate because any removal attempts,
regardless of the outcome, may provide important insights
for future eradication endeavours. Planned eradications
that were never attempted may also be useful if they
allow other researchers and managers to assess their own
current plans, and perhaps reduce the risk of repeating past
mistakes. Consequently, more complete knowledge of
fish eradication projects in the Pacific region should help
improve decision-making processes about how best to use
limited resources when dealing with invasive fishes.

In this paper we compile information on past and
ongoing plans and projects to eradicate non-native fish
populations within the Pacific, largely focusing on smaller
islands and island groups near the equator. Much of the
information is unpublished. We also briefly describe the
diversity of the non-native ichthyofauna as well as the types
of inland aquatic habitats invaded along with their native
faunas. Such information helps to identify the issues faced
when an eradication of invasive fishes is attempted. Lastly,
because the methods used in the Pacific to eradicate non-
indigenous fishes are only a subset of the methods used
elsewhere, we review the global techniques and strategies
used to eradicate or control invasive or undesirable fishes.

METHODS

We focused our review on small Pacific islands within
the boundaries of the Tropic of Capricorn and the Tropic
of Cancer and included obscure literature, agency reports,
personal communications, and internet sources. Other
information on the diversity of invasive fishes and habitats,
details of eradication projects, and methods from other
parts of the world were based on an extensive literature
review. We supplemented some information from personal
experiences over more than 25 years of research on non-
native fishes, including some research on fishes in their
native ranges. We excluded Pacific islands outside the
tropical zone, largely because substantial information

Pages 97-107 In: Veitch, C. R.; Clout, M. N. and Towns, D. R. (eds.). 2011. Island invasives: eradication and management.

IUCN, Gland, Switzerland.



Island invasives: eradication and management

about fish eradication and control in places such as New
Zealand is readily available in the technical and scientific
literature (e.g., New Zealand Department of Conservation
2003; McDowall 2004a; Neilson et al. 2004; Nishizawa et
al. 2006; Yonekura et al. 2007).

Positive identification of introduced fishes is often
difficult, partly because of unresolved taxonomy and
unstable nomenclature of many fish groups. Some taxa,
such as the tilapias, are particularly problematic because of
frequent hybridisation in captivity and in the wild, as well
as the creation of new strains by aquaculture researchers
(Costa-Pierce 2003; D’ Amato ef al. 2007). Ichthyologists
also periodically re-examine non-native fish specimens and,
in some cases, have corrected previous misidentifications
(e.g., Courtenay ef al. 2004). Consequently, some names
appearing in past publications are no longer valid.

AQUATIC HABITATS AND NATIVE FAUNAS

Inland aquatic habitats of Pacific islands are diverse,
varying dramatically in type, distribution, elevation and
coverage (Ellison 2009). Small or low-lying islands
typically have few, if any, surface freshwater habitats and
therefore are rarely able to support freshwater fish. Larger
and more diverse islands rival large continental regions for
the diversity of aquatic habitats, many of which are suitable
for a wide variety of fish species.

Pacific island drainages are typically small and
streams are relatively short compared to continental rivers.
Nevertheless, the more topographically diverse islands may
contain a wide array of lentic and lotic habitats, ranging
from moderately large streams, channels, and ditches to
natural and artificial lakes and ponds. Elevated islands
often have streams that originate in uplands; cascade down
steep slopes and cliffs; contain habitats such as falls, high-
velocity runs, rapids, and deep pools; and become estuarine
where they empty into the ocean. Waterfalls near the coast
can act as barriers, which determine the distribution of
some aquatic invertebrates and most fishes (Keith 2003).
Temporal differences can also exist. During rainy seasons
high-gradient streams become torrential, but during
droughts smaller streams are often reduced to a series of
isolated pools.

The diversity and abundance of native fishes and
aquatic invertebrates varies greatly among the different
Pacific island groups (Donaldson and Myers 2002; Keith
2003; McDowall 2004b). Many species are unique
(endemic) to particular islands or island groups, with
some only in specific habitats (Brock and Bailey-Brock
1998; Keith et al. 2002; Keith 2003). Aquatic invertebrate
groups native to the Pacific islands can be quite diverse.
By comparison, native freshwater fish faunas are generally
depauperate. Indeed, some island lakes and streams that
are naturally devoid of native fishes support a diverse
fauna of invertebrates. Much still remains unknown about
the inland aquatic faunas of Pacific islands; field studies
continue to yield new information on the natural history
and biology of native species as well as the discovery of
new species (Keith 2003; Englund 2008).

Many of the native fishes present in streams on Pacific
islands belong to families that are predominantly marine.
The life-history strategy among most such groups (e.g.,
sicydiine gobies and eleotrids) is amphidromy, where
juveniles feed and adults spawn in freshwater habitats
and larvae are carried to estuaries or the sea (Keith 2003;
McDowall 2007). In contrast, adults of catadromous
species (e.g., anguillid eels) spawn at sea and sub-adults
migrate to freshwater habitats. Many native inland fishes
and invertebrates of Pacific islands have restricted ranges,
small population sizes, and no natural defences against
invaders so they are vulnerable to extirpation or extinction
where non-native fishes become established.
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DIVERSITY OF NONINDIGENOUS FISHES ON
PACIFIC ISLANDS

Most non-native freshwater fishes established in
the Pacific are found on the larger islands because these
sites offer a diversity of aquatic habitats, including many
places suitable for invasion. In the Pacific, non-native
fishes commonly occur in heavily disturbed sites (e.g.,
roadside ditches and artificial reservoirs), but some are
also found in relatively pristine habitats (e.g., caldron lakes
and mountain streams). On large, diverse islands such as
Oahu (Hawaii) and Guam, non-native fish abundance in
certain habitats, such as some natural streams and artificial
reservoirs, are often at densities far exceeding those of
native fishes present (Yamamoto and Tagawa 2000; L. G.
Nico pers. obs.). Much less vulnerable to invasion are the
many small, low-lying Pacific islands, because these areas
have few freshwater habitats.

Fourpublicationsreview information onnon-indigenous
fishes of the Pacific region. In a comprehensive analysis
of introduced freshwater fishes in the Hawaiian Islands and
other tropical islands of Oceania (excluding New Guinea
and the region south of the Tropic of Capricorn), Maciolek
(1984) documented 41 non-marine fish species representing
14 families. A review by Nelson and Eldredge (1991)
focused on the widely introduced tilapiine cichlids, and
detailed their distribution and status on islands throughout
the South Pacific and Micronesia. The information on the
status of introduced fishes established in Hawaii (Maciolek
1984) was updated by Devick (1991) and Eldredge (2000)
added new data, provided information for New Guinea
and identified 86 freshwater fish species introduced into
fresh and brackish waters in the region. However, it
remained unclear how many species were considered to be
established. Our review of the Eldredge checklist (which
inadvertently excluded loricariid catfishes) revealed that at
least 62 species of freshwater fish representing 18 families
have become established in the Pacific islands.

This remarkable range of taxa includes those that
originated from Asia, Africa, Europe, and South, Central
and North America. The most widely introduced fish
families are Cichlidae (e.g., tilapias) and Poeciliidae, each
with up to 9 species established. Other families include
Centrarchidae (black basses and sunfishes), Cyprinidae
(carps and minnows), and Loricariidae (suckermouth
armoured catfishes). The most widely introduced species
include Mozambique tilapia, one or more species of
mosquitofish (Gambusia), guppy, and common carp
(Cyprinus carpio).

Some introduced species are tropical and others from
temperate climates. Most primarily inhabit fresh water, but
others are euryhaline and able to survive and/or reproduce
in fresh, brackish and marine environments. A few are air-
breathing fish (e.g., synbranchid eels, loricariid and clariid
catfishes) and able to persist in habitats nearly devoid of
dissolved oxygen. Body size ranges from the guppy, with
adult males typically < 2.5 cm total length, to the Asian
carps (e.g., grass carp, Ctenopharyngodon idella), which
commonly grow to well over one meter. Nearly all major
trophic levels are represented, including small and large
herbivores, omnivores, and predators. The herbivores
include some that specialise on phytoplankton (e.g., silver
carp; Hypophthalmichthys molitrix), attached algae (e.g.,
loricariid catfishes), and macrophytes (e.g., grass carp).
Among carnivores, some species prey mostly on fishes
and other vertebrates (e.g., members of the genera Cichla
and Channa), whereas others, typically smaller predators,
normally consume invertebrates, including insects and
small crustaceans (e.g., oriental weatherfish, Misgurnus
anguillicaudatus).
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NON-NATIVE FISH ERADICATION PROJECTS IN
THE TROPICAL PACIFIC

There are few documented accounts of invasive fish
eradication or control projects for the tropical Pacific. A
few published articles mention fish control operations for
selected Pacific islands, but usually lack details. Here
we review information on attempted or planned invasive
fish eradications for seven islands or island groups in the
tropical Pacific (Table 1): the Hawaiian Islands, Nauru,
Kiribati, Palau, Guam, the Galapagos, and Fiji (Fig. 1).
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Fig. 1 The Pacific Ocean showing locations of the

seven island groups where documented non-native fish
eradication or control projects have occurred.

Hawaiian Islands

There has been emphasis on research and assessment
of the spread and impacts of invasive aquatic organisms
in the Hawaiian Islands (Eldredge 1994; Yamamoto and
Tagawa 2000; Englund 1999, 2008). However, not until
the past one or two decades has removal been considered
regularly as a management option. The literature indicates
toxicants had never been used for fisheries management
in Hawaii prior to about 1970 (Lennon et al 1971) and,
although eradication was discussed (Doty 1974), there
were no known fish eradication projects from 1965 to 1979
(J. Maciolek pers. comm.).

The more serious attempts to eradicate invasive fish in
Hawaii have focused on anchialine pools, which are small,
landlocked water bodies near the coast and only with
subterranean connections to the sea (Brock and Kam 1997;
Yamamoto and Tagawa 2000; Santos 2006). Such pools
are largely associated with geologically young lava fields
and therefore they are most abundant on the highly volcanic
Big Island of Hawaii (Yamamoto and Tagawa 2000).
Anchialine pools are influenced by tides and commonly
contain brackish water, although salinities may vary within
and among pools depending on their distance from the
ocean and amount of freshwater inflow (J. Maciolek pers.
comm.). These pools represent unusual ecosystems, in part
because they are inhabited by endemic native invertebrates,
including some that are imperilled species (Brock and Kam
1997; Yamamoto and Tagawa 2000; Santos 2006). The
Hawaiian Islands probably have the greatest number of
anchialine pools in the world, but many have been modified
or destroyed in the last 60 years due to a combination of
coastal development and introduction of non-native species
(Brock and Bailey-Brock 1998, Santos 2006).

Over 95% of existing anchialine pools of Hawaii are
invaded by non-native fishes, primarily poeciliids and tilapia
(Yamamoto and Tagawa 2000). In these pools the poeciliids
(mainly western mosquitofish and guppy) negatively
impact native shrimps or “opae’ula” (Halocaridina rubra),
apparently through direct predation, habitat displacement
(by driving the shrimp into underground fissures and

crevices), or both (Brock and Kam 1997; Yamamoto and
Tagawa 2000). Opae’ula shrimp are minute (< 15 mm
long) herbivores and in anchialine pools may be a keystone
species because of their heavy grazing on attached algae.
Declines of opae’ula shrimp in the presence of poeciliids are
followed by overgrowth of algae, changes in the dominance
of algal species, and declines in native invertebrates (Brock
and Kam 1997; Capps et al. 2009).

Brock and Yam (1997), without providing precise
locality or date information, reported that they successfully
used rotenone to remove non-native fishes (presumably
poeciliids) from some relatively isolated anchialine
pools. More recently, at Kailua-Kona (Fig. 2a) on the
island of Hawaii, rotenone was used with similar success,
with evidence that the full complement of native species
rapidly recovered (Chai and Mokiao-Lee 2008). However
attempts elsewhere succeeded against tilapia but failed for
mosquitofish possibly due to reinvasion via an underground
link to a nearby artificial pond. Rotenone is considered
toxic to organisms that respire through gills, but native
invertebrates such as opae’ula shrimp often re-colonised
treated anchialine pools from their underground refuge
even before rotenone fully degraded (Brock and Yam 1997;
Yamamoto and Tagawa 2000).

Rotenone was suggested as the most efficient way to
remove tilapia and guppies in two anchialine pools on
private property near Kiholo Bay (Hawaii Department of
Land and Natural Resources 2000), but it is unknown if the
removal effort was ever attempted. The use of rotenone is
often controversial in Hawaii. Those wanting to use the
toxicant in open waters for invasive fish removal typically
encounter problems obtaining official permission. For
example, the Malama Kai Foundation received funding
from the National Oceanic and Atmospheric Administration
in 1999 to restore certain anchialine pools on the island of
Hawaii. Restoration was to include removal and control of
non-native species, but, because the pools had subterranean
connections, removal of non-natives by manual methods
was not feasible. According to available information, the
Foundation was unable to secure state permission to use
rotenone, thereby stalling restoration efforts (http://www.
malama-kai.org/management/ponds.htm).

Upland streams in Kokee State Park, Kauai Island, have
been invaded by rainbow trout (Oncorhynchus mykiss), but
restoring these streams to their natural fishless condition
would necessitate use of a chemical ichthyocide (Englund
and Polhemus 2001). However, public acceptance for
such a project seems unlikely because the use of poison,
particularly rotenone, would likely harm non-target
indigenous and endemic aquatic arthropods (Englund and
Polhemus 2001). Furthermore, Englund (2008) concluded
that the use of ichthyocides would likely be unsuccessful
where invasive fishes present (i.e., poeciliids and tilapia)
can survive in high-salinity coastal waters and ultimately
re-invade streams following chemical treatment. The use
of toxicants at sites such as Kane’ohe Bay would also
encounter technical problems because of the large size of
the bay, and public resistance. However, eradication might
be possible in high-gradient streams that terminate into the
ocean via high waterfalls, because the falls would function
as barriers preventing re-invasion by any non-native fishes
escaping to coastal waters (Englund 2008).

As an alternative to chemicals, a state biologist in
Hawaii investigated the possibility of importing male
pike killifish (Belonesox belizanus), a small piscivorous
poeciliid fish native to Central America, with the intent
of releasing a few into anchialine pools as a biological
control against other, but smaller, non-native poeciliids
(M. Yamamoto pers. comm.). It was believed that pike
killifish, a surface dweller, would preferentially prey on
other poeciliid fishes and generally avoid bottom or cave

99



Island invasives: eradication and management

Table 1 Non-native fish eradication and control attempts in the tropical Pacific.

Group Targeted taxa Habitat and site  Method (Year) Outcome References
Hawaii  Poeciliid fishes Anchialine pools Rotenone (1990s?) Success Brock and Kam (1997)
Western Anchialine pools; Hand nets, seines, traps Failed Chai and Mokiao-Lee
mosauitofish Kailua-Kona 2008; Carey et al. 2011;
! (Hawaii) Rotenone (2007) Success D. Chai (pers. comm.)
gg:tirﬁo fish plus Anchialine pool; Rotenone 5 ppm (2008) and tsiilscizssfgirlle don Carey et al. 2011; D.
nosq P Waivolu (Hawaii) later at higher concentration pia, Chai (pers. comm.)
tilapia mosquitofish
Loricariid catfish Waihawa Back pack and boat mounted Failed M. Yamamoto (pers.
Pterygoplichthys Reservoir (Oahu) electroshockers comm.)
Nauru i\./loz.amblque Inland ponds and Rotenone Mixed success Ranoemihardjo 1981;
ilapia brackish lagoons B. Ponia (pers comm.)
) Rotenone, seip@ nets';
Kiribati ~ MOZAMbIAUE ity figh farm NCreased fertility using - pyjieq Teroroko 1982, 1990
tilapia fertiliser and decaying tilapia
(1982)
Four ponds Non chemical methods Failed EQPB 2004, GISD
M . including explosives (2003) .
| Mozambique on Malakal, Levels reduced b : 2006; E. Edesomel
Palau tilapia three fresh, one eve's reduced by pumping, (pers. comm.)
brackish then rotenone and perhaps  Succeeded at : :
some chlorine (2004) three sites
Hybrid tilapia
presumably o '
Guam ggi?g}ggz;ss Small reservoir {lllllef(%zigrcl)lsonmg, chemical Success (?) Maciolek 1984
x O. urolepis
hornorum
Physical methods including .
gﬁ(\g}?; d River catchment baited drop lines, seine nets Incomplete ?(.)I;l;igb)atts (pers.
and dip nets :
Galapagos Nile tilapia Freshwater crater Rotenone (2008) Success L.G. Nico (unpublished
lake data)
Juvenile Biological control using a . .
Fiji Mozambique Two ponds filled predator, Hawaiian ladyfish  Partial success Popper and Lichatowich
oo with seawater 1975
tilapia (early 1970s or before)

areas where native shrimp normally occur. Moreover, it
was reasoned that an all-male pike killifish population,
unable to reproduce, would naturally die off within a short
period. Given that mosquitofish and other established
poeciliids were already preying on native shrimp and
other invertebrates, supporters of the plan argued that the
introduction of a few non-reproducing predatory fish was
worth the risk. However, proponents of the plan were
unable to convince the Hawaii Department of Agriculture
to change the legal status of pike killifish from its existing
designation as a prohibited species to a less restricted status
that would allow its import for research purposes.

There has not been much contemplation of fish
eradication in Hawaii outside anchialine pools even though
non-native fishes are abundant in many of Hawaii’s lakes
and streams including suckermouth armoured catfishes
(family Loricariidae) in the genera Pterygoplichthys,
Hypostomus and Ancistrus (Yamamoto and Tagawa 2000).
Electroshockers have proved ineffective against these
catfish, presumably because the electrical field does not
penetrate into their burrows (Table 1).

According to R. Englund (pers. comm.), dewatering is
performed regularly by the U.S. Fish and Wildlife Service
in Hawaii at Hanalei National Wildlife Refuge (Kauai
Island) and Pearl Harbor National Wildlife Refuge (Oahu
Island) to rid taro fields of tilapia. The U.S. National Park
Service is planning to explore alternatives on how best to
eradicate tilapia from historical fish ponds on the island of
Hawaii.
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Nauru

Mozambique tilapia were introduced to Nauru circa
1960 for mosquito control and as a food fish (Ranoemihardjo
1981; Fortes 2005). The species rapidly expanded
its range throughout the island, competed with native
milkfish for food and space, preyed on young milkfish,
and caused a decline in Nauru’s traditional milkfish
culture (Ranoemihardjo 1981; Nelson and Eldredge 1991;
Spennemann 2002). At the request of the Republic of
Nauru, the Food and Agriculture Organization (FAO) of
the United Nations initiated a tilapia eradication program
in 1979-1980. Methods considered included complete
drying of selected smaller ponds, stocking predatory fish
as a biological control, removal of tilapia with nets and
traps, and application of fish toxicants (Ranoemihardjo
1981). Following bioassay tests to determine adequate
concentration, rotenone was applied to a series of ponds
and lagoons, with mixed success. Although Ranoemihardjo
(1981) concluded that repeated rotenone application would
eventually eliminate remaining tilapia, there were problems
resulting from a shortage of manpower and equipment, and
the onset of the rainy season. Later authors described the
1979-1980 eradication effort as unsuccessful (Nelson and
Eldredge 1991; Thaman and Hassall 1996; Fortes 2005).

Mozambique tilapia remain a problem in Nauru
because they commonly re-invade previously treated
ponds. A practical strategy for dealing with the species
may require a national tilapia plan that includes policies,
education and training, polyculture, and other potential
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species for use in aquaculture (Fortes 2005). Some ponds
cleared of Mozambique tilapia were later stocked with Nile
tilapia (Oreochromis niloticus), which are considered more
desirable as a culture fish by many aquaculture proponents.
The Secretariat of the South Pacific Community (SPC)
believes that complete eradication of Mozambique tilapia
in Nauru and other small Pacific islands would be difficult
or impossible, and probably not worth the resources
required. The alternative is population control aimed at:
1) preventing spread of Mozambique tilapia and other non-
native fishes; 2) removing Mozambique tilapia from ponds
or aquaculture areas where it is considered a nuisance
and competitor; and 3) identifying and protecting areas
known to contain endemic or otherwise threatened local
populations of indigenous species (B. Ponia pers. comm.).
The SPC is also considering introducing Nile tilapia into
areas occupied by Mozambique tilapia, hoping that the two
species will hybridise into a more desirable aquaculture
food fish.
Kiribati

As for other Pacific islands, the introduction of
Mozambique tilapia to Kiribati has negatively affected the
culture of milkfish (Gillett 1989). However, attempts to
eradicate tilapia have been unsuccessful (Teroroko 1982;
Eldredge 1994). According to Maciolek (1984), the
Republic of Kiribati considered that tilapia required major
eradication effort by its Department of Natural Resources.
We found no recent updates of this situation, whether the
eradication efforts (Table 1) described by Teroroko (1982)
continue or whether the tilapia population on the island has
declined. In a 2002 fishery country profile for Kiribati, the
FAO reported that an 80-ha milkfish farm established on
South Tarawa in the late 1970s was unproductive, partly
because ponds contained introduced tilapia (FAO 2002).
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Palau

In 2003, tilapia were found in water bodies on Palau’s
island of Malakal and identified by one of us (LGN) as
Mozambique tilapia, although introgressive hybridisation
could not be ruled out (specimens catalogued as UF
163824, ichthyological collection, Florida Museum of
Natural History). In December 2003, the President of
Palau declared a “Quarantine Emergency” in response to
which Palau’s Bureau of Agriculture coordinated the use
of ichthyocides. These were applied in early 2004 by a
multi-agency team led by staff of the Palau Environmental
Quality Protection Board (EQPB) at the four sites
containing tilapia.

Three of the sites were fresh water, each covered 0.1
to 0.2 ha and included two in close proximity known as
the “Japanese fuel tank” or “barrack” ponds (Fig. 2b) and
the third in a rock quarry site on Palau Transportation
Company property (Fig. 2¢). The rock quarry site was
characterised as a complex of small water bodies, including
a quarry pond, two smaller retention ponds, a puddle and
an overflow stream. The last of the four sites was a large
rectangular (150-m x 25-m; 0.4 ha), brackish-water pond
along the northeast coast of Malakal Island constructed
as a dry dock by the Japanese during World War 1II (Fig.
2d). In 2004, the four sites were treated with rotenone
(supposedly in conjunction with chlorine at one site)
resulting in recovery of at least 38,800 dead tilapia (EQPB
2004), although many more dead were not recovered (E.
Edesomel pers. comm.).

In January 2006, the Quarantine Emergency was lifted
and the government declared that “no known infestations”
of'tilapia existed in the country (EQPB 2004; GISD 2006).
However, new reports of tilapia in the rock quarry pond
in 2006 were verified by EQPB. It was uncertain whether

Inland water bodies on Pacific islands treated with chemicals for purpose of eradicating invasive

fish: anchialine pool (A) on Big Island of Hawaii where rotenone was used to remove non-native poeciliids;
three artificial ponds (B-D) in Palau where rotenone or chlorine was used to remove Mozambique Tilapia. All
attempts were successful, except for site C, the quarry pond (see text for additional information). Photographs
by David Chai (A); William Barichivich (B and D), and L. G. Nico (C).
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that discovery represented a new, separate introduction
or was of fish that survived the 2004 rotenone treatment
(GISD 2006; PNISC 2006). Rotenone reapplied to
the quarry pond during 2006-2007, killed at least 300
additional tilapia, mostly small juveniles (PNISC 2006;
PIICT 2009). During our visit to the quarry pond in early
2010, we captured and preserved a few juvenile specimens,
an indication of continued tilapia reproduction.

Guam

Maciolek (1984:147) reported that hybrid tilapia
(presumably Oreochromis mossambicus x O. urolepis
hornorum) were stocked into a small reservoir on Guam,
but noted the fish were later eliminated as a result of “illegal
poisoning.” Details are lacking, so it remains unclear the
type of chemical involved. Guam Division of Aquatic
and Wildlife Resources (DAWR) personnel are currently
attempting to remove introduced chevron snakeheads
(Channa striata) from the Ajayan River drainage in southern
Guam; a population present since the 1970s as a result of
escapes from a local aquaculture facility (B. Tibbatts pers.
comm.). DAWR biologists do not use fish toxicants and
are reluctant to use electrofishing gear because of concerns
of harming native eleotrids and gobiid fishes.

Galapagos

In 2006, a reproducing population of Nile tilapia
was discovered in a natural freshwater crater lake in the
Galapagos Archipelago of Ecuador (L. G. Nico unpubl.
data). Galapagos National Park authorities decided on use
of rotenone and U.S. Geological Survey biologists were
asked to assist in the eradication. In early 2008 rotenone
was applied and approximately 40,000 dead and dying
tilapia were removed from the lake. Prior to application of
rotenone, aquatic invertebrates were collected and held in
nearby refuge tanks. After removal of the tilapia, and once
all residual rotenone in the lake had degraded sufficiently,
captive invertebrates were released back into the lake to
speed recovery of invertebrate communities that might
have been affected by the chemical. The eradication was
considered a success and a paper describing the project in
detail is in preparation.

Fiji

During the early 1970s, perhaps before, experiments
were conducted in two seawater ponds on Fiji using the
predatory Hawaiian ladyfish (Elops hawaiensis) to control
smalljuvenile Mozambique tilapia (Popperand Lichatowich
1975). After about 70 days, it was concluded that no tilapia
fry were present in the small (0.2 ha) pond and that juvenile
tilapia numbers were reduced in the larger (2 ha) pond, but
we found no information to indicate the methods were ever
applied on a broader scale or for eradication. Although
details are scant, the study was apparently conducted with
the aim of reducing interspecific competition of tilapia so
as to improve their culture, rather than for the purpose of
eradicating the non-native fish.

FISH ERADICATION METHODS: STATE OF
KNOWLEDGE

Throughout the world, attempts to eradicate non-native
fish populations have had widely mixed results (Cailteux et
al. 2001; Kolar et al. 2010). No single known eradication
method succeeds in all environments or for all fish species,
although much new knowledge has been gained over the
past few decades. Most successful eradications relied
on fish toxicants, mainly rotenone (Britton et al. 2009).
However, the use of these ichthyocides has often failed,
although some failures were likely the result of poor
planning or inadequate implementation. Rinne and Turner
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(1991) evaluated 26 projects that used toxicants to remove
unwanted fishes from streams in the western United States
(USA). Nine (35%) projects were judged to be “successful,”
15 (58%), were “unsuccessful” or “failures,” and two were
“short term success” or of “variable success.” Meronek et
al. (1996) assessed 51 projects that used physical and/or
chemical methods control one or more target fish species,
and judged 32 to be successful. However, their definition
of success did not necessarily mean eradication.

Globally, few entire populations of invasive species
of fish have been targeted for eradication and, among
those, few were successful. The few successes have been
in small, shallow, easily accessible, sparsely vegetated,
closed aquatic systems such as ponds or small lakes.
Eradication in more open or complex systems such as
large streams and wetland habitats is generally impossible
or, at best, difficult and expensive. Whether eradication
of non-native fishes is a viable option, the degree of
difficulty depends on factors such as the type, abundance,
and geographic distribution of the targeted species plus the
physical and biological composition, size, complexity, and
sensitivity of the invaded environment (Kolar et al. 2010).
Also to be considered are: the existence of, or potential
for, development of reliable methods, and availability of
funding, human power, expert leaders and trained crews
(Donlan and Wilcox 2007). Appropriate planning requires
clear identification of goals or criteria to be met before
eradication proceeds (Chadderton 2003). This may involve
implementation of an adaptive management strategy
(Gehrke 2003; Kolar et al. 2010).

Successful eradication requires some basic knowledge of
the targeted species and the invaded environment. A critical
first step is positive species identification in part to confirm
that it is truly non-native (Fuller e al. 1999). Following
confirmation of an invasion, rapid but comprehensive field
surveys using appropriate gear are needed to ascertain
its geographic extent. If eradication is deemed viable,
it is essential to rapidly gather basic information on
abundance, reproductive status and strategies, life history,
environmental tolerances, and population dynamics. Such
information may provide clues about a non-native species’
characteristics that may be targeted or otherwise useful for
developing the eradication effort.

In general, methods for eradication of invasive fishes
can be divided into three categories: chemical, physical, or
biological. An integrated approach is often chosen, using
multiple methods in combination (Lee 2001; Diggle et al.
2004; Kolar et al. 2010). Many invasive fishes have high
reproductive potential and the survival of even one adult
pair can potentially lead to thousands of offspring. For
this reason, spawning grounds are often a primary target of
both eradication and control efforts (Diggle et al. 2004).

Chemical methods

Fish toxicants (i.e., ichthyocides, piscicides, or fish
poisons) are the primary method for eradicating invasive
fishes, with more than 40 different chemicals used
worldwide (Kolar et al. 2010). Most such products have not
been fully developed or tested, many are not approved for
fish management and only a few are widely and consistently
used (Dawson 2003; Clearwater et al. 2008; Cailteux et
al. 2001; Kolar et al. 2010). The most commonly used
ichthyocides are rotenone and Antimycin-A (Fintrol®).
We have not compiled information on the legal status of
rotenone and other fish toxicants for the many Pacific
island governments. However, guidelines for the effective
and safe planning and execution of projects using rotenone
are widely available (Finlayson et al. 2000; Moore et
al. 2008). The American Fisheries Society also has a
Rotenone Stewardship Program and periodically offers
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training courses on how to plan and execute rotenone and
antimycin projects (see http://www.fisheries.org/units/
rotenone/).

Rotenone is naturally found in plants of the family
Leguminosae and is the active ingredient in some plants
used by early Pacific islanders as a poison in the harvest
of food fish (Morrison et al. 1994). In North America,
rotenone has been used by fish biologists as a piscicide
since the 1930s against numerous fish species and in
habitats ranging from still to flowing waters (Rinne and
Turner 1991; McClay 2005). There is now a substantial
literature on the use of this toxicant (Wydoski and Wiley
1999; Cailteux et al. 2001; McClay 2005).

Antimycin is a fungal antibiotic recognised for its
potential use in fish management since the early 1960s
(Finlayson et al. 2002; Moore et al. 2008). Rotenone
and antimycin are both general piscicides, but depending
on the habitat and fish species to be controlled, they have
sometimes been used selectively (Willis and Ling 2000;
Moore et al. 2008). For example, scaled fish and some
rotenone-resistant species are often susceptible to antimycin
(Finlayson et al. 2002). Because efficacy depends on water
and habitat characteristics (e.g., pH, water flow, and amount
of leaf litter), antimycin is sometimes used in small streams
whereas rotenone is used in large, deep lakes (Finlayson et
al. 2002). Application of each chemical typically involves
release of diluted liquid solutions directly into the water,
although rotenone powder is commonly used. There has
also been research on ingestible, feed pellets (poison bait)
containing rotenone or antimycin, (Mallison et al. 1995;
Kroon et al. 2005).

The main advantages for antimycin are its effectiveness
at lower concentrations and non-detectability by fish,
whereas rotenone has the advantages of broad range of
toxicity to all species of fish and effectiveness under a
wide range of pH conditions (Finlayson et al. 2002).
Rotenone is generally much less expensive than antimycin.
Both chemicals degrade relatively quickly into harmless
compounds and are neutralised by potassium permanganate
(Moore et al. 2008). Depending on water temperature and
sunlight exposure, degradation may be within days or
weeks for rotenone or within hours or days for antimycin
(Dinger and Marks 2007). Depending on concentration,
both chemicals can be harmful to aquatic invertebrates,
especially those that have gills. However, much less is
known about the non-target effects of antimycin (Finlayson
et al. 2002; Dinger and Marks 2007).

Less studied, potentially useful toxicants include a
diverse group of plant-derived saponins or triterpene
glycosides, including certain products listed in the literature
as teaseed cake and Mahua oilcake (Clearwater et al.
2008). Additional promising ichthyocides include squoxin,
selective against northern pikeminnow (Ptychocheilus
oregonensis) and several others because of their apparent
selectivity, low toxicity to non-target organisms, ease
of application, safety to humans, persistence in the
environment, low tendency to bioaccumulate, and low
cost (Dawson 2003). However, although there is a need
and continued interest in developing these and other new
piscicides, costs and time associated with research and
registration may preclude their availability in the near
future.

Most fish toxicants have the disadvantage of non-
specificity, causing death or harm not only to targeted non-
native fish but also non-targeted native fishes and aquatic
invertebrates. Many non-native species are less sensitive
to ichthyocides than the non-target species (Schofield and
Nico 2007; Schreier e al. 2008). Fish toxicants that kill
native species, commonly require restocking to offset
their effects, although in some tropical insular Pacific

habitats this is often unnecessary because native fishes and
macroinvertebrates reinvade naturally from coastal areas
or nearby inland drainages. However, caution is necessary
especially since simultaneous chemical treatment of
more than a few streams could eliminate non-migratory
stream invertebrates from the entire island. Furthermore,
the unwise use of fish toxicants in drainages containing
imperilled native species may have disastrous results (see
Holden 1991).

Physical methods

Nets, traps, gigs, spears, electrofishing gear, explosives,
and management of water levels and flows are all physical
methods used to control invasive fish populations. Most
of these have limited potential for eradication (Roberts
and Tilzey 1996; Wydoski and Wiley 1999; Mueller 2005;
CDFG 2007; Kolar ef al. 2010).

Eradications using nets and traps are limited to small,
isolated water bodies or portions of drainages. For instance,
intensive seining during 1976-1978 reportedly removed all
non-native sheepshead minnow (Cyprinodon variegatus)
and its hybrids from a small stream system in Texas,
USA (Minckley and Deacon 1991). Gill netting helped
to eradicate non-native trout from high mountain lakes in
California, USA (Knapp and Matthews 1998; Vredenburg
2004) and Banff National Park in Canada (Parker et al.
2001). Small traps were used to eradicate non-native fish
from an isolated pool in Mexico (Lozano-Vilano et al.
2006). In contrast, tests of gill nets in New Zealand ponds
(Neilson et al. 2004) failed to eradicate or control rudd
(Scardinius erythrophthalmus).

Backpack electrofishing gear has been tested for
removal of non-native salmonid populations in small upland
streams in North America with mixed results (Moore et al.
1986; Thompson and Rahel 1996; Kulp and Moore 2000).
Electrofishing (by boat or backpack) may be useful for
control but not eradication in larger or more complex water
bodies. For example, boat-mounted electrofishing gear
has been deployed regularly since 2001 to remove Asian
swamp eels (Synbranchidae) from canals in south Florida,
USA. Approximately 1,400 swamp eels were removed the
first year but results appeared to have little initial effect on
overall population size or size-length structure (L. G. Nico,
unpubl. data).

Underwater explosives such as detonation cord
can kill or injure fishes (Teleki and Chamberlain 1978;
Keevin 1998), but is expensive and largely ineffective for
eradication of invasive species (CDFG 2007). Considerable
variation exists in blast effects depending on charge type
(e.g., low-velocity versus high-velocity detonation; linear
versus point source), charge weight, blast design (e.g.,
detonation depth), and habitat characteristics (e.g., depth
and bottom configuration) (Keevin 1998). Vulnerability
to explosives (i.e., mortality rate and severity of injury)
also varies between fish species. Fish with gas bladders
(buoyancy organs) suffer great harm whereas those that lack
gas bladders (e.g., swamp eels) often survive underwater
explosions (Goertner et al. 1994).

Fishes can exhibit differences in thermal tolerance, but
manipulation of water temperature to eradicate or control
non-native fish is seldom feasible. In a rare example,
Stauffer et al. (1988) determined that the lower lethal
temperature of non-native blue tilapia (Oreochromis
aureus) in the Susquehanna River of Pennsylvania (USA)
was about 5°C. The local tilapia population overwintered
in the thermal effluent of an electric power plant, so the
plant temporarily lowered the water temperature during
winter. This apparently eliminated the local population,
but the tilapia persisted because of other thermal discharges
along the river.
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Complete dewatering to eradicate non-native fish
populations has been proposed for some large reservoirs
(CDFG 2007), but has largely been limited to small water
bodies, usually aquaculture ponds (Alvarez et al. 2003;
Mueller 2005). The water level of lakes or reservoirs is
sometimes lowered in conjunction with the use of fish
toxicants (CDFG 2007), thereby reducing the amount of
toxicant needed and containing targeted fish within smaller
and more exposed areas.

Increased harvest pressure as a method of controlling
invasive or unwanted fishes can involve modification of
regulations to promote angling, commercial harvesting or
incorporating derbies and offering bounties (Lee 2001).
However, because fishes vary in their susceptibility to
capture, the methods used by anglers and commercial fishers
are typically size and species selective. Consequently,
the likelihood of removing an entire population through
increased harvest is generally low (Thresher 1996,
Yonekura et al. 2007).

Biological methods

The release of predators to prey on undesirable or
invasive species as a form of biological control has a long
history although it is not commonly used against invasive
fishes. As in terrestrial environments, this approach to non-
native fishes could have unintended consequences (Fuller
et al. 1999). Contagious diseases such as koi herpes virus
or KHV has potential use against non-native species, but is
controversial because of potential harm to related desirable
species (Gilligan and Rayner 2007) and likely difficulties
with correcting unintended consequences. Moreover,
surviving fish might have immunity to the disease,
rendering the method useless after one application. Still,
introduction of a highly-specific contagious disease could
be helpful if combined with other methods.

Genetic manipulations which have been proposed
include: 1) chromosome set manipulations involving
production and release of triploid sterile non-native fish
with the intent of reducing the population size of targeted
naturalised individuals; and 2) recombinant DNA methods
involving transgenic techniques designed to produce
sterile fish or spread deleterious transgenes (i.e., “Trojan
horse” genes) to a target non-native species (Gilligan and
Rayner 2007; Thresher 2008). In Australia, there have
been investigations into the use of “daughterless genetic
technology” to combat introduced fish, especially common
carp. This involves creating a heritable gene that suppresses
the production of female offspring, causing a reduction
in the nuisance population over successive generations
(Gilligan and Rayner 2007). Few genetic manipulations
have been tested in the field. One exception is release
of sterile males to help control sea lamprey (Petromyzon
marinus) in the Laurentian Great Lakes (Bergstedt and
Twohey 2007).

A promising and potentially benign biological control
method under development is to use pheromones, which
are natural chemicals secreted by many fish and important
in influencing their behaviour. To date, development of
this method has been directed at the control of sea lamprey
in North America (Sorensen and Hoye 2007). Field tests
demonstrated that pheromone signals attract sea lampreys
into traps. However, the campaign to control sea lamprey in
the Laurentian Great Lakes—although providing ground-
breaking methods of potential benefit for eradication of
other species—has been intensive, long (over five decades),
and expensive (approximately US$20 million annually)
(Kolar et al. 2010).
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CONCLUSIONS

Because invasive species cause ecological and
economic harm, eradication remains an important
management option. However, like other invasive animals
and plants, invasive fishes can be difficult and expensive to
eradicate. On islands, eradications of invasive fish may be
simpler than in mainland areas, partly because an invading
population is more spatially restricted. To date, the methods
used against invasive fishes on Pacific islands are similar
to those used elsewhere in the world. On the other hand,
the state of knowledge on fish eradication is dynamic and,
because each eradication project has its own unique set of
problems, solutions may be site or species specific.

Eradication projects targeting invasive fishes are
often controversial, partly because of the likelihood of
collateral damage to native species (Britton et al. 2008)
and especially when non-specific fish toxicants, such
as rotenone, remain one of the few effective tools. The
risk that an eradication attempt will harm native species
is of particular concern on Pacific islands where native
faunas include many endemic species. Consequently,
early planning requires risk assessments to determine the
relative benefits of eradicating non-native species against
the potential harm native organisms. Such decisions need
to be judged on a case-by-case basis, requiring awareness
of the different eradication methods and strategies, and
associated positive and negative consequences, as well as
substantial knowledge of the targeted species, the invaded
habitat, and substantial information on the native fauna
present.

The time and effort expended on basic information
about invasive fish depends on characteristics of the
species, size and complexity of the invaded environment,
risks that the population will rapidly or easily spread,
and its potential undesirable effects. The possibility of
eradication decreases and the potential costs increase
as the invading populations disperse. Consequently,
eradication is best attempted almost immediately upon
discovery of new invasive populations (Simberloff 2009).
Unfortunately, since monitoring is often inadequate, non-
native populations are often large and widely distributed
when biologists become aware of their existence.

Recognising the risks of delay, McDowall (2004a)
concluded “...where potentially invasive species are
known to be present, the first action must be to attempt
control or eradication, and once that has been done, to
then take the time to carefully evaluate the risk posed
by a species.” Similarly, Simberloff (2009) argued that
successful eradication calls for quick action—in some
situations a “scorched-earth” approach—with minimal
time spent conducting research, although he recognised that
some cases require sophisticated scientific research prior to
action. For non-native fishes, a basic understanding of their
biology is necessary to ensure that eradication methods
chosen are appropriate and offer the greatest chances of
success.

Successful eradications have key elements in common
(Simberloff2009): 1) detecting an invasion early and acting
quickly to eradicate it; 2) sufficient resources allocated to
the project from start to finish including post-eradication
surveys and follow-up, if necessary; 3) a person or agency
with the authority to enforce cooperation; 4) the targeted
species studied well enough to suggest vulnerabilities
(often basic natural history suffices); and 5) optimistic,
persistent, and resilient project leaders.
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Globally, improved methods and strategies are needed
to eradicate invasive fishes, especially where these species
are causing the decline of endemic or imperilled native
fauna. Future research will likely focus on the control or
eradication ofa few of the more notorious invaders, although
methods developed against one species may be applied to
other taxa. Future needs include: 1) re-examination and
adjustment of methodologies; 2) development and testing
of additional ichthyocides especially those that are more
selective and less harmful to non-target species; 3) newer
biological techniques, including “Trojan genes” and
pheromones, which should enable selective targeting of fish
for removal. Unfortunately, it is likely that many of these
advances will be costly to develop and field applications
possibly decades away.

Because budgets are usually limited, setting priorities
is essential. Focus is often directed at species perceived
to be especially harmful. In considering Pacific islands, a
complementary approach to species targeting is ecosystem
prioritisation (Jenkins et al. 2009). This strategy recognises
that a common goal of non-native eradication is protection
of native biodiversity. Most native freshwater fishes
inhabiting Pacific islands have complex life cycles and
their survival is dependent on high connectivity between
terrestrial, freshwater, and marine systems. To maintain
biodiversity and reduce the impact of invasives, ecosystem
prioritisation demands conservation and management of
entire catchments, particularly those that are intact and
unique (Jenkins et al. 2009).
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Abstract Non-native Argentine ants (Linepithema humile) have established on California’s Santa Cruz Island but are
apparently not yet widespread. Santa Cruz Island is a highly valued conservation area, harbouring a large number of
endemic plants and animals, and communities now rare in mainland California. Following eradication of non-native
vertebrates and honeybees, Argentine ants were regarded as one of the major remaining threats to native biodiversity on
the island. They were first detected at a single site in 1996 and were found at two more by 2004. Surveys in 2009 and
2010 showed that they had spread to three small sites along the lower reaches of the Island’s largest waterway. They
were not detected at 15 other sites on the island with heavy human use, or at 12 beaches used by recreational boaters.
In 2009, we convened an expert working group which confirmed that Argentine ants are a serious threat to the island’s
biodiversity and recommended a management framework to: 1) detect and delimit L. humile; 2) implement biosecurity
measures and engage island residents and visitors to prevent further spread and re-invasion; and, 3) contain and reduce
existing infestations using toxic baits. In response, we launched a management framework with the goal of containing

and perhaps ultimately eradicating this notorious invader from the island.

Keywords: Biodiversity conservation, eradication, feasibility assessment, island restoration, Linepithema humile

INTRODUCTION

There are approximately 20,000 species of ants on
Earth (Ward 2006) but only about 150 species, fewer than
1% of the total, are known to have established outside their
native ranges after dispersal by humans (McGlynn 1999).
Most of the introduced species are restricted to human-
modified habitats, but a small subset has spread into natural
environments where they have significant and sometimes
disproportionate negative effects on native biological
diversity. Six species of ants are particularly widespread,
abundant, and damaging worldwide (Holway ef al. 2002),
including the Argentine ant (Linepithema humile). Many
studies have documented harmful effects of Argentine ants
on native ants, other invertebrates, some vertebrates, plants
and plant communities, and in countries that include New
Zealand (Ward and Harris 2005; Ward 2009), Australia
(Walters and Mackay 2003; Rowles and O’Dowd 2007,
2009), South Africa (Buys 1987; Christian 2001), the
Mediterranean region (Way et al. 1997; Quilichini and
Debussche 2000), and in California (Ward 1987; Gambino
1990; Human and Gordon 1997; Sockman 1997; Holway
1998, 1999; Bolger ef al. 2000; Fisher et al. 2002; Suarez
and Case 2002; Suarez et al. 2000) where they are invasive
in coastal areas and the Central Valley. As with other
invaders, islands seem to have been particularly vulnerable
to the harmful effects of invasive ants (O’Dowd et al. 2003;
Lach and Hooper-Bui 2010). For example, Argentine ants
have been particularly damaging on the island of Maui
(Cole et al. 1992).

Santa Cruz Island (250 km?) is approximately 40 km
south of Santa Barbara, California and is the largest of
the eight California Channel Islands. A highly valued
conservation area, it falls entirely within Channel Islands
National Park although just 24% of it is owned and managed
by the U.S. National Park Service (NPS). The remaining
76% is owned and managed cooperatively by The Nature
Conservancy (TNC), an international conservation
organisation. The island harbours at least 21 endemic taxa
of animals (insects, birds, mammals, and herptiles) and 8
endemic taxa of plants (Junak et al. 1995; Schoenherr et
al. 1999). It also supports many other species found on
some of the other Channel Islands but not on the mainland,
as well as several plant communities now rare on the
California mainland.

Argentine ants were first detected on Santa Cruz
Island in 1996 (Calderwood et al. 1999) and were quickly

recognised as a cause for concern. Today the ants are likely
the most damaging invasive species remaining on the
island. To assess the extent of the threat it poses, presence/
absence surveys of Argentine ants were conducted around
the three previously recorded infestations and other high
human use sites on the island. We also convened an on-site
meeting of 18 experts on Argentine ant ecology and control
and conservation land management from the U.S. and New
Zealand to advise us on a course of action. Here we present
findings from those efforts.

HISTORY OF ISLAND MANGEMENT AND
ARGENTINE ANT INVASION

The arthropod fauna of Santa Cruz Island is not fully
known but includes at least 8 endemic insect taxa (Miller
1985; Schoenherr ef al. 1999). More systematic collections
of ants have revealed 32 native species. None of these
are endemic although Messor chamberlini is relatively
common on the island but quite restricted and rare on the
California mainland (D. Holway, UC San Diego pers.
comm.). Besides the Argentine ant, the only other non-
native ant species on the island is Cardiocondyla ectopia
(Wetterer et al. 2000); however, its known extent is small
and it is currently not a species of concern.

Santa Cruz Island has a long record of human occupation
and use, dating back at least 7000 years (Glasow 1980). By
the time the effort to set the island aside as a conservation
area began in the late 1970s, Santa Cruz harboured large
populations of several non-native animals and many species
of invasive plants. Particularly damaging were thousands
of feral sheep (Ovis aries) and pigs (Sus scrofa) as well as
smaller numbers of cattle (Bos faurus), all of which had
been intentionally introduced in the mid-1800s (Junak ez
al. 1995). These ungulates severely damaged vegetation on
the island, stripping much of the island almost completely
of plant cover, leading to severe erosion (Brumbaugh et
al. 1982).

By 2006, NPS and TNC successfully eliminated cattle,
feral sheep and feral pigs, which allowed a spectacular
recovery of native vegetation in many areas (Junak ef al.
1995; Morrison 2007). Feral honeybees (Apis mellifera)
were also eliminated from the island by the early 2000s,
reducing threats to native bees as well as pollination
services provided to invasive plants favoured by honeybees
(Wenner and Thorp 1994; Barthell et al. 2001).
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Argentine ants were first detected on Santa Cruz
Island in 1996 (Calderwood et al. 1999) and were quickly
recognised as a cause for concern. In 1997 and 1998,
delimitation surveys were conducted around areas where
Argentine ants had been detected and in other locations
with a recent history of human use and movement of
goods (Calderwood ef al. 1999). Infestations were
found at two sites, one covering approximately 1.5 km?
(hereafter referred to as the Valley Anchorage site) and
the other covering 0.04 km? (hereafter, the Blue site). The
larger infestation was of a size consistent with arrival of
the ants 5 to 10 years before the surveys were conducted
(Calderwood et al. 1999). Both infestations appeared to
radiate from sites of U.S. Navy installations dismantled in
1995, which led Calderwood et al. (1999) to speculate that
heavy equipment transported to the island for use in these
installations may have carried Argentine ants. The surveys
also found that native ants were largely absent wherever
Argentine ants were established (Wetterer et al. 2000,
2001). Unfortunately, no control action was taken at that
time, in part because problems caused by invasive feral
pigs (Sus scrofa) were severe and given higher priority.
Both sites thus remained infested (Fig. 1).

There are two building complexes in the central valley
of the island: a historic ranch compound that serves as
the island headquarters for The Nature Conservancy, and
a nearby University of California (UC) Field Station.
Searches around both complexes failed to detect Argentine
ants in 1997 and 1998, but a third infestation was found
around the Field Station in 2004 (L. Laughrin, UC Natural
Reserve System pers. comm.; Fig. 1). Atthistime, however,
a feral pig eradication programme and efforts to recover
the endangered island fox (Urocyon littoralis santacruzae)
were in full swing, and took priority over addressing the
Argentine ant invasion. With the recent completion of the
feral pig eradication programme (Morrison 2007) and the
island fox showing strong signs of recovery (Coonan and
Schwemm 2008), managers have the capacity to focus on
other management priorities.

METHODS

Argentine ant surveys

Surveys of the three known Argentine ant infestations,
plus 15 other sites with high human use on the island, were
conducted between 20 May and 16 June 2009. Non-toxic
baits were placed at a total of 468 bait stations at the 18 sites.
Bait stations were placed around and up to 600 m beyond
the boundaries identified in previous surveys for the three

known infestations (1997 and 1998 for the Valley Anchorage
and Blue sites; 2004 for the UC Field Station site). These
distances were based on Argentine ant invasion expansion
rates of 10 to 100 m/yr recorded elsewhere in California
(Holway 1998). Each bait station consisted of a 3 x 5 inch
(7.6 x 12.7 cm) paper card with a few drops of organic
maple syrup and several small pecan (Carya illinoinensis)
nut pieces. Bait stations were revisited 30-120 minutes
after they were set out, and the presence and quantity (1,
2-10, >10, >100) of Argentine ants on or immediately
adjacent to the stations was recorded (Coastal Restoration
Consultants 2009). Other ants on or immediately adjacent
to the stations were identified to genus where possible and
recorded (data not reported here).

On 13-15 November 2009 and 21-24 June 2010, more
detailed surveys were conducted in the Cafiada del Medio
and Canada del Puerto drainage and riparian areas, i.e. from
approximately 100 m upstream of the Field Station, to the
drainage’s mouth at Prisoner’s Harbor, approximately 5.5
km downstream of the Field Station. This catchment was
judged most likely to harbour additional infestations since it
is downstream of the Field Station infestation, and is used as
the primary transportation corridor from the island’s north
coast to its interior. The surveys used a sucrose-water mix
or a sweet gel (the non-toxic attractant in Xstinguish Ant
Bait produced by Bait Technology of New Zealand; www.
flybusters.co.nz/Bait+Technology.html) placed in small
plastic vials as baits. Bait vials were placed at intervals of
15 m or less, and retrieved after 5 and 24 hours. Ants in the
vials were identified and recorded. During the November
2009 and June 2010 surveys, entomologists familiar with
Argentine ants and native ants of southern California also
searched on foot through the vegetation and cobbles in the
watercourse and associated floodplain and recorded the
locations of any Argentine ants found.

A separate survey of twelve beaches commonly used
as landing areas by recreational boaters was conducted in
June 2010. This survey also used the non-toxic attractant
in Xstinguish Ant Bait placed in small plastic vials. The
baited vials were placed >15 m inland of the high water
mark, and approximately 15 m from any other monitoring
tube. Baits were left in place for 1 -3 nights then collected
and the vials examined for the presence of Argentine ants.

Argentine ant management recommendations

We convened a three day meeting of an Expert Working
Group in October 2009 on Santa Cruz Island, which
included 18 experts in the ecology and control of Argentine
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Fig. 1 Argentine ant infestations detected on Santa Cruz Island, California as of June, 2010 and sites where no Argentine
ants were detected during 2009 and 2010 surveys. Inset shows the location of the Santa Cruz Island in California.
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ants and conservation land management from the United
States and New Zealand. The goals of the meeting were to:
1) describe known and potential impacts of Argentine ants
on the island; 2) characterise management options; and, 3)
make recommendations for management and monitoring.

RESULTS AND DISCUSSION

Surveys in 2009 and 2010

The survey conducted in May and June 2009 found
continuing infestations at the three known sites. At Valley
Anchorage and Field Station, Argentine ants had expanded
in and near riparian corridors by rates of 30-60 meters
per year since 1997. There was little or no evidence of
expansion at the Blue site nor of expansion into dry uplands
around any of the sites. No Argentine ants were found at
any of the other 15 sites with heavy human use (Coastal
Restoration Consultants 2009).

The November 2009 and June 2010 surveys detected
three small infestations in the ephemeral stream drainage
of Cafada del Puerto between the main ranch compound
and Prisoners’ Harbor (Fig. 1). One covered perhaps 75
m? in a wetland area north of the TNC ranch (Bridge site).
Another measuring approximately 600 m?> was found along
the banks of an ephemeral waterway about a third of the
distance between the ranch and Prisoners’ Harbor (Cafiada
del Puerto site); and the third measuring approximately 300
m? was found further north along the ephemeral waterway
close to Prisoners’ Harbor (north Cafiada del Puerto site).
A total of six infestations are now known on the island.

No Argentine ants were detected in the June 2010
survey of the 12 beaches used as landing areas used by
recreational boaters.

Recommendations from the Expert Working Group

The Expert Working Group reached consensus
on three major points (numbered below). Each of the
18 group members was also asked to provide their
personal conclusions and recommendations, which gave
additional guidance on the three consensus points. We
then summarised this input in order to outline the effort
necessary to delimit, detect, prevent spread and re-invasion
of existing infestations of Argentine ants, and to contain
and ideally eradicate these populations. Details of the
Expert Working Group’s findings and recommendations,
and our plans and actions to date to implement them are
as follows.

1: Argentine ants are likely to spread and cause
significant damage to the island’s biological diversity,
particularly to native ants and other arthropods.

Argentine ants are known to have harmful impacts
on populations of native ants and other insects in coastal
southern California and in other parts of the world.
Typically, invasions by Argentine ants are followed by losses
of medium- and large- bodied ants, plus reduced variation
in dietary specialisation, behavioural repertoires and nest
architecture, all of which are important to other plant and
animal species (Ward 1987; Holway 1998; Holway et al.
2002). Several of Santa Cruz Island’s 32 native ant species
would be threatened if Argentine ants are not managed,
including the relatively rare Messor chamberlini and
Pogonomyrmex californicus, a harvester ant that collects
and stores seeds. The ability of Argentine ants to displace
and dominate other species is apparently greatly enhanced
in California and some other regions they have invaded,
in part because they show little or no aggression between
nests and effectively form huge supercolonies with multiple
queens. This apparently allows Argentine ants to maintain
extremely high population densities (Suarez ef al. 1999).
The presence of Argentine ants has been associated with
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reduced abundances of flies, springtails, beetles, cynipid
wasps, ticks, mites and spiders in northern and southern
California (Human and Gordon 1997; Bolger ef al. 2000)
and of arthropods from eight orders on the Hawaiian island
of Maui, including endemic spiders, moths, beetles, bees and
flies (Cole et al. 1992). Argentine ants have been observed
attacking yellow jacket (Dolichovespula arenaria; Vespula
germanica; V. pensylvanica; and V. vulgaris) colonies in
northern California (Gambino 1990) and were shown to
compete successfully for nectar sought by honeybees
(Apis mellifera) in South Africa (Buys 1987). Similarly,
on Maui they entered the nests of a native solitary bee,
Hylaeus volcanica, flushed out the adults and apparently
preyed on larvae, none of which were found in areas
infested by the ants (Cole ef al. 1992). On the other hand,
Holway (1998) found that while Argentine ants displaced
all native ant species that feed above-ground except for the
cold-tolerant, winter-active species Prenolepis imparis,
they did not appear to affect the diversity or abundance
of non-ant arthropods at his riparian woodland study site
in inland northern California. Some studies (Cole et al.
1992; Human and Gordon 1997) also found that a variety
of other non-native isopods and insects were actually more
abundant in sites with established Argentine ant colonies,
possibly examples of what has been termed “invasional
meltdown” by Simberloff and Von Holle (1999).

Argentine ants also have direct and indirect negative
effects on native vertebrates, including birds, mammals
and reptiles as well as on plant-animal interactions such
as pollination and seed dispersal that ultimately affect
plant regeneration and community composition. Sockman
(1997) found that Argentine ants were responsible for
California gnatcatcher (Polioptila californica) nest failures.
In coastal southern California, Argentine ants appear to
negatively impact the coastal horned lizard (Phrynosoma
coronatum) by displacing the native ant species the lizard
prefers to eat and which support higher lizard growth rates
(Suarez et al. 2000; Fisher et al. 2002; Suarez and Case
2002). Similarly, surveys at the Point Loma Ecological
Reserve in San Diego found that Argentine ant density
was negatively correlated with capture rates of lizards and
salmanders (Atkinson et al. 2003).

In South Africa and southeastern Australia, invasive
Argentine ants displaced native harvester ants and altered
seed dispersal patterns in ways that may influence the species
composition of native vegetation. For example, native
large-bodied harvester ants, which preferentially gather
seeds of large-seeded shrubs in the family Proteaceae, were
absent from areas invaded by Argentine ants in the Cape
Province of South Africa (Christian 2001). Other species
of native ants that preferred seeds of smaller seeded shrub
species in the same family persisted in invaded areas. As a
result, the larger seeds were not dispersed in invaded areas
and suffered very high rates of predation by native rodents,
while the smaller seeds were dispersed and escaped
predation. In turn, regeneration rates of the large seeded
species were an order of magnitude lower in invaded areas
than in uninvaded areas, while regeneration rates for the
smaller-seeded species were not significantly different
(Christian 2001). Near the coast southeast of Melbourne,
Australia, Argentine ants displaced the native keystone
disperser Rhytidoponera victoriae. They also dispersed
significantly fewer seeds of a native Acacia but significantly
more seeds of the non-native invasive shrub Polygala
myrtifolia, another possible example of “invasional
meltdown” (Rowles and O’Dowd 2009). Argentine ants
may likewise be capable of displacing at least some of
the Santa Cruz Island’s native seed harvesting ants in the
genera Messor, Pheidole, and Pogonomyrmex, and driving
significant changes in seed dispersal (D. Holway, UC San
Diego pers. comm.).
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Argentine ants have great flexibility and capacity to
exploit a wide variety of honeydew-producing aphids
and scale insects (Choe and Rust 2006). In return for
honeydew, Argentine ants protect the honeydew insects
from predators which allows their densities to increase
(Barzman and Daane 2001; Grover et al. 2008). Their
partnership with honeydew insects gives them access
to carbohydrates which may facilitate their invasion of
natural habitats (Rowles and Silverman 2009) and can help
them to thrive when other foods are scarce making them
more difficult to control, both in agricultural settings and
in conservation areas.

The workshop concluded that Argentine ants on Santa
Cruz Island will likely have similar impacts to those
reported elsewhere if the species is not managed and
allowed to spread.

2: Additional Argentine ant detection work should be
carried out, particularly at sites with high levels of human
use and along the island’s major drainage.

The Expert Working Group agreed that the sampling
methods used in the survey conducted in May and June
2009 may have failed to detect Argentine ants in some
locations, and that the Canada del Puerto in particular
should be re-surveyed. Most participants recommended
that additional detection work be carried out with sweet
liquid or gel attractant.

3: A management programme to prevent the spread and
additional introductions of Argentine ants and to suppress
or eradicate existing populations should be launched.

Because of the scattered nature of known infestations
on Santa Cruz Island, the Expert Working Group concluded
that Argentine ants could be eradicated, but only if targeted
with a coordinated, multi-year control effort. Eradication is
realistic because Argentine ant queens are flightless and so
— unless transported mechanically, such as by a flood event
or by humans — can only disperse and form new colonies by
walking, which limits their rate of spread (Krushelnycky ez
al. 2004; Silverman and Brightwell 2008).

The largest Argentine ant eradication effort recorded to
date was carried out in Western Australia from the mid-
1950s to 1988 (Hoffmann et al. 2010). The project was
halted when organochlorine pesticides were banned and
no effective alternative was found. The programme did
reduce the area infested from about 18,000 ha to 1458
ha but failed to eradicate Argentine ants from the state.
One reason for this failure was that some infested areas
could not be treated due to agricultural and environmental
concerns. Another contributor to failure was reduced
public support as the infested area declined and fewer
people had direct experience with the ants (Hoffmann et
al. 2010). Argentine ant control and eradication have also
been attempted on islands, including Maui in the state of
Hawaii, Norfolk Island in the southwestern Pacific, and
Tiritiri Matangi Island in New Zealand. Efforts to eradicate
ants from Haleakala National Park and adjacent areas on
Maui have not been successful and the ants continue to
spread although efforts to control them around high value
areas within the Park continue (Krushelnycky et al. 2005).
Two rounds of baiting have been carried out on Norfolk
Island but the effects of the second round have not yet been
assessed and the overall effects of the project are not yet
known (V. Van Dyk, Flybusters Antiants / FBA Consulting
pers. comm.). The effort on Tiritiri Matangi has been more
promising, and conservation managers believe that they
are close to success (Ward 2009; C. Green, NZ DOC pers.
comm.).

Based on experiences in other conservation areas,
the Expert Working Group recommended a four-pronged
approach:

Detect — Survey to detect any other Argentine ant
infestations

Delimit — Use bait stations with non-toxic attractants
to delimit all known infestations immediately prior to
launching control efforts.

Control — Use toxic baits to reduce Argentine ant
numbers and the area they infest with the goal of containing
their spread or eliminating them from the island entirely.

Biosecurity — Implement protocols to prevent the
spread of Argentine ants on the island and new invasions
to the island.

Many Expert Working Group members underscored
the importance of strong institutional commitment to the
success of this approach, because effort and funding will
need to be sustained over the long-term if containment or
eradication of Argentine ants is to be achieved.

Argentine ant Management Framework

By July 2010, the following actions had been
undertaken.

1. Surveys were carried out in November 2009 and June
2010 to detect any additional Argentine ant infestations in
the island’s largest drainage, the Cafiada del Medio/Cafiada
del Puerto.

2. Another survey of twelve beaches was carried out
in June and July 2010. Recreational boaters are known
to land at these beaches and sometimes bring picnic and
camping gear or other equipment which may harbour
Argentine ants.

3. A delimitation survey to determine the spatial extent
of all six known infestations was scheduled for September
2010. The results will inform management efforts to be
carried out in 2011 and beyond.

4. Biosecurity efforts to prevent the spread of Argentine
ants from known infestation sites or new introductions from
the mainland have been launched. For example, because
Argentine ants are known to be present within roughly 100m
of a nursery for native plants on the island, all plant pots
must be submerged in water and determined to be free of
Argentine ants before they are allowed to leave the nursery.
If Argentine ants are found in the nursery its operations
will cease and all plants in it will be destroyed. We are in
the process of developing a full biosecurity plan for the
island. We will consult with biosecurity plans developed by
the New Zealand Department of Conservation for Tiritiri
Matangi Island and other islands, as well as the rodent
prevention plan developed for the Pribilof and Aleutian
Islands by the Alaska Department of Fish and Game
(Fritts 2007). We are collaborating with graduate students
at the UC Santa Barbara to evaluate potential vectors of
new invaders, assess potential education and outreach
measures for different island visitor groups (e.g., campers,
researchers, boaters, day-hikers) and produce a cost-benefit
analysis of different prevention and monitoring measures.

5. Efforts are underway to identify bait formulations
(attractant plus toxicant) and baiting regimes which will
kill Argentine ant queens and eliminate colonies and whose
use on TNC and NPS properties will be permitted by state
and federal regulatory agencies. In order to eliminate
colonies rather than simply reduce the numbers of foragers,
the effects of any toxicant we use must be delayed long
enough to allow foraging workers to share it with workers
who can pass it on to the queens they are tending (Rust ez al.
2004). University of California Riverside researchers M.
Rust and L. Greenberg are conducting laboratory and field
studies to determine which attractants are most preferred
and which toxicants (and at what concentrations) are most
effective against Argentine ant queens. The attractants they
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are testing include sucrose and water mixes and several
commercially available gel and liquid formulations (minus
toxicants). Their toxicant tests build on previous work
by Roa (1992), Silverman and Roulston (2001), Klotz
et al. (2004a; b) and Rust et al. (2004), and include the
toxicants dinotefuran, fipronil, imidacloprid, indoxacarb,
and thiamethoxam.

The product identification and permit process will take
us past the period of the year when the launch of a control
effort would be most effective in 2011. In the meantime,
boric acid-based baits and botanical oils that kill ants on
contact (thyme oil) are available and do not require permits.
In situations where our 2010 surveys reveal aneed to contain
the leading edge of a known infestation, or where it may be
possible to eliminate a small, newly detected infestation,
we may choose to use these compounds in 2011.

Assuming that research, permitting, and other due
diligence remains on course, we anticipate contracting for
baiting to control Argentine ants starting in the (northern
hemisphere) summer of 2012 or 2013. This will be
followed by delimitation and control work in sequence
each year until the delimitation data reveal that Argentine
ants have been eradicated from the island or we determine
that elimination or containment of Argentine ants will not
be possible.

The infestation of Argentine ants at the UC Field Station
poses the greatest concern for the unintentional spread of
the ants. The Field Station is a hub of research activities
on the island and it is feared that Argentine ants could be
moved on vehicles or equipment based at the Field Station.
We have therefore created a “quarantine zone” around the
infestation with controls on the types of materials that can
be moved out of the zone. Informational flyers are posted
at the Field Station, and signage is posted on the periphery
of quarantine zones. Additionally, in November 2009 we
began deploying KM Ant Pro bait dispensers armed with
dilute boric acid in a liquid sugar solution around the Field
Station in order to reduce the number of foraging ants in
the area.

CONCLUSION

It is not yet clear whether Argentine ants (Linepithema
humile) on Santa Cruz Island can be eradicated or contained
for the long-term. An Expert Working Group of experienced
ant biologists, ant control specialists and conservation land
managers concluded in 2009 that the damage these ants
could cause if allowed to spread warrants a full effort to
dramatically reduce their abundance and extent to prevent
their spread to new areas, and if possible to eliminate
them from the island. In response the Conservancy
and the National Park Service launched a management
framework that includes collaborating with researchers
from the University of California and other institutions
to identify control methods that kill Argentine ant queens
and eliminate colonies. Assuming this research, as well
as permitting and other due diligence remains on course,
we anticipate starting full scale baiting to control Argentine
ants in the (northern hemisphere) summer of 2012 or 2013.
The ultimate goal of all these efforts is to protect native
ants, other arthropods, and other native species threatened
by Argentine ants.
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Strategies to improve landscape scale management of mink populations
in the west coast of Scotland: lessons learned from the Uists 2001-2006
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Abstract Phase One of the Hebridean Mink Project (HMP) ran from 2001-2006 at a cost of £1.6 million and successfully
eradicated invasive mink (Neovison vison) from 1100 km? of the southern islands of the Hebridean Archipelago, North
Uist, Benbecula and South Uist (The Uists). Mink were also heavily controlled in South Harris to the North of the Uists to
prevent reinvasion. A total of 532 mink were removed, and no further animals were caught or recorded in the eradication
area in the last six months of the project. The project is now in its second phase and is continuing to remove mink from
the remainder of the Outer Hebrides using lessons learned from the original eradication. This paper outlines the strategies
developed in the first phase of the HMP. The strategies involved were: logistical, such as trap design and staff training;
and ecological, such as using information on the behaviour of the population in space and time to effectively allocate

resources.

Keywords: Neovison vison, eradication, Hebrides, adaptive resource management

INTRODUCTION

Invasive alien species (IAS) are currently listed as one
of the greatest threats to global biodiversity, along with
hunting and habitat loss (Atkinson 1996; Diamond 1984;
Vitousek et al. 1997). They often prey on, compete with, or
spread diseases, to native species. This is particularly true on
offshoreislands, where ecosystems tend to be impoverished;
populated with less stable and more vulnerable restricted
range species (Cronk 1997; Simberloff 2000).

The American mink (Neovison vison) is listed as one
of the world’s worst 100 IAS by the IUCN’s Invasive
species Specialist Group (www.issg.org). Mink now have
a wide invasive range established as a result of deliberate
or accidental releases from fur farms (Fig. 1; Bonesi and
Palazon 2007; Dunstone 1993). The species can achieve
high population densities, and has major impacts on native
fauna, such as ground nesting birds. In continental Europe,
mink have negative effects on indigenous European mink
(Mustela lutreola) through direct interspecific competition
including direct aggression (Sidorovich et al. 1999), and
they have been implicated in the local extinction of water
voles (Arvicola amphibius) in Great Britain (Strachan and
Jefferies 1993). All countries of the European Union have
international obligations to protected birds and habitats
in Special Protected Areas (SPA) and Special Areas of
Conservation (SAC) designated under the EU Birds and
EU Habitats Directives. The directives were developed
in response to the Ramsar Convention (1994) and Berne
Convention (1979) to protect wildlife and habitats, and
the Bonn Convention to protect migratory species (1980).
Because of the effects of mink, their control or eradication
is required in areas where these directives apply.

Feral mink populations established on the Western Isles
of Scotland (Hebrides) after escaping or being deliberately

Fig. 1 The invasive distribution of mink (dark grey), from
Dunstone (1993). Mink are native to Canada and North
America.

released from two fur farms at Carloway on the Isle of
Lewis in the 1950s (Angus 1993; Cuthbert 1973). The mink
have since spread southwards through Harris. Attempts
were made to stop mink from colonising the Uists (North
and South Uists and Benbecula) (Angus 1993), but they
successfully established feral populations across the entire
archipelago within 40 years, most recently on South Uist
in 2002.

On the Western Isles, mink have had severe effects on
populations of fish (Bilsby 1999; 2001) and ground-nesting
birds (Clode and MacDonald 2002). As up to £30 million
of the Western Isles economy is based on tourism, with a
large proportion of that based on wildlife tourism, hunting
and fishing, mink potentially have an important economic
as well as an ecological impact on the islands (Areal and
Roy 2009; Moore et al. 2003; Roy 2006).

In this paper, I describe the history of an eradication
programme against mink on the Outer Hebrides Islands,
review the strategies applied and identify those that led to
a successful eradication. Since the purpose of the paper
is to demonstrate the lessons learnt, detailed analysis is
only provided for those results that highlighted important
strategic developments as the eradication progressed.
These key developments enabled continual refinement of
techniques that resulted in the elimination of populations of
mink on large inhabited islands throughout the eradication
are without detrimental effects on native populations of
mammals.

THE HEBRIDEAN MINK PROJECT 2001-2006

The first phase of Hebridean Mink Project (HMP) ran
from 2001-2006 (Roy 2006), and aimed to protect ground
nesting bird colonies by: (i) eradicating mink (http://www.
jnce.gov.uk/ProtectedSites/SACselection), in the Uists
and (ii) reducing South Harris populations to prevent
recolonisation over a total area of 1100km? (Fig. 2). The
project was also acted as a pilot study for an island wide
eradication campaign and was supported by a PhD research
project (Helyar 2005).

The main method of removal was through live trapping
and dispatch. Although the use of lethal traps is legal in
the UK, these need to be checked daily. Furthermore,
compared with live traps, lethal traps are more expensive,
require more maintenance, more time and more skill to
operate. We thus concluded that lethal trapping would not
have saved time in this project.

The live trapping was supplemented with dogs, which
searched for female mink in dens. Dogs were also used
throughout the year as part of a mink monitoring campaign
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Fig. 2 The area over which mink were eradicated in the
Uists, the area over which mink were controlled (Harris,
North Uist, Benbecula and South Uist), and the area where
mink ecology was studied as part of a PhD study (grey
box)(Helyar 2005). Overlaid onto this is a comparison of
the failure rates of tern colonies (Sterna paradisaea, S.
hirundo, S. albifrons) within and outside of the control area
2004-2005.

within the control areas. The time devoted to searches
with dogs was not recorded as a quantifiable measure
of mink presence or absence (e.g., Theobald and Coad
2002), because dogs, dog handlers and search conditions
varied throughout the project. However, sighting records
were collated throughout the project and were weighted
according to the member of the public making the report
(Birks et al. 2004; Proulx et al. 1997).

Four and a half thousand traps approximately 400
m apart (actual distances ranged from 380-510 m) were
entrenched into the ground along the coast and along the
edge of inland waterways. The performance of each trap was
monitored for the duration of the project. All trappers were
involved in establishing trap lines in the first three months
of'the project throughout the control area on a zone-by-zone
basis until traps covered the entire area. Thus trap lines and
zones were not trapper specific. Once established, traps
were only opened and set in coordination with the overall
trapping programme, which usually lasted for a two weeks.
Otherwise the traps were left unset to prevent accidental
capture, until they were revisited later in the year. Most
traps were revisited four to five times a year. When open,
traps were checked daily; each trapper checked 30-50 traps
a day. The project had a total of eight long-term trappers,
with extra staff drafted in to assist during those seasons
when mink are more mobile and easier to catch. In total,
traps were opened for approximately 200,000 trap nights
over the five year duration of the project. Traps were baited
with fish in the first year of the project, but subsequent work
showed that traps baited with commercially purchased
mink scent gland (Kishel Scents and Lures, Saxonburg,
USA) had significantly higher capture rates. As mink
in traps rarely consume baits, all traps were baited with
scent gland. Once caught, mink were humanely dispatched
using hand held 0.22 calibre air pistols (J. Graham and Co.

Inverness). The mink were aged as kits, juveniles or adults
from tooth-wear, and sexed (Helyar 2005). Feral ferrets
(Mustela furo) and rats (Rattus spp.) that were caught were
also dispatched.

Sea bird colonies, in particular those of terns and gulls,
were monitored annually during their breeding season,
within and outside of the control area from 2002-2006.
Data were gathered on productivity, hatching success, and
nest failure (Ratcliffe e al. 2008; Roy et al. 2006).

Results 2001-2006

A total of 532 mink were removed from the control
area (Table 1), with catch/ trapnight ranging from 0.015
to 0.0008 animals/trapnight/10km?. The last mink was
captured on the Uists in March 2005, with no further
animals caught or detected for the remainder of the project,
which ended in April 2006. The associated monitoring of
tern colonies has also showed lower rates of predation-
related failure (Fig. 2). Predation on tern colonies may also
be by otters (Lutra lutra) and feral ferrets, which confound
these data. These analyses assumed that the densities of the
other predators, such as otters that prey on terns, remained
constant throughout the project (Strachan 2006).

Table 1 Mink numbers caught on Harris and the Uists over
the entire project lifespan.

Harris Uists Total
Male 162 93 255
Female 131 117 248
Unknown 9 20 29
Total 302 230 532

Strategies developed and lessons learned

The eradication of mink was conducted within
tight budgetary and time constraints, which required
the development and implementation of logistical and
ecological strategic guidelines. Here strategy has been
broadly defined as the application of resources in space and
time to maximise outcomes.

Logistical strategies

The greatest efficiencies were obtained from equipment
and staff following an analysis of two areas: trap design
and the skill of the trapper.

Trap design

The trap design selected had solid metal doors that
were reliably visible with binoculars from 100m distance
(Fig. 3). This meant that once set, traps could be checked
without the need to approach the trap front. This minimised

Fad iy e

Fig. 3 Buried traps in the Hebridean mink project (Photo
S. Roy). This highlights the difficulty in seeing traps from a
distance and the importance of the solid metal door.
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trap disturbance. Also, being highly visible, a large number
of supplementary traps could be set by the roadside and
checked while trappers were driving to and from “walking
traplines”.

It was estimated that when walking formal traplines
the visible metal doors saved approximately 2-5 minutes
in checking a trap (pers. obs.). Eight trappers were able
to check 40 traps/day, only having to walk up to traps to
set them on a Monday and close them on a Saturday. By
checking the traps from a distance for the remaining four
working days in a week (unless something was caught),
there was the potential to save between 5.3 and 13.33 hours
a week. Formal traplines were operated throughout the
year with the exception of a 16-week period when animals
were denning. If a trapper works for 49 weeks a year
(excluding holidays approximately 1800 hours a year), the
time saving over a year could potentially amount to 176-
440 trapper-hours. This time could be redirected to check
more traps, or carry out other tasks. In financial terms, if a
trapper earns approximately £7.5/hour, this time amounts
to £1300-£3300 a year, which could be used to purchase a
further 120-300 traps.

Trapper skill

Though often widely spoken of, the skill of a trapper in
catching animals is hard to quantify. In the HMP, success
rates for each of the eight core trapping staff were assessed
over the lifetime of the project, with dramatic results. It
should be noted that all eight staff had equal access to trap
lines and trap areas as they were established in the first three
months of the project. Also all core trapping staff were able
to tweak and modify traplines throughout the project.

Catch rates in traps set by different trappers showed
great variation, with some trappers better at placing and
setting mink traps than others (Fig. 4). When investigated
further, the most successful traps were found to be operated
by trappers three, four, and six. These were experienced
gamekeepers and trapper four in particular had a long
history of working on mink projects prior to this project.
This information was later used to develop “quality
assurance” roles for the most successful trappers, who
regularly checked and tweaked trap lines and trained new
trappers.

Ecological strategies

Ecological strategies were those developed to capitalise
on mink behaviour, seasonal changes in population
movements, and the way mink used space (different
habitats) throughout the year. Trapping regimes were
modified to maximise capture rates as a result.

20 q
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total he has set

1 2 3 4 5 6 7 8
Trapper number

Fig. 4 The percentage of traps that have resulted in mink
capture as set by trappers whose identities have been kept
anonymous. The importance of experience is highlighted
by game keeping experience (trapper 3, 4 and 6) and
previous mink trapping experience (trapper 4) in trap
performance.
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Fig. 5 A comparison of scent and fish baits in a small scale
experiment over five small offshore islands, and a larger
scale field trial in the Uists.

Mink behaviour

Like many small mustelids, mink use olfactory
communication. For example, Roy et al. (2006) discuss in
detail the effectiveness of mink scent glands to improve
catch/unit effort. Traps baited with scent glands either
extracted from culled animals or procured commercially
(mink scent gland; Kishel Scents and Lures, Saxonburg,
USA) provide a catch success an order of magnitude greater
than traps using traditional fish baits (Fig. 5) There is also
increasing anecdotal evidence that the use of predator scents
may reduce the capture of non-target species (I. Macleod,
Hebridean Mink Project Phase 2 pers. comm.). The use
of scent-based lures thus had the advantage of leaving a
greater proportion of traps available for mink capture. It
also remained effective for several days after baiting, while
food based baits often decomposed.

Seasonal changes in population movements

Mink have well defined seasonal patterns of behaviour
(Dunstone 1993). In the northern hemisphere: 1) they
establish and defend territories from November to January;
2) mate from January to April; 3) females set up breeding
dens and rear young from the end of April to early July;
and 4) disperse from late July to October. The mink are
highly mobile and trappable during the dispersal and
territorial periods, while during the denning period they
are sedentary and difficult to catch (Fig. 6). In the HMP,
this variability was exploited by drafting in extra staff and
checking as many formal traplines as possible during the
periods when the mink were mobile. During the denning
period, nine trained dogs (spaniels) were used to locate den
sites where females and young were subsequently trapped.
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Fig. 6 The seasonal variation shown as catch/100
trapnights from November 2001 —July 2006 in Harris, and
the Uists in the Hebridean Mink Project.
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Fig. 7 Density estimates of mink in different habitat types
in 2004 (Helyar 2005). Inland is defined by a habitat that is
>200m from the sea. Density estimates for mink are often
given in numbers/km length of riparian habitat due to their
close association with water (Dunstone 1993).

A total of 11 active dens were found in 2004-2005, and
these yielded 28 young and 10 adult females. Den sites
were not excavated, because on the Hebrides mink re-use
traditional den sites over several generations. Undamaged
dens were used as a post eradication monitoring tool to
ensure that no breeding mink were remaining on cleared
areas (Helyar 2005).

The use of space by mink

Radio-tracking and capture-mark-recapture studies on
a population of mink on Harris (Fig. 2;) showed that mink
on the Hebrides are primarily coastal (Helyar 2005), with
exceptionally high densities seen on offshore islands and
the associated coastline (Fig. 7).

As a result of this information on spatial ecology of
mink, a large number of previously untrapped offshore
islands, including very small ones less than lha, were
trapped and mink were successfully removed from many
of them.

CONCLUSIONS

This project highlights the importance of applied
research in developing project-specific strategies for
large scale invasive species management programmes.
Throughout its lifespan, regimes used in this project have
evolved and been refined to great effect. Both the logistical
and ecological data were collected, collated, combined and
analysed to make informed decisions through a process of
adaptive resource management. Such approaches become
necessary when it is not always possible to undertake well-
designed experiments due to time and financial constraints
(Walters and Holling 1990). Applied information of the
type needed by invasive species managers, information
that combines ecological and logistical elements, and
information on failures as well as successes, is not always
readily available in the literature (Roy et al. 2009). The
HMP succeeded because this information was recorded
and used from the outset, having been collected from short,
targeted research projects such as experimentation with
scent glands, and from an applied PhD study associated with
the project (Helyar 2005). Learning from the successes and
failures from projects such as this one means operations
can be scaled up more effectively to incorporate larger land
areas and carry out eradications and control operations at
ever increasing landscape scales.
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Abstract All three species of invasive rats are found throughout the Pacific Ocean: Rattus rattus, R. norvegicus and R.
exulans. Polynesians historically introduced R. exulans, after which competitively dominant R. rattus and R. norvegicus
were introduced by Europeans. However, the competitive processes in island invasion among rats have never been
well documented. Tetiaroa atoll, in the Society Islands, consists of 12 small coral islets (“motu’) with remnant coconut
plantations from the early 20" century. Rattus exulans was the only species present on the atoll until R. rattus was first
documented in the 1970s. We review the history of Tetiaroa, and document the current extant distributions of R. rattus,
R. exulans and the seabird community. Genetic studies confirm the species and locality of introduced rats with COI
barcoding. Microsatellite analyses suggest recent isolation of the R. exulans populations on separate motu, whereas R.
rattus on the north-west motu appear to be one meta-population. Colonies of small seabird species are generally associated
with sandy areas on small motu with only R. exulans present. Only larger seabird species such as frigates and boobies
successfully breed on motu with R. rattus present. With hotel development and pest control now under way, the challenge
is to manage rat eradication and biosecurity measures both within and from outside of the atoll in coordination with
preserving the seabird community. Studies such as this provide novel opportunities to understand competitive interactions
between species.

Keywords: Biosecurity, competition, genetics, island, microsatellite, Rattus, seabirds

INTRODUCTION

The sequence of introductions (or assembly history)
of introduced species can play an important role in their
establishment and the final community composition where
multiple invasive species interact (Drake 1990; Chase
2003; Courchamp et al. 2003). For example, where one
invasive species is already established, the introduction of
a second species can either exclude competitively inferior
species or lead to changes in their abundance, behaviour,
or trophic position (Grosholz 2005). Three species of the
genus Rattus are widely distributed invasive pests (Amori i
and Clout 2003). Across 123 of the world’s archipelagos, el
Pacific or Polynesian rats (R. exulans) are found on 24%
(n = 30), brown or Norway rats (R. norvegicus) are found
on 36% (n = 44) and black or ship rats (R. rattus) are '.*"
found on 50% (n = 61) (data from Atkinson 1985). Rattus
exulans is invasive throughout the Pacific Ocean, where it
was introduced by Polynesian immigrants dispersing from
south-east Asia over the last 3,500 years (Matisoo-Smith
et al. 1998; Matisoo-Smith et al. 2009). The cosmopolitan
invasive rats (R. norvegicus and R. rattus) did not reach
islands in the Pacific until the arrival of European explorers
300 years ago, with a colonisation peak following World
War II (Atkinson 1985). Upon arriving at islands already
colonized by R. exulans, R. norvegicus and R. rattus
competitively dominated (e.g., Baker 1946; Storer 1962;
Williams 1972; Twibell 1973; Spennemann 1997; Russell
and Clout 2004; Harper and Veitch 2006), although R.
exulans may have resisted invasion on some islands due to
an incumbent advantage (e.g., Roberts 1991; Russell and
Clout 2004).

Identification of some species of Rattus can be difficult
if based on morphological traits alone (Robins ef al. 2007).
Rattus rattus is a particularly problematic cryptic species
‘complex’, possibly comprising multiple species, sub-
species and lineages (Aplin ef al. 2003; Robins et al. 2007,
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2008). Two different chromosomal forms are generally
recognised, one Oceanian (2n = 38) and the other Asian
(2n =42) (Yosida et al. 1974; Baverstock et al. 1983). The
Oceanian form (also known as European), named R. rattus
by Musser and Carleton (1993), is generally the most
invasive. However, the Asian form, named R. fanezumi
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Fig. 1 Dark grey indicates land and light grey submerged
coral reefs. Landing strip indicated on Onetahi. Tahuna lti
is colloquially named ‘the bird island’ («lle aux Oiseaux»).
Tahuna Iti and Tahuna Rahi have changed substantially
over the past 50 years.
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by Musser and Carleton (1993), recently invaded McKean
Island in the Phoenix Islands (Pierce et al. 2006). DNA
barcoding based on mtDNA regions such as COI may
provide more reliable species identification within the R.
rattus complex (Robins et al. 2007).

Tetiaroa atoll (3366 ha; 17°07°15”S 149°29°30”W), lies
50 km north of Moorea and Tahiti in the Society Islands of
French Polynesia (Fig. 1). Tetiaroa is one of 115 sites of
important conservation value in French Polynesia (Meyer et
al. 2005). The atoll comprises 12 low-lying vegetated coral
islets, locally called “motu”, and an emerging sandbank
(Motu One) east of Tahuna Rahi, all roughly circling a
large lagoon. Names of motu vary among reports due to
typographic errors, and the changing geography of the
landscape. Tahuna Rahi and Tahuna Iti have dramatically
changed size and moved over the last 50 years (comparison
to a 1955 aerial photo). Tahuna Rahi has decreased from
2.0 to 0.5 ha, while Tahuna Iti has increased from 5.2 to
5.9 ha, and more notably shifted from 350 m to less than
10 m offshore of Rimatuu. Tahuna Iti was presumably
also the smaller island of the two historically, based on its
name (‘iti’ translates as small). Most motu are dominated
by abandoned coconut plantations formely exploited for
copra (coconut oil), although Reiono retains substantial
native vegetation dominated by a 20 m canopy of the tree
Pisonia grandis. Archaeological sites from Polynesian
settlement on Tetiaroa have been dated to 1500-1600 A.D.,
including pig remains (Sus scrofa) on Onetahi (Sinoto
and McCoy 1974), although these early radiocarbon dates
may be inaccurate (Spriggs and Anderson 1993). There
has been short- and long-term human habitation since that
time. Recent habitation, and hotel development on Onetahi,
has led to further species introductions and vegetation
alteration.

The archaeology was assessed in the early 1960s (exact
date unrecorded) by Pierre Vérin, Raoul Teissier and Henri
Picard (Teissier 1962, Vérin 1962) and in December 1972
by Yosihiko Sinoto and Patrick McCoy (Sinoto and McCoy
1974). The avifauna (predominantly seabirds) was assessed
from 1972-1975 by Jean-Claude Thibault (Thibault 1976),
and in 1992-1993 by Philippe Raust and Albert Varney
(Raust and Varney 1992, Raust 1993). The ecology of the
atoll, focusing on vegetation, was studied by Marie-Héléne
Sachet and Francis Raymond Fosberg in 1973-1975 and
1982-1983, resulting in an exhaustive plant list for each
motu (Sachet and Fosberg 1983). Further botanical visits
and a revised plant list were made by Jean-Frangois Butaud
in 2003 and 2006 (Butaud 2006).

In the early 1960s, R. exulans were the only rats
described on the atoll (Teissier 1962), but by the early
1970s there was a ‘recent population explosion of a tree-
dwelling rat’ (Sachet and Fosberg 1983), and ‘large sized
rats’ were seen under red-footed booby (Sula sula) colonies
on the northern islands around 1972-1975 (Thibault
1976). Both observations are presumed to be of R. rattus
and coincide with new ownership and development on
Tetiaroa. Cats (Felis catus) were reportedly introduced
to Tetiaroa to control abundant rats after 1904, but by the
1970s only remained on Onetahi (Thibault 1976). Fourteen
semi-wild cats were removed from Onetahi in early 2009
by trapping (N. Leclerc pers. comm.). Rat eradication was
also attempted commencing in June 2009 with a 50 m
grid of bait stations and hand-spread Talon wax baits at a
rate of approximately 10 kg/ha! over two sessions. After
surviving rats were detected, a third follow-up application
was made. Domestic pigs and dogs were probably also
on Onetahi until recently (Sachet and Fosberg 1983),
and a pair of dogs remain on Onetahi and regularly swim
across to Honuea (pers. obs.). In this paper we record
the distribution of R. exulans and R. rattus on Tetiaroa

Table 1 Distribution of rat species on Tetiaroa. TN = trap
nights.

Motu Size R. rattus  R. exulans TN
Onetahi 73.8 v v 30
Honuea 28.0 v * v 45
Tiaraunu 163.4 v * v ¥ 50
Tauini 6.7 v v 10
Auroa 3.9 v ¥ v 15
Hiraanae 34.0 v v 25
Oroatera 81.4 v v 10
Aie 2.4 - v 40
Reiono 21.4 - v * 50
Tahuna Rahi 0.5 - - 20
Tahuna Iti 5.9 - v 75
Rimatuu 88.3 — v * 65
Total 509.7 7 11 435

* indicates samples from motu included in StRucTURE genetic
analysis

and describe how introduced rats interact with the extant
seabird community. Genetic analyses are used to verify the
species and population structure of invasive rats.

METHODS

In July 2009, we visited each motu (Table 1) and
determined the species of rat present through a combination
of observation and snap-trapping (Victor Professional) by
the Société d’Ornithologie de Polynésie. Identification of
rats in the field used morphological traits, particularly the
dark stripe of fur on the outer hind feet, which is present
on R. exulans, but absent from R. rattus. Sex, body-weight,
head-body length, tail length and reproductive condition
were all recorded, and a 5 mm tail or paw tissue sample
stored in 70% ethanol for genetic analyses. In January
2010, motu where we had not previously trapped rats
were revisited and ten waxtags (Pest Control Research)
were placed overnight in order to verify previous negative
trapping results.

Genomic DNA was extracted using a high salt
extraction. Cytochrome C. oxidase subunit 1 (COI) was
amplified using the following primers (Meyer 2004):
dgL.CO-1490 (5°-3") GGT CAA CAAATC ATAAAG AYA
TYG G, and dgHCO-2198 (5°-3”) TAA ACT TCA GGG
TGA CCA AAR AAY C. using standard PCR protocols.
Six microsatellite markers characterised for R. norvegicus
but suitable for other Rattus species were used: D19Mit2,
D7Rat13, D15Rat77, D10Rat20, D20Rat46, D16Rat81
(Jacob et al. 1995). Each forward locus primer was tailed
with M13 at the 5° end and a nested PCR was performed
which included a fluorescent dye-labeled M13 primer
(Schuelke 2000). PCR was performed in 10 pl volumes,
containing 1 pg DNA, 0.1 pM of the M13-tagged primer,
0.1 uM of the other primer, and 0.1uM of the fluorescent
dye-labeled M13 primer, and 0.2 uM of each dNTP, 1
unit 7aq polymerase, and 1x reaction buffer with 1.5 mM
MgCl,. For each locus, annealing temperature was at 55°C
for 30 cycles, followed by 10 cycles at 50°C to incorporate
the fluorescent dye in the PCR product. PCR products were
run on an ABI 3730 (Applied Biosystems). Amplification
size was scored using GENEMAPPER V.4.

We used STRUCTURE v.2.3.1 (Pritchard ez al. 2000) to
identify the number of clusters, k, for both species of Rattus.
We only included motu where more than one rat was caught.
We implemented the admixture model without priors of
sampling location, with correlated allele frequencies and
a burn-in of 50,000 and MCMC chain of 200,000, with
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five iterations for each of k=1, ..., m + 1 (m = the total
number of motu in the analysis). For each motu we used
ARLEQUIN v.3.1 (Excoffier e al. 2005) to estimate F  with
1000 permutations to estimate p-values. Microsatellite
variation across the atoll was displayed visually with a
principal components plot of the log posterior genotype
probabilities (Russell et al. 2010). All motu with five or
more captures were deemed reference populations, so each
individual has a multi-dimensional coordinate consisting
of its log posterior genotype probability for each reference
population.

To investigate possible source populations for the
recently arrived R. rattus we obtained tissue samples
from four other major atolls in the Society Islands (atoll,
sample size; Tahiti, 2; Moorea, 2; Huahine, 1; Raiatea 4)
and compared these with four individuals from Tetiaroa.
Complete cytochrome b (cyt b) was amplified using
primers L14723 (5’-ACC AAT GAC ATG AAA AAT CAT
CGT T-3) and H15915 (5’-TCT CCATTT CTG GTT TAC
AAG AC-3’), and in addition we amplified a further 758 bp
at the 3’ end of the cyt b gene comprising two tRNAs and a
partial D-Loop region (Tollenaere et al. 2010). Polymerase
chain reactions (PCR) were performed in a 25 pl total
volume containing: 2 pl of extracted DNA, 0.5 ul of each
primer (10 pm/ul), 200 pM of each dNTP, 1 ul BSA (10
mg/ml), and 1.25 U of FastStart Taq DNA Polymerase in
the appropriate 1x Buffer with MgCl, (Roche Diagnostics).
Samples were subjected to an initial denaturation at 95 °C
for 4 min, followed by 35 cycles of denaturation at 94 °C
for 45 s, annealing at 55 °C for 45 s, and extension at 72
°C for 1 min, with a final extension phase at 72 °C for 10
min.

All Tetiaroa tissue specimens are lodged as part of the
“Moorea Biocode project” (JR-2009-01 to JR-2009-78)
(Check 2006).

Seabird distribution for each motu was determined
from presence of the most abundant species, generally on
the lagoon side, in July 2009.

RESULTS

Rats were detected on all motu except Tahuna Rahi
(Table 1). On Aie and Tahuna Iti rats were not trapped but
were subsequently verified at low density with waxtags
and presumed to be R. exulans based on seabird presence
and rats present on neighbouring motu. Rattus exulans
inhabited all rat-invaded motu, whereas R. rattus were
only found on the north-west chain. Rattus exulans were
often observed throughout the day on motu with and
without R. rattus, while R. rattus were never observed.
Only one juvenile R. exulans was trapped on Onetahi as
the concurrent rat eradication program during our trapping
had substantially reduced rat numbers, while R. rattus
were neither trapped nor observed on Onetahi but had
been previously recorded. In January 2010, R. rattus and
R. exulans were both widespread though not abundant on
Onetahi. R. exulans were observed in abundance in the late
afternoon on Hiraanae and Oroatera but were not trapped.
Morphologically R. exulans were within the normal range
but R. rattus were particularly large (Table 2). All three

colour forms of R. rattus were found. Most rats caught
were reproductively active adults, as indicated by enlarged
testes in males and uterine scars and/or embryos in females.
At least 18% of rats trapped were missing part of their tails,
but with no clear pattern regarding sex or species.

Genetic samples were obtained from all rats trapped
and were used to verify species and the extent of gene-flow
across key water barriers (Fig. 2). COI barcoding results
were compared to sequences of Rattus species available on
Genebank. Rattus exulans on Tetiaroa aligned with those
from the Pacific region (Robins et al. 2008), and R. rattus
aligned with those from French Polynesia and the Pacific
region (Robins ef al. 2007). In our STRUCTURE analysis, we
only included motu where more than one rat was caught (m
=3, n =35 for exulans, m = 5, n =36 for rattus). Our three
sufficiently sampled R. exulans motu were isolated from
one another (> 1.5 km), well outside the known swimming
range of R. exulans (Russell et al. 2008). STRUCTURE
found relatively equal support for £ = 1 or 3. Support
was marginally stronger for £ = 3 but with much greater
variances on estimated probabilities, which increasing
simulation length did not alter. F_ values for R. exulans
were significantly different among all three motu (Table 3).
Rattus rattus were sufficiently sampled from five adjacent
motu (< 500 m), predominantly around two major adjacent
water-crossings, within the known swimming range of R.
rattus (Russell et al. 2008). STRUCTURE found equal support
for all of k= 1,...,6. F_ values for R. rattus averaged less
than 0.1 between motu, and were generally significantly
different only between motu not adjacent to one another
(results not shown). Allelic diversity was markedly different
between the two species. Across the atoll, R. exulans loci

o Ratfis axulnns

s Ralfiaf rathm

Fig. 2 Trapping locations and genetic sample sizes
(excluding Onetahi) for rats on Tetiaroa (R. rattus/R.
exulans).

Table 2 Average morphological measurements of adult Rattus exulans and R. rattus on Tetiaroa.

Species Sex n Weight (g) Head-body length (mm) Tail length (mm)
R exulans M 10 77 (53-97) 150 (126-162) 163 (151-176)
' F 13 61 (48-70) 139 (114-149) 150 (132-163)
R, rattus M 9 240 (200-308) 214 (202-228) 243 (215-268)
) F 14 192 (133-272) 206 (194-221) 233 (210-257)
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Table 3 F. values (3 d.p.) between Honuea, Reiono
and Rimatuu for Rattus exulans.

F, Honuea Reiono Rimatuu
Honuea 0

Reiono 0.120* 0

Rimatuu 0.141* 0.167* 0

* significant at p < 0.01 (1000 permutations).

were characterised by long consecutive runs of two base
pair microsatellite repeats, although any given motu would
have a subset of these allele lengths. The mean number
of alleles per locus globally was 9.2 (range 4 — 16). In
contrast, across the atoll, R rattus loci were characterised
by limited allelic diversity, and any given motu would
include most of the globally available allelic diversity. The
mean number of alleles per locus globally was 4.4 (range
3 — 6). Principal components analysis of microsatellite
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Fig. 3 Principal component analysis of log posterior
genotype probability between individuals of (a) Rattus
exulans and (b) R. rattus. Motu of capture has been
overlaid.
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log posterior genotype frequencies among individuals
supported our STRUCTURE results, with evidence of strong
differentiation in R. exulans populations (Fig. 3a), but only
weak differentiation in R. rattus populations (Fig. 3b).
Rattus rattus did tend to align along the direction of their
invasion front originating at Onetahi, with neighbouring
motu at the lower right and more distant motu at the upper
left (Fig. 3b), possibly coinciding with patterns in genotype
frequency drift from serial founder events. Only one cyt
b/D-loop haplotype was found among the 13 rats from five
different atolls in the Society Islands (Genbank sequence
HQ588111).

Colonies of small seabirds such as noddies (Anous
stolidus) and terns (Onychoprion fuscatus and Thalasseus
bergii) were only found on small motu where R. exulans
was the only species of rat present (Fig. 4). Larger seabirds
such as frigatebirds (Fregata minor and F. ariel) and boobies
(Sula leucogaster and S. sula) could breed in the presence
of either species of rat (Fig. 4). For all seabirds, every
reproductive stage (adults incubating eggs, juveniles and
small chicks) was present, except for the small number of
Onychoprion lunatus for which we only noted the presence
of two juveniles. Since most of these species breed all-year
round, numbers may differ at other times of the year.

DISCUSSION

Dominance of R. exulans by R. rattus has been
widespread on islands of the Pacific (see Atkinson 1985).
The relatively recent arrival of R. rattus on Tetiaroa
provides an excellent opportunity to study how the
process of domination proceeds. Rattus rattus successfully
established in the presence of R. exulans, although how
much of a detrimental effect this has had on incumbent R.
exulans populations remains an open question. On Tetiaroa,
R. exulans persist on even very small motu with R. rattus. In
contrast, on McKean Island (49 ha) in the Phoenix Islands,
a 2001 invasion of R. tanezumi appears to have completely
replaced the incumbent population of R. exulans (Pierce
et al. 2006). On Tetiaroa, the invasion by R. rattus over
R. exulans has little positive benefits for the wider island
community given that R. rattus is the more damaging
invasive species (Jones ef al. 2008). In New Zealand, R.
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Fig. 4 Distribution of abundant seabirds on Tetiaroa
(2009).

lﬁ Rac-foated booby fe Crasted fom

! Browmn hoohy = Znodytem

121



Island invasives: eradication and management

rattus dominates over R. exulans and populations only
co-exist on islands larger than 100 ha (Russell and Clout
2004), although data are lacking for smaller islands, and
mis-identification may be possible. In the tropics, however,
introduced rats appear able to co-exist on smaller islands,
and with less negative effect upon one another.

Our genetic results are constrained by small sample
sizes, which limits our inferences. Nonetheless, the patterns
of allelic diversity, sequential pair-wise mutations, and
clustering in R. exulans are congruent with the hypothesis
of a single historically large and diverse population (k =
1), either prior to introduction to Tetiaroa or on Tetiaroa
but with regular gene-flow between motu. More recently,
R. exulans on different motu have become isolated (k =
3), and the patterns of allelic diversity we observed are
generated by a combination of genetic drift and our sample
sizes, where in either case allelic diversity becomes a
subset of the original global population. This change in
dynamics is likely to have arisen when heavy use of the
atoll by Polynesians ceased around the start of the 20%
century. The limited allelic diversity in R. rattus suggests
only a small number of founders, although probably more
than one (the ‘single pregnant female’ hypothesis; Miller
et al. 2010). Presuming R. rattus arrived in Onetahi and
then subsequently invaded the north-west chain through
isolated invasion events, we would expect to see a signature
of sequential founder events (Clegg ef al. 2002). However,
given the rapid invasion of the entire north-west chain in the
1970s, only weak evidence for sequential founder events,
and poor discrimination among the number of clusters, it
is most likely that R. rattus form a single meta-population
with regular gene-flow by swimming across the north-west
chain. The entire north-west chain must be considered
as a single eradication unit for R. rattus (Robertson and
Gemmell 2004, Abdelkrim et al. 2005).

Despite a small channel crossing (tens of metres), R.
exulans are apparently absent from Tahuna Rahi. This is
likely a result of the complete inundation of the previously
larger Tahuna Rahi prior to its reformation as the current
nearby smaller motu (e.g., Sachet and Fosberg 1983).
On Tahuna Rabhi, the absence of rat gnaw on pandanus
(Pandanus tectorius) and coconut (Cocos nucifera) nuts
was a good indicator of rat absence, although it was not
guaranteed when rats were also at low density such as
on Aie or Tahuna Iti. Rattus rattus on Tetiaroa were
particularly large, and with relatively short tails compared
to body length. Both species of rat most likely benefit from
the abundance of fallen coconuts that they open, and the
presence of enhanced nutrient inputs under large seabird
colonies.

Identifying a local source population for the recent
R. rattus invasion of Tetiaroa was not possible due to a
lack of haplotype variation among introduced R. rattus of
the Society Islands. This lack of variation is most likely a
consequence of the sequential invasion of R. rattus across
the Pacific, meaning genetic diversity was already relatively
homogeneous once R. rattus arrived in eastern-most French
Polynesia. Populations of R. rattus in the Society Islands
are likely to share a common single invasion ancestry.

Tahuna Iti is a stronghold for breeding seabirds, resilient
to R. exulans which have probably been present for some
time (Thibault 1976). Seabirds on Tahuna Iti are jointly
threatened by R. rattus invasion and human disturbance
from eco-tourism operating from Papeete since the late
1980s. The vegetation on the five smaller islets (< 10
ha) has important value as these islands were not heavily
planted in coconut trees. Reiono and Tahuna Iti have the
highest ecological value for their intact flora and avifauna
respectively. Eradicating R. exulans from Reiono should
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allow seabirds to recolonise, creating an ‘insurance policy’
against seabird disturbance on Tahuna Iti, and mitigating
disturbance in other parts of the atoll. The risk of rats
reinvading the rat-free Reiono and Tahuna Rahi unit is low
given their isolation (1150 m).

Although Tetiaroa appears generally pristine due to
uninhabitation, the ecosystem is degraded by introduced
species. Introduced rats limit the distribution of seabirds,
where Tetiaroa is their last stronghold in the Society
Islands. Introduced plant species on Onetahi and Rimatuu
are naturally spreading (Sachet and Fosberg 1983, Butaud
2006). New invasions continue, such as a small but
growing number of red-vented bulbuls (Pycnonotus cafer)
observed on Tahuna Iti and Rimatuu in the last few years
(Butaud 2006), and a pair of common mynas (Acridotheres
tristis) observed on Onetahi in January 2010. In both cases
colonisation was likely by self-dispersal from Tahiti or
Moorea. Eradication of small populations of plants and
birds before they become established should be considered
a priority management action. Other species are likely
arriving unnoticed (e.g., insects). Ongoing biosecurity
quarantine and surveillance is required.
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Abstract The Oahu elepaio (Chasiempis ibidis), an endangered forest bird endemic to the Hawaiian island of Oahu,
is threatened by nest predation from alien ship rats (Rattus rattus). Rat control has been implemented in several areas
to reduce nest predation, but success of most control programmes has not been assessed previously. We evaluated
responses of elepaio to rat control at six sites from 2000-2009; determined cause(s) of poor performance at some sites;
and recommended ways to improve elepaio conservation through adaptive management. Rats were controlled during the
elepaio nesting season with snap traps and bait stations containing 0.005% diphacinone. Rat control resulted in overall
improvements in elepaio fecundity (50%), female survival (10%), and population growth (18%), but efficacy varied
among sites, and performance was related to effort. Elepaio continued to decline at some sites despite rat control. Control
programmes performed well at three sites where frequency of management and density of bait stations and traps were
higher. Performance was compromised at two sites by infrequent or irregular access. At two sites with sparse elepaio
populations, efficacy may have been reduced by patchy distribution and low density of bait stations and traps. Increasing
the frequency of management and density of traps and bait stations should improve performance, and the scale of rat
control should be expanded at all sites to keep pace with elepaio population growth. Alternative management strategies
also should be investigated, including broadcast application of rodenticide, use of large-scale trapping grids to create

predator-free mainland islands, construction of predator-proof fences, and restoration of native tree species.

Keywords: Hawaii, Chasiempis ibidis, ship rat, Rattus rattus, predation, productivity

INTRODUCTION

Introduced predators are widely recognised as one of the
most serious threats to island species worldwide (Blackburn
et al. 2004), and the ship rat Rattus rattus is perhaps the
most pervasive alien predator, particularly of island birds
(Jones et al. 2008; Drake and Hunt 2009). Predator control
is often used as a means of alleviating predation, and
though not always effective (C6té and Sutherland 1997),
it has been extremely important in conservation of several
species of endangered Pacific island birds (Robertson et
al. 1994; O’Donnell et al. 1996; Moorhouse et al. 2003).
Assessing the effectiveness of predator control, including
performance of control methods and response of the desired
species is crucial for achieving success and improving
conservation efforts through adaptive management (Innes
et al. 1999; Choquenot and Parkes 2001; Armstrong ef al.
20006).

The Oahu elepaio (Chasiempis ibidis) is a territorial,
non-migratory monarch flycatcher endemic to the
Hawaiian island of Oahu (VanderWerf 1998). Elepaio also
occur on the islands of Kauai and Hawaii, but the forms on
each island recently were split into separate species based
on morphological, behavioural, and genetic evidence
(VanderWerf 2007; VanderWerf et al. 2009; Chesser ef al.
2010). The Kauai elepaio (C. sclateri) and Hawaii elepaio
(C. sandwichensis) are fairly common (Scott et al. 1986),
but the Oahu elepaio is listed as endangered under the
U.S. Endangered Species Act (USFWS 2006) and by the
State of Hawaii. The Oahu elepaio has declined rapidly
over the past few decades and now occupies only 4% of
its presumed prehistoric range (VanderWerf et al. 2001).
In the 1990s, island-wide population of Oahu elapaio was
estimated as about 1,980 birds (VanderWerf et al. 2001),
but it has declined since then. The distribution of elepaio
is highly fragmented, with six relatively large populations
estimated at 100 or more birds and numerous small relicts
with just a few birds (Fig. 1).

Artificial nest experiments with remote cameras have
revealed high predation rates in Oahu elepaio habitat, with
ship rats as the most common nest predator (VanderWerf
2001). Some elepaio also die from avian poxvirus (Poxvirus

avium) and probably from avian malaria (Plasmodium
relictum; VanderWerf et al. 2006), but nest predation is
a more serious threat (VanderWerf 2009). Elepaio are
mostly confined to areas protected from development, but
degradation of forest habitat by invasive alien plants and
feral ungulates is an ongoing threat in much of their range.
There may be occasional predation on adult elepaio by
feral cats (Felis catus). Because recently fledged elepaio
sometimes leave the nest before they can fly well and
spend time on or near the ground (VanderWerf 1998), they
are vulnerable to predators such as feral cats, small Indian
mongoose (Herpestes auropunctatus), and feral pigs (Sus
scrofa).

A rat control programme using snap traps and bait
stations with diphacinone, which began in 1996 in the SE
Koolau Mountains in an effort to stop elepaio population
declines, has proved to be an effective means of increasing
nest success and survival of breeding females (VanderWerf
and Smith 2002; VanderWerf 2009). Based on this
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Fig. 1 Oahu elepaio distribution and study site locations.
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success, rat control has been implemented in several areas
on Oahu by multiple agencies and organisations (USFWS
2006; VanderWerf 2007; U.S. Army 2009). However, the
success of most control programmes has not been assessed
previously. In this paper we: 1) evaluate response of
elepaio to rat control programmes at six sites and compare
efficacy among sites; 2) determine cause(s) of poor
performance at some sites; and 3) make recommendations
for improving elepaio conservation efforts through adaptive
management.

METHODS

Study Sites

Rat control and elepaio monitoring have been conducted
at seven sites on Oahu that encompass different portions
of the species’ current range (Fig. 1). Work began at the
SE Koolau site in 1996, followed by addition of Schofield
Barracks and Ekahanui in 2000, Makaha in 2005, Moanalua
in 2006, and Palehua and Waikane in 2007. Sizes of the
study sites ranged from 32-117 ha, and density of elepaio
also varied (Table 1). Some sites contained many elepaio
territories that were closely spaced (southeast Koolau,
Ekahanui, Palehua, Moanalua), but in others elepaio were
more sparsely distributed, with gaps between territories
(Makaha, Waikane). The SE Koolau and Schofield sites
consisted of multiple sub-sites comprising adjacent valleys.
Habitat in the study sites was wet or mesic forest, with
average annual rainfall ranging from 980 mm at Palehua
to 3750 mm at Waikane. Average elevation ranged from
180 m in the SE Koolau to 730 m at Schofield. All sites
were dominated by alien plants, particularly strawberry
guava (Psidium cattleianum), christmasberry (Schinus
terebinthifolius), and kukui (Aleurites moluccana), but
some sites, particularly Ekahanui and Moanalua, also
contained a substantial amount of native vegetation. In
some cases a portion of each site was monitored but not
managed due to staffing constraints and was used as a
control in which elepaio demographic rates were measured
in the absence of rat removal. Because the SE Koolau site
has been monitored longest and managed most consistently
(VanderWerf 2009), information from that site was used as
a benchmark for comparison with other sites.

Rat Control

Rats were controlled at each site using a combination of
trapping and toxicants. Eaton’s bait blocks (J.T. Eaton Inc.,
Twinsburg, Ohio, USA) or Ramik mini-bars (HACCO
Inc., Randolph, Wisconsin, USA) containing 0.005%
diphacinone were placed in tamper-resistant Protecta plastic
bait stations (Bell Laboratories, Madison, Wisconsin, USA)
to shield them from rain and to reduce the risk of poisoning
non-target species. Bait stations were secured in trees at
least one metre off the ground to restrict access by dogs
(Canis familiaris) and feral pigs. During each check, up
to 454 g (16 oz) of bait were added to each station and any

spoiled bait was removed. Application of diphacinone bait
was conducted in compliance with U.S. Environmental
Protection Agency registration numbers 61282-26 and
56-42 and special local need registrations HI-940001, HI-
960005, and HI-980008. Victor Professional rat snap traps
(Woodstream Corp., Lititz, Pennsylvania, USA) were used
to augment the control, allow identification of rat species
present, and provide a measure of relative rat abundance.
Traps were tied to trees or rocks to prevent scavengers from
removing them but were not covered. Traps were counted
as having caught a rodent if hair or tissue was stuck to the
trap, and traps were cleaned with a wire brush after each
capture to remove evidence of previous captures.

Rat control commenced in late December or early
January each year, about one month before the elepaio
nesting season, and ended after the last known nest either
fledged chicks or failed, usually in late May or June. From
two to four bait stations and two to four snap traps were
deployed in elepaio territories known to contain a breeding
pair, and sometimes in territories of single males, but not
in gaps between territories. Traps and bait stations were
deliberately concentrated in sections of each territory
known to have been used habitually for nesting, if such
information was available. Elepaio territory size varies with
habitat structure (VanderWerf 2004) and ranged from 1.0-
2.0 ha among sites. Variation in elepaio population density
and territory size lead to unintended variation in density
of traps and bait stations among sites (Table 1). Traps and
bait stations were checked and rebaited weekly in most
cases, but in some areas the frequency of maintenance was
lower (Table 1). At Schofield Barracks, access sometimes
was restricted by military training, resulting in either less
frequent maintenance or maintenance of only portions of
the study area. Waikane was also visited less consistently,
due to staffing limitations and difficulties in accessing the
site during wet weather. The effect of effort on performance
of rat control was investigated with a multiple regression
analysis using number of rats caught per trap per visit as the
dependent variable, and three measures of effort (number
of visits, density of traps, and density of bait stations), as
independent variables.

Elepaio monitoring

Elepaio were monitored on weekly visits to each territory
during the nesting season, usually in conjunction with
maintenance of traps and bait stations, and occasionally in
other months outside the nesting season. Elepaio territories
were identified using song playbacks and spot-mapping
(VanderWerf et al. 2001; VanderWerf 2004). Some elepaio
at each site were captured with mist-nets and marked with
a metal leg band and a unique combination of three plastic
coloured leg bands to facilitate monitoring. A total of 152
elepaio were banded at all sites combined, including 124
males and 28 females. The sample of females was smaller
because they responded less aggressively to playbacks and

Table 1 Summary of rat control effort and performance by site. Number of bait stations and traps are the maximum used

in any year at that site.

Study Site Size Max. Territories To.tal # bait D(?nsity of bait  Visits per A\:erage Average.r?ts/
(ha) managed stations/ traps stations/ traps /ha year bait take  trap/visit
Palehua 329 19 37/37 1.1/1.1 13.3 22% 0.12
Moanalua 117.1 29 87/174 0.7/1.5 16.5 11% 0.12
Ekahanui 31.9 27 68/124 2.1/3.9 16.8 17% 0.07
SE Koolau 73.2 47 71/79 1.0/1.1 15.4 17% 0.11
Schofield 64.2 24 95/178 1.5/2.8 4.6 46% 0.22
Waikane 39.6 7 32/64 0.8/1.6 5.5 38% 0.27
Makaha 88.6 13 39/72 0.4/0.8 14 18% 0.19
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were more difficult to capture. Nests were searched for
and monitored, and counted as successful if they fledged
at least one chick. Elepaio fecundity was measured as the
number of fledglings produced per pair each year.

Annual survival of adult elepaio was estimated using
multi-state mark-recapture models in program MARK,
with birds grouped by sex, and separate states for rat
control and no rat control. Sample sizes were too small to
estimate survival at each site individually, but sites were
divided into two groups based on whether elepaio numbers
were stable or increasing (Ekahanui, Moanalua, Palehua)
or declining (Schofield Barracks, Makaha, Waikane).
Juvenile survival was estimated by enumeration, which
is simply the proportion of surviving birds, because few
juvenile elepaio have been captured on Oahu (n = 6).
VanderWerf (2009) provides more detail on use of mark-
recapture models to estimate elepaio survival.
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The finite rate of elepaio population growth, or lambda,
was calculated for each site using a simple formula from
Pulliam (1988): A= Adult survival + (fecundity x juvenile
survival). Values of lambda > 1.0 indicate population
increase, those < 1.0 indicate decline, and a value not
different from 1.0 indicates no change. Annual survival of
females was used for adult survival because it was lower
than survival of males and thus limited population growth
(Kilpatrick 2006). All values are reported as mean + SE
unless otherwise noted.

RESULTS

Rat Control

Performance of rat control varied among sites, and this
was due, at least in part, to variation in effort (Table 1). At
sites where bait stations and snap traps were maintained
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Fig. 2 Rat trapping rate over time at each study site. Each line represents a different year. Trapping rate failed to decline
at Schofield, Waikane, and Makaha due to infrequent management or lower density of bait stations and traps.
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more frequently (Palehua, Moanalua, Ekahanui, SE
Koolau), rat abundance declined after 30-40 days and
usually remained low thereafter (Fig. 2). In contrast,
at sites that were maintained less often or irregularly
(Schofield, Waikane, Makaha), rat abundance fluctuated
over time and often failed to reach the low levels observed

Table 2 Regression of rat control effort measures on
performance. Number of visits was most closely related
to performance.

at other sites. Similarly, average bait take and rat trapping  Measure of Effort T p-value
rate were lower over the entire season at sites with regular  Number of visits -5.22 <0.001
management (Fig. 3). Rat abundance and performance  pg.it station density -1.84 0.08
of rat control also varied among years at most sites, even Trap densit 0.76 045
at sites where control effort was consistent among years P Y
(Fig. 3). Only at Moanalua was rat abundance consistently
low each year. Multiple regression confirmed that rat
100% - - - 0.40
90% 1 Ekahanui - Palehua - 0.36
80% A - T - 0.32 =
L 70% - L - L 028 S
o 60% - - - 024 &
8 50% A - - 020 E
5 40% - Ny L0162
T 30% - - 012
20% -ﬂ I‘I h -1 - 0.08
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Fig. 3 Annual variation in bait take and rat trapping rate at each study site. Values for each site are averages over the
entire season. Bait take and trapping rate were lower at sites where density of traps and bait stations were higher and

that were maintained more often.
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Fig. 7 Oahu elepaio breeding pair numbers at six study
sites over time.

abundance was related to control effort (F,,, = 11.13, p <
0.001, R?=45.1%), and further revealed that the number of
visits on which traps and bait stations were maintained was
most important in reducing rat numbers (Table 2; Fig. 4).
Density of bait stations had a weaker relationship with rat
abundance, and, surprisingly, trap density was not related
to rat abundance.

Elepaio monitoring

Productivity of Oahu elepaio was about 50% higher
with rat control (0.75 + 0.04 fledglings per pair per year)
than without (0.52 £ 0.11; F, , .= 4.04, p=0.04), in all sites
and years combined. However, productivity was lower at
some sites, and rat control was less effective at some sites
(Fig. 5).

Annual survival of adult female Oahu elepaio was 10%
higher with rat control (0.84 £ 0.05) than without (0.74 £+
0.09). Survival of males was less affected by rat control
(0.88 with £ 0.02 vs. 0.85 = 0.03 without), presumably
because only females attend the nest at night, when rats are
most active. Annual survival of adults was 3-6% higher
at sites where elepaio numbers were stable or increasing
(Ekahanui, Palehua, Moanalua) than at sites where elepaio
were declining (Schofield, Makaha, Waikane). This
difference in survival was evident with (5-6%) and without
(3-4%) rat control, indicating there was some difference
among sites that was not corrected by rat control. Annual
survival of juvenile elepaio was 0.33, but this estimate was
based on a very small sample.

Elepaio population growth was about 18% higher
overall with rat control (1.09 £ 0.05) than without (0.91 +
0.09), but performance varied among sites and growth was
not positive in all cases (Fig. 6). Observed trends in elepaio
numbers (Fig. 7) generally agreed with demographic
calculations; elepaio numbers grew at sites where lambda
was > 1.0 and declined at sites where lambda was < 1.0.

DISCUSSION

Rat control was generally effective at reducing predation
on Oahu elepaio nests. Overall rates of elepaio productivity
(0.75 £ 0.04), female survival (0.84+0.05), and population
growth (1.09 £ 0.05) were substantially improved by rat
control, and were similar to those found in a longer-term
study in the SE Koolau Mountains (0.69 + 0.05, 0.82 +
0.05, and 1.07 + 0.04, respectively; VanderWerf 2009).
Rat control continues to be an effective management tool
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for Oahu elepaio and is the cornerstone of the recovery
strategy for this species.

However, rat control did not perform equally well at all
sites, and at some sites elepaio numbers declined despite
rat control. Performance of rat control was affected by
multiple factors, including frequency of management,
density of bait stations, relative size of the managed area, and
prevalence of other threats such as disease. Management
at some sites should be continued using current methods,
but at other sites improvements are needed and alternative
management strategies should be investigated.

At Palehua, Ekahanui, and Moanalua, rat control
performed well and elepaio numbers grew in response.
No changes are necessary to methods used at these sites at
this time, except that the scale of rat control programmes
must expand to keep pace with elepaio population growth
to allow continued recovery. The area managed at these
sites included most or all of the elepaio in the area, and
this contributed to their success. At the SE Koolau site, rat
control performed well, but elepaio numbers continued to
decline despite a lambda value > 1.0 (VanderWerf 2009).
This apparent paradox arose because the SE Koolau study
site encompassed only a fraction of the largest remaining
elepaio population on the island (VanderWerf et al. 2001),
allowing some young birds to disperse into adjacent
unmanaged areas that acted as sinks. The study site served
as a “pseudo-source” from which elepaio emigrated even
though there was little surplus. Ratcontrol mustbe expanded
at this site to reduce the edge effect or elepaio numbers will
continue to decline until source-sink equilibrium is reached.
At Palehua, Ekahanui, and Moanalua, this situation can be
avoided if rat control is expanded as necessary each year
so it continues to encompass most of the growing elepaio
population.

Effectiveness of rat control was compromised by lower
effort at Schofield, Waikane, and Makaha. Inadequate
frequency of management was the most serious limitation,
but low density bait stations also may have contributed
to poor performance. Diphacinone is a first-generation
anticoagulant, and rats must consume bait for several
consecutive daysin order to ingesta lethal dose. If frequency
of management is not sufficient to ensure an uninterrupted
supply of bait or if the distance between stations is larger
than rat home range size, then rat control will be difficult.
A minimum of 10 visits appeared necessary to achieve
effective control using diphacinone bait stations (Fig. 4),
but this may vary among sites and years depending on rat
abundance. In Hawaii, label requirements for diphacinone
use for conservation purposes specify that bait stations
should be spaced at an interval of 25 to 50 metres, and this
was adhered to within territories at all sites, but the overall
density of bait stations was lower at Waikane and Makaha
because there were large gaps between some territories.
Density of snap traps was less important than density of
bait stations, suggesting bait stations played a larger role in
controlling rodent numbers, at least over the range of trap
densities used in this study.

At Schofield Barracks, although the density of bait
stations and traps was high, frequency of maintenance was
low and irregular due to access restrictions imposed by
military training, and this compromised efficacy of the rat
control programme in some years. Frequency of access was
highest in 2009, when rat control was also most effective
(Fig. 3). The effect of rat control appeared to be lower at
Schofield than at other sites, but this may have been an
artefact of the compromised control programme. Elepaio

territories were categorised each year as either having or
not having rat control, but in reality the distinction between
these treatments at Schofield was less clear because
irregular trapping and bait station maintenance only led to
partial suppression of rat abundance. Access to Schofield is
unlikely to improve in the long-term, so achieving effective
control with diphacinone bait stations may continue to
be problematic, and pursuit of an alternative approach is
warranted. Coincidentally, a two-year window is available
from 2010-2011 during which more regular access will be
possible, and plans are underway to construct an ungulate
fence around a 1000 ha area encompassing most of the
elepaio population at Schofield Barracks, as well as 16
endangered plant species and multiple small populations
of the endangered tree snail Achatinella mustelina. Once
feral pigs are removed from the fenced area, aerial or
hand broadcast of rodenticide may be possible, which
would require fewer visits to achieve effective rat control
and potentially could protect a larger portion of the
population.

The rat control programme in Waikane also suffered
from infrequent and irregular maintenance, but this was due
to difficultly in accessing the site via a rough road during
wet weather, and occasionally to staffing limitations. Steep
terrain and deep ravines also limited placement of bait
stations and traps, and made it difficult to place them in
proximity to nest trees, and the location of some nests was
unknown. More frequent maintenance and higher density
of bait stations may have improved results, but the low
number of elepaio at this site made it less cost-effective to
manage, and it was discontinued in 2009.

At Makaha there were no restrictions on access and
bait stations and traps were maintained frequently, and
the number of stations and traps deployed in each elepaio
territory was similar to other sites. However, because
elepaio at Makaha were sparsely distributed with large
gaps between breeding pairs, bait stations and traps
were less uniformly distributed and their density was the
lowest of any site. Bait take and trapping rates were high
but failed to decline, probably due to reinvasion by rats
from intervening gaps. Prevalence of avian poxvirus was
particularly high in Makaha and nearby areas (VanderWerf
et al. 2006), and it is possible increased mortality from
disease counteracted any improvement achieved through
predator control. Deploying bait stations and traps in a
more uniform pattern over the whole valley might improve
performance, but would be less cost-effective because so
few elepaio remain (three pairs). Management of this site
was discontinued in 2010 in order to focus efforts on other
areas.

Although rat control has been effective, alternative
management techniques are worth investigating in order
to provide a more comprehensive conservation strategy.
Most Oahu elepaio nest in alien trees that bear fruit or
nuts attractive to rats, not because elepaio prefer these
plant species, but rather because they are the dominant
plants in areas where elepaio remain (VanderWerf 2009).
Restoration of native trees that are less attractive to rats
would benefit elepaio by providing safer nest sites and
may be a means of reducing the need for rat control. If
alien trees are removed, simultaneous reforestation with
native species would minimise any disruption of nest
site availability and foraging habitat. In order to achieve
meaningful recovery at a landscape scale, predation must
be managed over larger areas. This has been achieved
in several areas of New Zealand through construction of
predator-proof fences and permanent eradication of rats
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and other predators, and use of large predator control grids
to create predator-free “mainland islands” (Clout 2001;
Dilks ef al. 2003; Parkes and Murphy 2003; Saunders and
Norton 2001).
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Attempting to eradicate invasive Gambian giant pouched rats
(Cricetomys gambianus) in the United States: lessons learned

G. W. Witmer' and P. Hall?
"United States Department of Agriculture, Animal and Plant Health Inspection Service, Wildlife Services, National
Wildlife Research Center, 4101 Laporte Avenue, Fort Collins, CO, USA, 80521-2154. <Gary.W.Witmer@aphis.usda.

gov>. ?United States Department of Agriculture, Animal and Plant Health Inspection Service, Wildlife Services, 59
Chenell Drive, Suite 7, Concord, NH, USA 03301.

Abstract Gambian giant pouched rats (Cricetomys gambianus) are native to Africa, but they are popular pets in the
United States. They caused a monkeypox outbreak in the Midwestern United States in 2003 in which 72 people were
infected. A free-ranging population became established on the 400 ha Grassy Key in the Florida Keys, apparently after
a release by a pet breeder. This rodent species is known to cause extensive crop damage in Africa and if it reaches the
mainland US, many impacts, especially to the agriculture industry of Florida, can be expected. An apparently successful
inter-agency eradication effort has run for just over three years. We discuss the strategy that has been employed and some
of the difficulties encountered, especially our inability to ensure that every animal could be put at risk, which is one of
the prime pre-requisites for successful eradication. We also discuss some of the recent research with rodenticides and
attractants, using captive Gambian rats, that may help with future control and eradication efforts.

Keywords: Bait station, Florida, inter-agency project, rodent, traps, zinc phosphide, human attitudes

INTRODUCTION

Introduced omnivorous rodents have endangered or
eradicated numerous native species on islands where the
rodents have few or no predators (Moors and Atkinson
1984; Veitch and Clout 2002; Engeman et al. 2006;
Witmer et al. 1998). For example, most seabirds that
nest on islands have not evolved to deal with mammalian
predation and are very vulnerable to introduced rodents and
other species introductions. In response, there has been a
concerted worldwide effort to eradicate introduced rodents
from uninhabited islands, often successfully (Howald et
al. 2007). These efforts have relied heavily on the use of
rodenticides (Howald et al. 2007; Witmer et al. 2007a).
While eradication is generally the preferred management
approach to an invasive vertebrate species (e.g., Panzacchi
et al. 2007), in some situations, sustained control is the only
viable option (Parkes 1993; Parkes and Murphy 2003).

Native to Africa, Gambian giant pouched rats or
Gambian rats (Cricetomys gambianus) are an invasive
species on the island of Grassy Key, Florida (Engeman et
al. 2006). Gambian rats shifted from a domestic pet to
invading species after a suspected release by a pet breeder
(Perry et al. 2006). Because of their large size (i.e., up to
1 m in length and 2.8 kg in mass; Kingdon 1974), Gambian
rats pose a serious threat to native species (e.g., particularly
nesting species) and agricultural crops (Fiedler 1998),
especially if they rats invade mainland Florida where there
is intensive agriculture (Peterson et al. 2006). Gambian
rats also transmit disease and in 2003 were implicated
as facilitators of a monkeypox outbreak that infected 72
people in the Midwestern United States (Enserink 2003).

In this paper, we describe an attempt to eradicate
Gambian rats from the Florida Keys, USA. The United
States Department of Agriculture, Wildlife Services (WS)
initiated eradication and detection efforts in the Florida
Keys, but trapping the sparse population of Gambian rats
after a rodenticide baiting operation required a lengthy
period of time. Trapping is commonly used as part of
eradication efforts for carnivores (e.g., Bloomer and Bester
1992, Ebbert 2000, Nogales ef al. 2003) and feral ungulates
(Campbell and Donlan 2005; Lowney et al. 2005), but
rarely for small rodents. However, long-term trapping
efforts have successfully removed some large-bodied,
invasive rodent populations including nutria (Myocastor
coypus) and muskrats (Ondatra zibethicus) in the United
Kingdom (Gosling and Baker 1989) and nutria at the
Blackwater National Wildlife Refuge in Maryland USA

(Kendrot and Sullivan 2009). Other efforts to eliminate
invasive rodents with trapping have been less successful
(e.g., Carter and Leonard 2002; Panzacchi et al. 2007).
The effort on Grassy Key has been a collaboration of
WS, Florida Wildlife Commission (FWC), Florida Parks,
United States Fish and Wildlife Service (FWS), and the
South Florida Water Management District (SFWMD) and
was designed to copy the successful eradication of ship rats
(Rattus rattus) from Buck Island in the U.S. Virgin Islands
(Witmer et al. 2007a).

ERADICATION AREA

Grassy Key is a part of the Florida Keys, which extend
from the southern tip of Florida and curve south and
westward into the Gulf of Mexico. Most of the islands
are connected by the major highway, U.S. Highway 1,
so the islands are not truly isolated. Grassy Key is about
400 hectares and of very low relief (< 2 m above mean
sea level). The substrate is coral and the water table is
very near the surface so that there is often standing water in
some areas. The vegetation consists of a mixture of native
and invasive species (Long and Lakela 1971; FNAI 1990)
including various species of mangroves, palms, Australian
pine (Casuarina equisetifolia), Brazilian Pepper (Schinus
terebinthifolius), and numerous ornamental plant species.
Periodic tropical storms and hurricanes damage vegetation
and structures, and flood many areas. There are about 300
private residential properties on the island, the majority of
which are < 1 ha in size. In total, these properties comprise
about 40% of the island area.

METHODS

In 2006-07, WS conducted Gambian rat distribution
surveys on Grassy Key, using cage traps and motion-
sensitive cameras. Gambian rats were found over much
of the island with the exception of some areas of standing
water. Surveys on other islands of the Florida Keys did not
reveal any Gambian rats. Two animals were radio-collared
and monitored for about a week, during which time they
ranged at least 60 m per day. The survey and movement
data served as the basis for the spacing of a bait station grid
over the entire island. In the “core area” (residential areas
known to support relatively large numbers of Gambian
rats), we used a 40 by 40 m grid spacing, whereas, in other
areas, we used a 50 by 50 m grid spacing (Fig. 1). The
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Fig. 1 The grid of bait stations used in the Gambian giant
pouched rat eradication attempt, Grassy Key, Florida. US
Highway 1 runs the length of the island.

SFWMD hired private contractors to cut trails through
dense vegetation in order to establish the grid and provide
access to bait stations. GPS units were used to assist with
the establishment of a symmetrical, consistently spaced
grid of approximately 1000 bait stations over the 400 ha.
Six private properties, totalling about 2 ha in area, did not
allow access by WS personnel.

WS conducted preliminary rodenticide bait trials, using
wild-caught animals maintained in pens, with a variety of
commercial baits, including several anticoagulants and a
zinc phosphide (ZP)-grain mix. The ZP bait seemed the most
efficacious, resulting in 100% mortality in a short period of
time (generally a few hours or less) after consumption of
a few grams of the bait in a single feeding session. The
final bait formulation consisted of mostly peanut butter
with some horse sweet mix (mainly grains and molasses),
and enough ZP concentrate to result in an active ingredient
concentration of 2%. This mixture formed a paste that
could not be readily removed from the bait stations, thus
reducing the risk of non-target animal exposure to the
bait. WS also designed a bait station that allowed access
by Gambian rats, but seemed to prevent access by most
non-target raccoons (Procyon lotor) , opossums (Didelphis
virginiana), cats (Felis catus) and dogs (Canis familiaris),
based on remote camera surveillance (Fig. 2).

Fig. 2 Bait station designed and used in the Gambian giant
pouched rat eradication attempt on Grassy Key, Florida.
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The large number of bait stations relative to staff
available precluded filling and monitoring of all bait stations
in less that several days. Hence, WS used a “rolling front”
strategy whereby the island was divided longitudinally into
zones. Bait was applied to one zone at a time, moving from
east to west. The operation started with a 3-day pre-baiting
period in which grain mixed with peanut butter was placed
in the bait stations to get Gambian rats used to entering
the bait stations for food. Next, ZP bait was placed and
maintained in the stations during late May and early June
2007.

Before, during, and after the baiting session, cage traps
and remote cameras were also used to detect and remove
individual Gambian rats. If a Gambian rat was detected by
one ofthe cameras, several cage traps were set in the area and
nearby bait stations were filled with the ZP bait. Captured
rats were euthanased by gunshot to the head. When non-
target animals (raccoons, opossums) were captured in a
cage trap, they were released on a nearby island as directed
by the FWC. This reduced non-target mortalities and
cage trap interference which was reducing the efficacy of
trapping the target species. Any ship rats, another invasive
rodent in Florida, captured were euthanased.

An additional baiting session was conducted in
September 2007, in the same manner as previously
described along with intensive trapping in those areas
still inhabited by Gambian rats. Additionally, a different
formulation of the ZP bait was used (no peanut butter,
but with cantaloupe oil added) and WS switched from
baiting cage traps with peanut butter to cantaloupe fruit.
These changes were made because it was believed that the
remaining rats might not be attracted to the previous baits
used in bait stations and cage traps.

For many species of rodents, an eradication can be
considered successful if intensive, periodic surveys do not
reveal any individuals of the target species for two years
(Witmer et al. 2007b). This did not happen in the first 2.5
years after the initial eradication effort, despite 280 cage
traps and 80 remote cameras being used in the subsequent
“mop-up” effort.

RESULTS

Within a few days, the field crew could smell
decomposing carcasses in some areas, even though no
carcasses were found on the surface during field work.
However, camera surveillance soon made it clear that
some Gambian giant pouched rats remained after the main
baiting effort in May-June 2007.

Captures of Gambian rats steadily declined from
September 2007-2009. Between May and August 2008
only 19 Gambian rats were caught. A hurricane before this
period may also have killed numerous individuals. After
several months of no captures, an adult female Gambian
rat was captured in September 2009. She was radio-
collared and found to rarely leave a 1 ha private property
that WS was not permitted access to during the eradication
programme. Of the six private properties that WS did not
have access to, five were < 0.2 ha and one, of about 1 ha,
was where the last Gambian rat was caught and radio-
collared. Intensive trapping was conducted around these
properties throughout the eradication effort. While these
areas were only about 2 ha of the 400 ha island, they may
be an important contributor to the protracted eradication
effort. We believe that the radio-collared female is now
dead as her radio-signal location has not changed from a
limestone structure on the property for over 6 months. An
intensive two-week trapping and camera session in June
2010 using 300 cage traps and about 40 remote cameras
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did not reveal the presence of any Gambian rats. WS is
working with the FWC to establish a quarterly monitoring
schedule for the next two years.

Evidence of the potential for emigration from Grassy
Key towards mainland Florida emerged during the
eradication. In 2008, a single, dead (presumably vehicle-
killed) Gambian rat was reported along a highway in
Islamorada, on Upper Matecumbe Key. WS confirmed
that the dead animal was a Gambian rat. This Key is
about 33 km east of Grassy Key and about half way to the
mainland of Florida from Grassy Key. The Key is linked to
Grassy Key by multiple bridges, some of which are several
kilometres long. Cage traps and motion-sensitive cameras
were set in a grid in the area and operated for several days
after the carcass was discovered. No further Gambian
rats have been detected on Upper Matecumbe Key and
its origins remain unclear. This example illustrates the
need for a good bio-security system if we are to prevent
invasions by foreign species and their spread from infested
areas (Broome 2007).

Additional research has been conducted with wild-
caught Gambian rats from Grassy Key at the WS’ National
Wildlife Research Center in Fort Collins, Colorado, and
has identified other potential attractants (Witmer et al.
2010a) and rodenticides (Witmer ez al. 2010b) for use in
future efforts with invasive Gambian rats wherever they
may show up. Hopefully, the invasive rodent eradication
effort on Grassy Key will end with the complete removal
of all Gambian giant pouched rats, if any still remain on
the island.

DISCUSSION

Recent intensive trapping and camera monitoring
suggests that eradication has been achieved, but it will take
additional monitoring to verify success. We found that,
despite extensive eradication and detection efforts by WS
in the Florida Keys, detecting and trapping the presumably
few remaining Gambian rats on Grassy Key proved
difficult. We know that getting the last few individuals
in an eradication effort is often the most difficult part of
the project and is virtually impossible if there are refuges
available that protect some individuals from the eradication
technology. Hence, a 99% success in an eradication attempt
generally means the operation has failed. Some of the
following factors may have contributed to the protracted
effort Grassy Key.

Lack of data on the target species. Most rodent
eradications deal with species of Rattus and Mus.
Compared with these, relatively little was known about the
biology and ecology of the Gambian rats on Grassy Key
before we started the eradication project. While a rapid
response to a newly discovered invasion is necessary for
achieving a successful eradication before wide dispersal
and establishment, it is important to understand the species
and its use of its new environment. Published literature
on Gambian rats is sparse and unpublished and/or obscure
sources in Africa are not readily available to us in the
United States except for informative websites maintained
by persons keeping exotic pets. Time and funds permitting,
the Gambian rats on Grassy Key should have been more
intensely studied before the eradication effort. If Gambian
rats ultimately survive this eradication effort, aspects of
their behavioural ecology should be studied that will enable
better design of an eradication strategy.

Adequate funding and resources are essential to
successful invasive species eradication. We faced funding
and staffing limitations from the start. We often worked on
a “shoe string” budget which made planning and execution

ofthe project difficult at best. There were times when funds
and field staff were not available for a period of time during
the eradication. At times, we functioned with one person
in the field. Efficient planning and use of funds and staff
help with these conditions, but cannot totally overcome the
problem. Eradications require contingency planning and
quick actions after unexpected occurrences or situations —
these responses require adequate funds at hand.

Public cooperation and universal land access for
operators are crucial to an invasive species eradication
effort. Meeting with landowners is very important to
help gain their trust and cooperation. Taking a list of
predetermined talking points to public meetings can be
very useful because proposed residential eradication
attempts will draw much attention from the public and
media. In the case of Grassy Key, most property was
privately owned. While most landowners cooperated with
the eradication effort and allowed access to their property,
some did not, thereby causing a violation of the most
important pre-requisite for successful eradication: that
there be no refuges where individuals can avoid detection
and removal. The last remaining Gambian rats seem to be
associated with the six inaccessible properties. Based on
limited radio-telemetry data, it appears that those Gambian
rats found all they needed (food, water, shelter) on a single
property and rarely left it. Because these few properties
were small in size (< 1 ha), our recourse was to place cage
traps (and in some cases, bait stations) around the perimeter
of those properties with the hope that we would remove all
the Gambian rats over time. Needless to say, this required
a focused effort by our limited staff to check traps, process
animals and re-set traps each day over an extended period.

Some property owners support invasive rodent rat
eradication, but do not want rodenticide (i.e., toxicants)
used on their property. Understandably, there is a general
distrust of the use of chemicals in the environment by some
individuals which hindered our effort in a few cases. In
these situations, as with property owners refusing access
to their properties, we had to use labour-intensive cage
trapping over an extended period of time.

Human attitudes often cause unexpected problems for
invasive species control in inhabited areas. On Grassy
Key, some local residents maintained feeding and watering
stations for feral cats. These resources mightunintentionally
support Gambian rats and other invasive species. Some
people will also spring cage traps, damage or remove traps,
or let captured animals loose. In our operation, over 100
cage traps were stolen or destroyed. As well as the waste of
WS funds and effort, once an animal has been in a trap and
then turned loose, it may become trap-shy and difficult to
capture in future attempts. All these activities can reduce
the chances that eradication will succeed.

Severe weather (e.g., tropical storms) on tropical
islands is often unpredictable and can hinder eradication
efforts. On Grassy Key, Hurricane Katrina damaged
vegetation and transect access, disrupted cages, and caused
a power outage during part of the eradication operation.
Meeting such a challenge requires contingency planning
activities and extra resource commitment, and prolongs
the eradication project and increases its cost. On the other
hand, it is often important to incorporate seasonal weather
conditions into the eradication process to take advantage
of, for example, periods when migratory birds are not
present or when natural food resources for rodents are
scarce so that the rodents will be attracted to rodenticide
baits or baited traps.

When there is an unexpected leap or dispersal event
of the localised invasive species during an eradication,
resources have to be diverted to investigate it. This
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happened when a dead Gambian rat was discovered miles
and islands away from Grassy Key. WS sent staff from the
Grassy Key operation to investigate the incident. Several
days were spent setting up remote cameras and cage
traps. No other Gambian rats were detected or captured
and the effort was ended with staff returned to resume the
eradication effort on Grassy Key.

While this is not meant to be a complete list of
complications that arose during our eradication effort,
it might remind operators and others of some common
difficulties. Finally, while those involved in eradication
efforts should be positive in their efforts, they should not
prematurely assume or voice a positive outcome before it is
achieved. Detection and “mop-up” of the last individuals
after an eradication effort can be the most difficult part of
the entire operation. Eradications of an established invasive
species are difficult at best and not to be undertaken by the
weak of heart!

CONCLUDING COMMENTS

Invasive vertebrates are a serious threat to human
resources, health and the environment. Efforts to prevent
introductions, control, or eradicate these invasive species
are warranted and should continue. However, Parkes
(1993) noted that “management that is not inclusive of
pests, resources, people, and their interactions usually
fails.” Good collaboration between federal, state, and local
governmentsis essential, as is consultation with stakeholders
to ensure the support and cooperation of landowners and
to minimise sabotage of the project. Increased public
education should help prevent future introductions and
encourage rapid reporting, resulting in early response to
the invasion. Increased funding (based on risks, hazards,
and priorities) is essential to combat the threat of invasive
species in the United States and worldwide.
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Abstract Many invasive rodents have become established in the United States and its territories. The species include
several species of Rattus, house mice (Mus musculus), Gambian giant pouched rats (Cricetomys gambianus), ground
squirrels (Spermophilus parryii), nutria (Myocastor coypus) and marmots (Marmota caligata). These rodents have
caused serious impacts to native flora and fauna, agriculture, and other resources. Since the early 1990s, agencies have
been eradicating rodents from various islands, primarily for conservation purposes. Of about 40 eradication attempts, 22
(55%) appear to have succeeded. For several islands, however, it is too early to determine if the attempted eradication
has been successful or not. In the case of failed eradications, rapid re-invasion by rodents from nearby islands may be
the reason. Numerous additional eradications are planned. We review the eradications, both successful and unsuccessful,
that have occurred in the United States. Most eradications involved the use of the anticoagulant rodenticides diphacinone
and brodifacoum. Rodenticides have been applied by hand-broadcast, bait station deployment, and aerial broadcast. We
briefly review the strategies and methods used in eradication projects and the efforts to mitigate potential non-target and

environmental impacts.

Keywords: Rattus, rodent, rodenticide

INTRODUCTION

Introduced rodents pose a serious threat to the native
flora and fauna of islands (Moors and Atkinson 1984;
Veitch and Clout 2002; Engeman ef al. 2006). Rodents can
be prolific on islands where they have few or no predators.
Their omnivorous foraging has led to the endangerment
or extinction of numerous island species (Moors and
Atkinson 1984; Witmer ef al. 1998; Veitch and Clout 2002;
Engeman et al. 2006,). Most seabirds that nest on islands
have not evolved to deal with mammalian predators and
are very vulnerable to introduced rodents and other species
introductions. There has been a concerted worldwide
effort to eradicate introduced rodents from islands with
numerous successes (Howald et al. 2007). These efforts
have relied heavily on the use of rodenticides (Howald et
al. 2007; Witmer ef al. 2007c). In this paper, we review
the strategies and methods used and success with rodent
eradications from islands in the USA. We also provide the
first comprehensive list of attempted eradications.

INVASIVE RODENT INTRODUCTIONS AND
DAMAGE

Many species of terrestrial vertebrates have been
introduced into the United States and its territories (Witmer
et al. 2007b; Witmer and Fuller 2011). The most common
introductions are the commensal rodents, which have been
widely introduced around the world (Long 2003). They
include: Norway (Rattus norvegicus), ship (R. rattus),
and Pacific (R. exulans) rats and two subspecies of house
mouse (Mus m. musculus, M. m. domesticus). Other
non-native rodents that have been introduced include
nutria (Myocastor coypus, Carter and Leonard 2002) and
Gambian giant pouched rats (Cricetomys gambianus;
Engeman et al. 2006). Species native to the mainland and
introduced to some islands include Arctic ground squirrels
(Spermophilus parryii, Ebbert and Byrd 2002) and hoary
marmots (Marmota caligata, United States Department
of Interior 2010). It is possible that there have been
undocumented introductions of other native rodents (deer
mice, Peromyscus spp., and voles, Microtus spp.) to some
islands for research purposes. Long (2003) reviewed the
many rodent introductions around the world.

Rodents were introduced to islands for a variety of
reasons and by various pathways. Most arrived accidentally
as a result of shipping, shipwrecks and inadvertently

landed with stores by landing parties. Some, possibly
including hoary marmots, were introduced as a source of
subsistence food for people. Other species, such as Arctic
ground squirrels, were introduced as a food source of foxes
that were introduced to islands for fur harvest. Nutria
were introduced to numerous states and islands for the fur
industry. Gambian giant pouched rats were introduced
indirectly as escapes from the pet industry (Long 2003;
Engeman et al. 2006).

Several types of damage have been caused by rodent
introductions to the United States (Hyngstrom ef al. 1994).
A major impact is harm to native flora and fauna, including
species endangerment and extinction with implications for
ecosystem structure and function. In some cases, such as
in the Hawaiian Islands, there has been substantial damage
to agriculture, including crops in the field and stored foods.
Rodents are also responsible for disease hazards such as
plague and monkeypox (Meerburg et al. 2009).

PLANNING CHALLENGES

Planning and conducting a successful invasive rodent
eradication from islands poses many challenges and
should not be undertaken without a thorough commitment
and adequate resources. The basic tenets of a successful
eradication are: all individuals must be put at risk; animals
must be removed faster than they can reproduce; and the
risk of immigration must be zero (Parkes and Murphy
2003).

An eradication attempt that is 99% successful can
ultimately result in 100% failure. Because of the large
commitment of resources and public funds in eradication
efforts, the potential for failure should be minimised. At
times, as was the case with the giant Gambian pouched
rat population in the Florida Keys, there was inadequate
knowledge about the ecology of the invasive species in its
newly invaded “habitat” (Witmer and Hall2011). Obstacles
to success can include inadequate funding and public
support. Many people are sensitive to — or even strongly
opposed to — the use of chemicals and lethal methods on
public lands. People and non-target animals may disturb
or damage traps or bait stations. Refused access to
properties can be an impediment to eradication. People
may provide food and water outdoors for pets or for feral
cat colonies that then becomes available to the invasive
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rodents. Monitoring rodent populations when they are at
low density is problematic. This presents the difficulty of
detecting a newly-arrived invasive rodents or completing
the final (and necessary) “mop-up” operation to get the last
few rodents in an eradication effort. These issues make the
achievement of a successful invasive rodent eradication a
real challenge, especially in inhabited areas.

Agency reports and some personnel communications
suggest that early eradication attempts in the USA involved
relatively little planning or situation evaluation. In recent
years, there has been more extensive planning, more pre-
eradication monitoring of invasive rodent populations
and potential non-target animals (especially threatened
or endangered species), and increased efficacy testing of
methods and rodenticides. Additionally, environmental
assessments are now completed to assure that the proposed
action is justified, in compliance with state and federal laws
and regulations, and that the hazards to the environment
and non-target animals will be minimal or adequately
mitigated. Public involvement and support are usually
incorporated as well. The steps involved in planning and
implementing a robust eradication strategy with a high
probability of success involves:

Preliminary monitoring and research
Feasibility of eradication

Regulatory compliance

Public information and communications media
Public support

Technical assistance and operations

Planning

Logistics

Procurement of equipment and other services
Monitoring and research

Staff recruitment and training
Implementation

Contingency planning

Follow up monitoring

Implementation of a bio-security plan

RODENT ERADICATIONS

We learned of 40 rodent eradication attempts in the
United States and its territories (Table 1), some of which
were on clusters of islands (e.g., Midway Atoll, Anacapa
Islands, Bay of Islands). Most historic attempts were not
well documented, so some may have been overlooked. The
list is considerably longer than one presented by Howald
et al. (2007), mostly because of an increase in the rate of
attempts in recent years (e.g., 12 since 2004).

Of the 40 attempted eradications, 22 (55%) were
successful (Table 1). For some failed attempts, it is difficult
to know if the eradication failed or there was a relatively
rapid reinvasion. This can be the case when target islands
are near others that still have rat populations capable of
natural dispersal. This was recently documented by Russell
et al. (2005) in which case a radio-collared Norway rat
swan 400 m from one island to another. This ability of rats
may have affected eradication success in the Bay of Islands
(Dunlevy and Scharf 2007). Molecular genetics have
become a powerful indicator of whether the reappearance
of rodents has been in response to a failed eradication or
a subsequent re-invasion. For example, analyses of rat
DNA on Congo Island suggests that rats found on the
islands shortly after an eradication attempt were probably
survivors, not invaders (Antoinette Piaggio pers. comm.).
The 2-year rule of thumb is frequently applied after
eradications: if no rodents are detected for the following 2
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years with relatively intensive monitoring, the eradication
can be considered successful (Howald ez al. 2007; Witmer
et al. 2007¢).

Just over half (about 55%) of the islands were less than
20 ha. Some larger islands have been cleared of rats in
recent years (e.g., Rat Island; 2900 ha). Aerial broadcast
baiting has allowed the larger islands to be attempted more
efficiently. Now that many of the methods and logistics of
conducting island rodent eradications in the United States
have been worked out and numerous successes achieved,
we can probably expect more successful eradications.
Planning for other island rodent eradications is already
under way.

Approaches to Rodent Eradications

About 27 island eradications (67.5%) of rodents in
the United States used the first generation anticoagulant
diphacinone (0.005% active ingredient). In contrast,
worldwide island rodent eradications most commonly used
the second generation anticoagulant brodifacoum (Howald
et al. 2007). Only nine eradications on islands (22.5 %)
in the United States used brodifacoum (0.0025% active
ingredient). In at least two cases, both diphacinone and
brodifacoum were used and in a few cases bromethalin
or bromadialone were used, but only in conjunction with
brodifacoum. Currently, the USDA Animal and Plant
Health Inspection Service (APHIS) has two rodenticides
registered with the United State Environmental Protection
Agency (EPA) for island conservation purposes: one
formulation of diphacinone pellets and two formulations
of brodifacoum pellets (Witmer ef al. 2007c¢).

Most eradications (about 75%) used bait stations,
often in conjunction with some hand broadcasting of
baits. Hand broadcasting was usually in cliff areas and/
or dense vegetation thickets. In recent years, there has
been a trend towards aerial broadcast of rodenticide
pellets from helicopters, using calibrated buckets and GPS
guidance systems to help assure complete island coverage
(Howald et al. 2005). The APHIS rodenticide registrations
for conservation uses have allowed this to become more
commonplace.

Reducing Non-Target Species Hazards

Rodenticide use poses risks of primary hazards through
direct consumption and secondary hazards through the
consumption of poisoned animals. Substantial efforts are
made to minimise the loss of non-target animals which
are often the resources that eradications of rodents aim to
protect. On many islands, the risks to non-target mammals
from rodenticide use are non-existent or very low because
there are few, if any, species of native terrestrial mammals.
The main safeguard for the safe use of rodenticides in
conservation efforts is carefully following the EPA-
approved label instructions for the product. Other basic
considerations include the rodenticide product used; when,
where, how and how much of it is applied; cleaning up
spills promptly; and not using rodenticides in areas where
there are highly valued or protected wildlife, as determined
by pre-operation monitoring.

Other mitigation measures used in island eradication
efforts are often selected on a case-by-case basis. The
timing of bait application (especially with broadcast
baiting) may be done after migratory birds have left the
island to reduce their chance of direct or indirect exposure
(Howald et al. 2005). Bait pellets can be large enough
to help assure that they will not be consumed by small
granivorous birds and pellets coloured dark green or blue
can reduce their visibility to birds and lizards. Specially-
designed bait stations can be used to restrict access by non-
target species (e.g., Witmer ef al. 2007a).
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Table 1. Invasive rodent eradications in the United States with question marks denoting projects that need additional

monitoring to confirm a successful eradication.

Species: e = Rattus exulans, r = R. rattus, n = R. norvegicus, m = Mus musculus, C. = Cricetomys gambianus,

y = Myocastor coypu.

Toxins: brod = brodifacoum, brom = bromethalin, broa = bromadialone diph = diphacinone, zinc = zinc phosphide.
Methods: b = bait stations, h = hand broadcast, t = traps, a = aerial broadcast, sn = snares, sh = shooting.

Status: Y = successful, F = failed, R = reinvasion

Region Island 1?;;;' Spp Year Erad. Toxin Method Status Reference
Pacific Ocean

Rose Atoll, American Samoa 6 e 1990-92  brod, brom b, t Y  Murphy and Ohashi 1993

Palmyra I., Line Islands 230 2001 brod b F  Howald et al. 2004

Cocos 1., Guam 33.6 e, m 2009 brod, diph b,t, h Y? Lujan pers. comm.

Midway Atoll Spit & Easter. 134+ 1994.95  brod,brom 1, Y  Murphy, unpubl.

Kure Atoll, HI 105 e 1993 brod, brom t,b Y  Murphy, unpubl.

Mokoli’i I., HI 1.5 r 2002 diph t,b Y  Smith ez al. 2006

Mokapu L., HI 4 e 2008 diph a Y  Dunlevy pers. comm.

Lehua I., HI 125 e 2009 diph F  Dunlevy pers. comm.

Anacapa Is. (3), CA 296 r 2001-02  brod a,h Y Howald et al. 2005
Bering Sea

Ratl.,, AK 2900 n 2008 brod a Y Howald pers. comm.

Bay of Islands, AK (12 1) ?71é n 2003 diph b,h Ig?i{f Dunlevy and Scharf 2007
Caribbean Sea

Monito I., PR 15 r 1993, brod, broa b,h o b Garcia et al. 2002

’ 1998-99 ’ ’ 2ny

Steven Cay, USVI 0.8 r 1983 diph h Y  Pierce pers. comm.

Dog Cay, USVI 4.8 r 1983 diph h Y  Pierce pers. comm.

Kalkun Cay, USVI 1.4 r 1982 diph h Y  Pierce pers. comm.

Ruth Cay, USVI 14 r 2007 none t Y? Pierce pers. comm.

Green Cay, St. Croix, USVI 5.2 r 2000 none t Y? Pierce pers. comm.

Buck I., St Croix, USVI 727 r 1999-00 diph b, h Y  Witmer et al. 2007a

Dutchcap Cay, USVI 129 r 2004 diph b, h Y  Pierce 2007

Saba I., USVI 123 r 2003 diph b, h Y  Pierce 2007

Capella 1., USVI 9 r 2005 diph b, h Y  Pierce 2007

Buck 1., St. Thomas, USVI 16.8 r,n 2005 diph b, h Y  Pierce 2007

Congo Cay, USVI 10.6 r 2004, 2006 diph, brod b, h both F Hall et al. 2006, Pierce 2007
Gulf of Mexico

Egmont Key, FL 112 2009 diph b, h Y  Hall pers. comm.

Grassy Key, FL 400 2007-cont zinc b, t F  Hall pers. comm.
Chesapeake Bay

Blackwater NWR 5200 y 2004 none t, sn, sh Y? Kendrot and Sullivan 2009

Raptors and/or scavengers have sometimes been taken
into captivity or temporarily relocated to reduce their
exposure to animals consuming the bait (Howald et al.
2005). Endemic species of rodents can be held in captivity
and a breeding colony can even be established. Collecting
and removing or burying rodent carcasses can reduce risks
of secondary poisoning, but often few carcasses are found
because many rodents die underground. If single aerial
broadcast-baiting with brodifacoum pellets is effective
for rodent eradication then that approach may reduce the
time bait is available to non-target animals versus repeated
placement of bait by hand or in bait stations or several
broadcasts. In the United States, generally two aerial bait
drops are used to help assure a successful eradication.
Valued or protected animals on some islands may require
that bait is not placed in some areas (e.g., enclosures or
pens); in these cases, invasive rodents are removed from
the bait-protected areas by the use of live-traps or other

means. Similar measures may also be instigated to protect
fresh water bodies from bait ingress. Extra diligence must
be exercised when threatened or endangered species are
present as these species are protected under federal and/or
state laws (e.g., Endangered Species Act, Migratory Bird
Protection Act).

In general, impacts to non-target species during
invasive rodent eradications should be considered in
terms of population-level effects, rather than the effects
to individuals, and in terms of the “greater good’ that is
achieved from a successful eradication. While there will
probably always be some losses of non-target animals,
proper precautions should minimise such risk and allow
for the rapid recovery of affected populations (Howald
et al. 2005). Those involved with successful invasive
rodent eradications on islands are often surprised at how
rapidly the island’s flora and fauna recover after rodents
are removed (Witmer ef al. 2007a).
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CONCLUSIONS

Seabird populations, sea turtle populations and other
island resources warrant protection from invasive rodents.
The recovery of fauna and flora on uninhabited islands
after a successful rodent eradication is particularly notable
(Witmer et al. 2007a). The significant impacts of introduced
rodents on native flora and fauna have been repeatedly
demonstrated. Invasive rodents are very adaptable, can
exploit a wide array of resources as food and cover, and
can increase reproduction very quickly when and where
abundant resources exist (Macdonald et al. 1999). While
invasive rodents will continue to pose challenges to land
and resource managers, they can be controlled or even
eradicated with a well-planned and adequately-supported
effort using rodenticides. With proper planning, non-target
losses will be minimal and these populations, along with
other island resources, will often recover quickly after the
rodents have been removed.
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New Techniques

New technologies planned, tested, and used for plant
and animal eradications; and new approaches to

eradications, such as dealing with multiple invasive
species.



Successful control of an incipient invasive amphibian: Eleutherodactylus
coqui on O‘ahu, Hawai'i
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Abstract A Puerto Rican icon, the coqui frog (Eleutherodactylus coqui) has quickly proliferated across the Hawaiian
Islands (Hawai‘i) since its introduction in the late 1980s. Shipping of goods, particularly commercial plants, provided
coqui with easy passage between islands. Coqui are now firmly established on the Island of Hawai‘i (Big Island) and
are the subject of early detection, eradication, and control activities on O‘ahu, Kaua‘i, Maui, and Moloka‘i. Hawai‘i
provides an ideal home for coqui; all the benefits of its tropical native range and none of its natural predators. Large coqui
populations threaten native arthropods and pose serious problems for the tourism and real estate industries. On O‘ahu,
coqui distribution is sparse; only one naturalised population has been documented, in the town of Wahiawa, between a
military base and a residential neighbourhood. A multiagency coordinated response resulted in successful eradication.
The agencies involved include the O‘ahu Invasive Species Committee, the Hawai‘i State Department of Agriculture, the
Department of Land and Natural Resources, and the U.S. Army Garrison Hawai‘i, collectively known as the Coqui Frog
Working Group (CWG). Four elements were essential to success: 1) a control method permitted by federal regulatory
agencies was known and available; 2) control crews were allowed complete access; 3) there was adequate funding for
the operation; and 4) the population was relatively small. After close to a decade of work, the Wahiawa population was
eradicated using a combination of habitat modification, nighttime citric acid vegetation sprays, and daytime citric acid
ground drenches. Wahiawa is the first such eradication documented in the State.

Keywords: Invasive alien species, Eleutherodactylus coqui, coqui, amphibian, alien species control, Hawai‘i, O‘ahu

INTRODUCTION

The Puerto Rican frog, Eleutherodactylus coqui, or
coqui, has become a major pest in the Hawaiian Islands
(Hawai‘i) (Hara et al. 2008). Initially reported in the late
1980s and early 1990s from isolated locations on the islands
of Hawai‘i (Big Island) and Maui, coqui rapidly spread
across the Big Island; coqui reached the island of O‘ahu
by 1998 and Kaua‘i by 2001 (Kraus et al. 1999; Kraus and
Campbell 2002). The horticultural trade is believed to be
the source of the original infestations, as well as the primary
means of dispersal within the State (Kraus ez al. 1999).
Kraus and Campbell (2002) documented several instances
of intentional dispersal by Hawai‘i residents, although this
accounts for only a small part of its spread. Worldwide,
introductions of coqui have been documented in various
Caribbean Islands, Guam, Florida, and other locations in
the mainland United States (Austin and Schwartz 1975;
Schwartz and Henderson 1991; Joglar and Rios-Lopéz
1998; Christy et al. 2007; Rodder 2009). Climate envelope
modeling by Rodder (2009) suggests that coqui could
thrive across almost all the world’s tropical landmass.

In 1999, Kraus ef al. considered that Hawaiian coqui
populations were small enough to be eradicated, but four
years later opined that this was now impossible (Kraus
and Campbell 2002). Although coqui were detected
just as populations entered logarithmic growth in 1997,
agencies were unsuccessful in halting its spread (Kraus and
Campbell 2002). Typically, new infestation sites in Hawai‘i
require only a year or two to establish growing populations
(Woolbright ef al. 2006). Coqui have been reported from
six of the eight main Hawaiian Islands (Fig. 1). Control
efforts are ongoing across the State and are detailed in
the draft Hawai‘i’s Coqui Frog Management, Research
and Education Plan (Anonymous 2008). Single calling
males heard on Moloka‘i and Lana‘i were removed and
both islands are considered coqui-free. Seven locations
on Kaua‘i had coqui; control efforts are ongoing at the
only naturalised population (Anonymous 2008). Across
Maui, coqui have been reported from 400+ sites. Most of
these were single frogs that have been removed. One site

(Honopou) similar in size to Wahiawa was deemed coqui-
free in July 2008 (Anonymous 2008, Radford pers. comm.).
The largest remaining naturalised site encompasses 91 ha
of steep gulch (Radford pers. comm.). On the Big Island,
managers feel that coqui eradication is no longer feasible.
Despite efforts by concerned communities and government
agencies, coqui are found in almost every lowland district.
In the Puna district alone, coqui have spread over 17,000
ha (Anonymous 2008).

On O‘ahu, most reported coqui locations have been at
nurseries or residences; all can be attributed to horticultural
or other cargo goods from the Big Island and are the focus
of localized control efforts. Wahiawa was the only known
naturalised population in a wild setting. In 2006, we
successfully eradicated the Wahiawa population (Fig. 1).
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Fig. 1 Eleutherodactylus coqui distribution in Hawai'i.
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We review the biology of coqui, their impacts in Hawai‘i,
and control methods. Our success can be attributed to four
factors: the small geographical size of the infestation, the
existence of tested control methods, the cooperation of
landowners, and consistent funding.

Coqui are small (30-52mm), cryptically coloured,
and easily overlooked (Schwartz and Henderson 1991;
Campbell 2000). Eggs are fertilised internally and undergo
direct development, with no tadpole stage and no need
for standing water (Townsend ef al. 1981; Townsend and
Stewart 1985). Coqui eggs are susceptible to desiccation
and are laid directly into protected nests, such as rolled
leaves on or close to the ground, which are then tended by
male frogs until several days after hatching, 17-26 days
(Townsend et al. 1981, Townsend 1989; Schwartz and
Henderson 1991). Coqui of all size classes thrive in wet
environments, although they can adapt to dry periods via
behavioural changes which reduce exposed skin surface
area (Rogowitz et al. 1999).

In Puerto Rico, coqui densities average 20,570
individuals per hectare, among the highest recorded for
any vertebrate, and provide a bountiful food supply for
spiders, other invertebrates, birds, frogs, and snakes
(Schwartz and Henderson 1991; Stewart and Woolbright
1996; Woolbright et al. 2006). Coqui hide in retreat or nest
sites during the day, becoming active at night, when they
call, mate, and feed in leaf litter, understory, and canopy,
consuming up to 114,000 arthropods per hectare in a given
night (Woolbright 1985; Stewart and Woolbright 1996).
The number of protected nest and diurnal retreat sites limit
population size (Stewart and Pough 1983). Males climb
1.5 — 3 m into the understory to make their characteristic
loud “co-qui”call, which is between 90-100 decibels at a
distance of 0.5 m (Narins and Hurley 1982; Rodder 2009).
Mating activity peaks in warm summer months; this is when
coqui presence is most obvious to observers (Woolbright
1985; Townsend and Stewart 1994). The unique biological
characteristics and fecundity of coqui highlight the need
for early detection and control.

In Hawai‘i, coqui population densities may be several
times higher than in Puerto Rico, with 28,000 to 89,000
frogs per hectare documented on the Big Island by
Woolbright et al. (2006) and 91,000 frogs per hectare
recorded by Beard (2008) at Manuka Natural Area Reserve.
These high densities are likely due to an abundance of
appropriate habitat, including retreat sites, and a lack of
predators. Dense Hawaiian populations are theorised to
consume proportionally higher quantities of prey than
Puerto Rican populations (Beard 2007). This raises alarm
in Hawai‘i, where a unique biota evolved over millions
of years, resulting in an extremely high rate of endemism
and an ecosystem susceptible to invasion by unconstrained
taxa (Loope and Mueller-Dombois 1989). Coqui target
the most abundant prey available. In lowland, alien taxa-
dominated ecosystems, they feed predominantly on non-
native Hymenoptera and Amphipoda, but avoid termites
and mosquitoes, common pests (Beard 2007). Native
arthropod families most susceptible to coqui predation in
the lowlands include Acarina, Coleoptera, Collembola,
and Diptera (Beard 2007). Snails are also consumed
by coqui, with approximately 12 endemic species
documented in coqui stomach contents (Beard 2007). This
is of considerable concern on O‘ahu, which has at least 52
species of endemic terrestrial snails, including 24 listed as
endangered by the federal government (USFWS 1999).

Currently, most coqui infestations are below 500 m
elevation, while most remaining native taxa are above 500
m. When coqui reach native-dominated landscapes, they
could have detrimental effects on under-surveyed endemic

invertebrate and gastropod communities. Coqui may also
compete for prey with native forest insectivores (birds,
insects, bats) at upper elevations (Beard and Pitt 2005).
Recent studies in Puerto Rico and Hawai‘i indicate that
coqui exhibit top-down ecosystem effects by increasing soil
nutrient availability. Hawaiian ecosystems are naturally
nutrient poor; generally, increased soil fertility favours
invasive species over native species, thus facilitating
additional invasion (Sin et al. 2008; Beard et al. 2002).

High densities of coqui could bolster numbers of
mongoose (Herpestes javanicus), a predator of native
birds, thereby indirectly increasing predation on native
avifauna (Kraus ef al. 1999; Beard and Pitt 2006). On the
Big Island, Beard and Pitt (2006) found that coqui formed
19% of mongoose diet, although another important bird
predator, the rat, consumed no coqui. These results are
consistent with findings in Puerto Rico.

At natural densities, the musical chorus of the coqui is
a beloved part of the Puerto Rican night. In Hawai‘i, high
densities of frogs create loud choruses which can exceed
noise pollution standards set by the State Department of
Health, affect residents’ sleep, depress real estate sales, and
impact tourism (Kaiser and Burnett 2006). The horticulture
industry is most seriously affected. Cleaning contaminated
nurseries and plants for safe shipping both intra- and inter-
State adds to the basic cost of business (Raloff 2003;
Kaiser and Burnett 2006). Perceptions of the frogs vary,
with a small group of residents welcoming coqui, while
others volunteer with control efforts (Kraus and Campbell
2002; Anonymous 2008).

STUDY AREA AND METHODS

Wahiawa coqui infestation site description

The infestation at Wahiawa (Fig. 2) was reported by a
resident in 2001, after a small backyard nursery business
unknowingly imported contaminated plants from the Big
Island. This property borders Schofield Barracks East
Range (SBE), which is managed for Army training by the
United States Army Garrison Hawai‘i (USAG-HI). Coqui
dispersed into SBE and neighbouring residences, eventually
colonising approximately 5.6 ha. The infestation site is a
patchwork of residences/yards, small gulches, and highly
structured, dense, alien forest. There are almost no native
Hawaiian taxa in the region. A multi-agency partnership
was established to develop a control strategy for Wahiawa
and O‘ahu in general. The Coqui Working Group (CWG) is
made up of the O‘ahu Invasive Species Committee (OISC),
the Hawai‘i State Department of Agriculture (HDOA), the
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Fig. 2 Wahiawa coqui infestation area.
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Department of Land and Natural Resources (DLNR), and
the USAG-HI, which includes the Directorate of Public
Works (DPW) and the O‘ahu Army Natural Resources
Program (OANRP). The Fish and Wildlife Service (FWS)
also assisted with initial response efforts.

To facilitate control, the Wahiawa infestation was
divided into six geographic treatment areas, or Sections
(Fig. 2). The size of the infestation changed over time,
requiring the creation of new Sections. Section boundaries
were chosen to take advantage of natural landmarks,
barriers, changes in terrain, and landowners. Small
areas of 0.4-1.3 ha were found to be logistically easy to
manage. Vegetation included canopy (>7 m) trees such
as FEucalyptus robusta, mid-level trees Citharexylum
caudatum, Clusea rosea, Psidium cattleianum, P. guajava,
and Schinus terebinthifolius, shrubs such as Clidemia hirta,
various heliconia and gingers, grasses Melinis minutiflora
and Urochloa maximum, and several climbing Araceae.
Excluding Section 3, private residences with reported coqui
were not included in Sections. Control was conducted
at these residences; data was tracked by address and is
grouped here under the heading Residences. The CWG
implemented an adaptive management plan emphasising
habitat modification and chemical sprays to control coqui.

Habitat modification

In general, habitat modification was implemented first at
each Section. Since coqui density is related to available nest
and retreat sites, removing these sites reduces the carrying
capacity of an area (Stewart and Pough 1983). Though
highly labour intensive, it also results in less surface area to
spray, facilitates the use of spray equipment (such as long
hoses), and speeds spray operations. In Sections 1, 1A,
and 4, habitat modification involved manual clearing and
chipping of all/most understory vegetation. Cut vegetation
was treated with triclopyr and glyphosate to prevent re-
growth. Chips were left on site and monitored for calling
frogs. Canopy trees and some understory were left in place
to discourage frog emigration. In Section 3, the landowner
bulldozed the area in preparation for building. This timely
coincidence eliminated all vegetation and coqui habitat. No
clearing was conducted on private residences or in Section
5. In Sections 1, 1A, 2, and 3, transects approximately
10 m apart were cleared and marked to facilitate sprays,
monitoring, and data tracking (Fig. 2). Before seasonal
spray operations began each year, the transects were
maintained and sprayed with herbicide. Transects in
Sections 1 and 1A were drivable (cleared with a bulldozer),
while those in Section 2 were accessible on foot.

Chemical sprays

Chemical sprays followed vegetation removal. The
United States Department of Agriculture’s (USDA) Animal
and Plant Health Inspection Service, Wildlife Service,
and National Wildlife Research Center tested a variety of
chemical coqui control techniques (Campbell et al. 2001;
Pitt and Sin 2004; Pitt and Doratt 2006). Citric acid, lime,
and caffeine were most effective against coqui (Pitt and
Sin 2004; Pitt and Doratt 2006). Due to permitting issues,
we opted not to use caffeine or lime (Pitt and Doratt 2005).
Only citric acid was sprayed at Wahiawa. During initial
spray operations, monitoring did not detect any significant
non-target effect to the arthropod community. Citric acid
at 16% solution is effective on all size classes of coqui
and reduces hatching rates, although humidity levels can
reduce efficacy in some cases (Doratt 2008). Citric acid
is not regulated by the Environmental Protection Agency
and is considered a minimum risk pesticide (Anonymous
2008). Frogs must be sprayed directly; citric acid residue
alone is not an effective control (Hara ez al. 2008). Two
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week intervals between citric sprays are recommended by
Beard to allow for hatching of any surviving eggs (Beard
and Pitt 2005). Beard also recommends spraying a given
area at least three times to achieve eradication. We aimed
to spray or monitor each Section two to three times per
calling season, roughly March through September. Sprays
fell into one of two categories, area drench or hot-spot.
Sprays were not conducted on rainy days.

Area drench spray, citric acid 16%

Typically, the first spray of a Section was an area drench
spray. From 2003 to 2005, night area sprays targeting active
frogs were conducted. A truck-mounted, motorised sprayer
with a 380 L tank, 2 cm diameter hose, and tee-jet spray gun
was used. Staffwalked or drove along the cleared transects
and sprayed at a rate of 53 L/min into the canopy, as high
as possible (5-7m), coating every surface in the understory.
Ground substrates were not intentionally saturated, except
via the large amount of runoff from vegetation above. Care
was taken to spray from multiple angles so as to achieve
deep penetration of vegetation. After 2006, we switched
to day drenches, targeting inactive frogs hiding in the leaf
litter. We upgraded to a motorised sprayer with a 1515 L
tank, 4 cm diameter fire hose, and brass adjustable fire
nozzle with a 95 L/min spray capacity. Staff walked or
drove along the cleared transects and drenched the ground
and understory to 1 m in height. Large volumes of citric
acid were applied; while hiding frogs are more difficult to
spray than active, moving frogs, the CWG theorised that
the high volume of spray would penetrate retreat sites.
Logistically, daytime drenches allowed staff to work longer
hours, treat more area, and reduce impact on residents.

Hot spot spray, citric acid 16%

Hot spot sprays focused on isolated calling males and
were conducted during mop-up operations, following
area sprays, and at private residences where area sprays
were inappropriate. Generally, at least two weeks passed
between initial treatment and mop-up. Working at night,
staff identified small areas, often less than 5 X 5 m, with one
or more calling frogs and sprayed the areas thoroughly. All
materials from the height of the calling frog to the ground
were drenched to the point of run-off. Both backpack
hand-pump sprayers (11 or 19 L capacity) and motorised
380 or 1515 L tank sprayers were used. Hot spot sprays
also treated females responding to calling males and any
sub-adults in the spray zone.

Hand capture

Hand capture is not effective in naturalised coqui
infestations, as non-calling females and juveniles are
much less likely to be caught than calling males. Hand
captures were conducted during initial work at Wahiawa
in 2001-2003 before other techniques became available,
opportunistically during monitoring trips, and at private
residences. Some private citizens with few calling frogs
preferred hand capture, as chemical sprays may result in
burned vegetation. The technique is simple but requires
time, skill, practice, and is most effective at night. Staff
identify the general location of a calling frog, circle the
calling perch to pinpoint its location, approach it from
the rear, and place a clear plastic tube around it. The frog
usually reacts by jumping into the tube. Captured frogs
were generally preserved in alcohol or frozen.

Audio monitoring

Mark-recapture is the only method shown to produce
precise estimations of coqui population density (Funk ez
al. 2003). Given the relatively small population size at
Wahiawa (125 calling males) and the goal of eradication,
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we opted for less rigorous audio survey monitoring. This
technique allowed us to establish presence/absence of frogs
year-round, note any trends in numbers of calling males,
identify locations of calling males and direct spray efforts
towards these locations. Ideal audio survey conditions are
temperatures above 17°C, relative humidity above 60%,
and recent rain. Evenings in Wahiawa often meet these
requirements. We surveyed during peak calling time,
between 5:30pm and 11:00pm. Staff walked through the
infestation, listening and recording the number of calls/
estimated number of callers heard in each Section. Calling
sites were mapped. Weather conditions were noted. Time
spent monitoring was not consistent. The same set of
observers typically conducted all audio surveys. Over the
inactive winter season, monitoring was conducted once a
month. Over the active summer season, monitoring was
conducted twice a month, with incidental observations
noted during control operations.

RESULTS

Successful eradication of coqui from Wahiawa required
consistent, repeated control (Tables 1 and 2). Eradication
took eight years, 2001 to 2008, although systematic control
efforts did not begin until 2003. Spraying was conducted
over five years, with two years of learning followed by
three years (2005-2007) of full-scale efforts. Each Section
was sprayed multiple times in a given year. The CWG
conservatively assumed that sprays, which require direct
contact of coqui with citric acid, would not necessarily
penetrate to all nest/retreat sites, necessitating multiple
treatments. Sprays were conducted for a full season after
the last calling frog was heard. The final project year,
2008, was dedicated solely to monitoring. Over the course
of control efforts, the infestation area increased five-fold.

At least two years of full-scale spray efforts, in
conjunction with habitat modification, were required to
achieve eradication in a given Section (Table 2). In the
longest-infested Sections (1, 1A, 2, 3), spray efforts took
four to five years, while in the shortest-infested Sections
(4, 5), they took just two years. This difference reflects
the steep learning curve of the CWG and the benefit of
rapid response. At Sections 4 and 5, sprays began months,
rather than years, after detection, allowing coqui less time
to establish.

The 2006 upgrade to a larger capacity sprayer greatly
reduced the effort required to treat a given area and
increased the area treated per unit time. For example, in
2005 staff sprayed 55.6 L/person hour, while in 2006 staff
sprayed 95.8 L/person hour. Note that person hours include
mixing and some transport time. High volume equipment
was vital in improving efficacy and facilitating thorough
coverage across the entire infestation.

Terrain strongly influenced the time and volume of
citric acid required for treatment (Table 2). At 0.6 ha,
Section 2 was one of the smallest Sections. However, it
required over three times the citric acid solution and person
hours needed in either Section 1 or 1A, which are both over
0.4 ha larger. Sections 1 and 1A were completely flat, easy
to clear, and easy to spray. Section 2 encompassed a small,
steep-sided gulch. Less habitat modification was conducted
at Section 2 as it was not possible to bulldoze transects, and
it was more difficult to spray into the canopy. Fortunately,
Section 5, which at 1.1 ha was twice the size of Section 2,
and in a gulch with limited road access, only had coqui in
four discrete locations and did not require treatment across
its entirety.

Population size estimates from 2001 through 2003 are
rough approximations, as data collection efforts were not
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Fig. 3 Changes in numbers of calling male coqui at
Wahiawa. Data prior to 2003 are excluded due to recording
inconsistencies. From 2007 to 2009, all visits recorded no
calling male coqui.

yet standardised. Although it appears that coqui numbers
increased from 2003 to 2004, despite control efforts, this
likely is an artifact of inconsistent monitoring and not a
true increase. However, between 2003 and 2005, numbers
of calling males decreased in Sections 1 and 1A, but
increased in Section 2, despite control. This again reflects
the importance of terrain and high volume equipment in
achieving efficient control.

After 2004, the number of calling males declined
dramatically, which coincided with a concerted effort to
conduct control on a regular, consistent schedule (Table 1).
After 2003, the CWG realised that a dedicated crew was
needed to accomplish the amount of control work required.
The seasonal crew hired in 2004, despite working through
logistical problems, demonstrated the efficacy of this
approach. With the addition of a permanent supervisor,
seasonal staff were able to treat the infestation multiple
times in a season (Table 2).

The number of calling males consistently declined
throughout the treatment period (Fig. 3). Each year, calling
activity built through the summer, peaking in July and
declining until October. Little or no calling was heard in the
colder winter months, when coqui are less active. Summer
peaks declined dramatically after 2004, when 125 males
were heard on one evening in July. The last calling male
was heard in September 2006 in Section 5. The Statewide
plan on coqui management recommends that an infestation
site be considered eradicated if no frogs are observed for
at least one year. Coqui take ten months to develop from
egg to mature adult (Stewart and Woolbright 1996). Given
that frogs born in September 2006 would mature by June
2007, major spray operations continued through 2007.
No frogs were heard in 2007 or 2008. After two years
without detecting any coqui, the CWG felt confident that
the population had been eradicated. One survey conducted
in May of 2009 confirmed this, with no frogs heard.

There is a remote threat of reinvasion at Wahiawa.
The plant nursery business which originally introduced
coqui to the area continues to operate. Residents
continue to purchase plants from vendors who import
from the Big Island. Extensive outreach by the CWG
educated residents and the nursery operator about coqui
and garnered support for control operations. The CWG
maintains its positive relationship with the community
and regularly communicates with the nursery operator and
other concerned residents. Preventing the establishment of
new, naturalised coqui populations anywhere on O‘ahu is a
CWG priority; current efforts are directed at plant nurseries,
early detection/rapid response, and public awareness.
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DISCUSSION

Wahiawa is the first documented eradication of a
naturalised coqui population in a wild site in Hawai‘i.
This eradication was key to avoiding the establishment of
coqui on O‘ahu, thus preventing a repeat of events on the
Big Island. O‘ahu itself cannot be declared coqui free, as
OISC and DOA continue to field reports of calling males
from nurseries and residents who purchase plants from
the Big Island. However, these response efforts require
fewer resources than would be needed if coqui become
established on O‘ahu.

Crucial to success at Wahiawa was the relatively small
population size of the infestation, a federally approved
control method, complete access to the infestation site,
and adequate and consistent funding throughout control
operations. If any one of these factors had not been in

Table 1 Chronology of control efforts at Wahiawa.

place, eradication of this small infestation would have been
exceedingly difficult, if not impossible.

Population

The Wahiawa infestation was detected in the early
phase of establishment in 2001, with initial estimates of
approximately 100 calling frogs spread over 1.2-2.4 ha.
When systematic control began in 2003, the area of the
infestation had already increased to approximately 3.2
ha. By 2003, the infestation was poised to follow patterns
observed on other islands: rapidly increasing density in
infested zones, expanding infestation boundaries, and
increasingly high noise levels. Despite active control
efforts, in 2004 coqui spread east, necessitating the
establishment of Section 1A (Fig. 2). Habitat modification
efforts in 2003 may have encouraged frogs to seek new
retreat sites in Section 1A. In 2006, coqui spread west,

Estimated Control
Date Number of  Control Activity Highlights Techniques
Calling Males Applied
2001 May ~100 + Initial coqui report from a private residence. Population likely Hand capture
present for a year.
2001 May through - , . .
2003 June ~ 100+  Coqui spreads to Sections 1, 2, 3, Residences. Hand capture
Habitat m(?diﬁcatiop in Se'ction 1. Habitat
2003 J h b Transects installed in Sections 1, 2. modification
2003 Slég? throug ~50+ Public meetings held in Wahiawa with concerned residents. Area spray
Nighttime area sprays begin in Sections 1 and 2. Hot spot spray
Hot spot sprays begin in Section 3 and Residences. Hand capture
Seasonal spray crew hired.
Coqui spread into Section 1A. )
Habitat modification and transect installation in Section 1A. Hat(;l.tgt :
2004 June through 125+ Nighttime area sprays continue in Section 2. r:feal S;?:;)n
2004 Nov Hot spot sprays conducted in Sections 1, 1A, 2, Residences Hot spot spray
Multiple problems encountered: delay in obtaining citric acid, Hand capture
high training activity in SBE by Army reduced access, sprayer
procurement delayed.
Seasonal spray crew hired. Habitat
2005 Feb th h Transects in Area 1, 1A bulldozed to become drivable. modification
2005 Ni)v roug 60+ Transects in Area 2 maintained. Area spray
Nighttime area sprays conducted across Areas 1, 1A, 2, 3. Hot spot spray
Hot spot sprays conducted at Residences. Hand capture
Permanent vertebrate supervisor, seasonal spray crew hired.
Frogs spread to Sections 4 and 5.
Habitat modification at Section 4. Habitat
2006 Mar through Section 3 bulldozed by landowner prif)r to der?lopment. modification
29 Area sprays conducted across all Sections. Switch from Area spray
2006 Oct P .
nighttime sprays to daytime drenches. Hot spot spray
Hot spot sprays conducted across infestation. Hand capture
Only 29 calling frogs noted during course of season.
Last calling frog heard Sept 06 in Section 5.
E)easgnal spray crew hire((ii. ©at Sections 2 and 4 Habitat
t t t t . i i
2007 Feb through . aytime area sprays conducted at Sections 2 an . ﬁodlﬁcatlon
2007 Nov Hot spot sprays conducted at Sections 1, 1A, 5 and Residences. Area spray
1 year without calling frogs indicates population likely Hot spot spray
eradicated Hand capture
2008 Mar through 0 No seasonal crew hired or control conducted. N
2008 Sept Monitoring primary focus. one
2009 May 0 Over two years with no calling frogs. All efforts end. Wahiawa None

infestation eradicated.
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into Sections 4 and 5. Both sections lie down a gulch of
the original infestation. Exceptionally heavy rains in 2006
flooded the normally dry gulch and may have dispersed
frogs downstream. While coqui have been shown to exhibit
some homing behavior in Puerto Rico, if displaced more
than 100 m they are unlikely to return to original nest sites
(Gonser and Woolbright 1995). Homing behavior has not
been studied in Hawai‘i, and coqui may behave differently
in a predator-free, retreat-rich environment. On SBE,
several wide dirt roads may have discouraged coqui from
dispersing to the south. The infestation did not cross roads;
rather frogs appear to have spread from yard to yard, into
semi-wild areas, and along gulches. Although the area of
the infestation increased in 2006, numbers of calling males
drastically declined. Only 29 males were heard the entire
season, with 15 of them heard in one night in May 2006.
Due to the small, 5.6 ha size of the entire infestation, the
CWG was able to track population expansion and direct

Table 2 Summary of spray effort by infestation section.

sprays to where they were most needed. This flexibility
was vital.

The draft Hawai‘i’s Coqui Frog Management, Research
and Education Plan discusses a rough formula, based
on Puerto Rican data, for translating numbers of calling
males to population estimates (Stewart and Woolbright
1996; Anonymous 2008). Assuming that calling males
and reproductive females are found at a ratio of 1:1,
and pre-adults and adults are found at a ratio of 5.3:1,
where X is the number of calling males, the population
size equals X x 2 x 5.3. While prolific in Puerto Rico,
under laboratory conditions coqui are even more fecund,
suggesting that reproductive potential is elevated in
Hawai‘i’s predator-free, wet environment (Townsend and
Stewart 1994; Hara et al. 2008). Although this formula
has not been tested against field data in Hawai‘i, it may
underestimate Hawaiian coqui fecundity, and was not used
to estimate population size during control operations, it

S t' # . . .
((::t:):f detection) Year Number of Area NI-lIl(I)Itll;;.O(t)f Cét;lllftﬁ)cl:d Person Date Last
Area (ha) Drench Sprays Sprays (litres) Hours Coqui Heard
Section 1 2003! 1 - 757 9
(2001) 2004! - 3 1325 32
1.09 ha 2005 1 - 15,369 276
2006 1 1 17,754 185 July 2005
2007 - 1 1893 26
Total: 5 yrs 3 5 37,098 528
Section 1A 2004! - 3 1325 32
(2004) 2005 2 - 14,385 288
1.13 ha 2006 1 1 19,873 182  August 2005
2007 - 1 378 12
Total: 4 yrs 3 5 35,961 514
Section 2 2003! 1 - 3028 90
(2001) 2004! 1 1 8290 96 +?2
0.61 ha 2005 2 - 29,148 784
2006 2 1 39,747 sy August2006
2007 1 - 39,368 480
Total: 5 yrs 7 2 119,581 1972+
Section 3 2003! - 1 757 INC?
(2001) 2004! INC? INC? INC? INC?
1.25 ha 2005 2 - 10,978 201.5 July 2005
2006 1 partial - 13,627 130
Total: 4 yrs 2 + partial 1 25,362 331.5
Section 4 2006 3 - 16,092 134
- a
(2006) 2007 2 8706 95  May 06
0.45 ha Total: 2 yrs 5 0 24,798 229
Section 5 3 2006 1 3 14,006 134
> 4
(2006) 2007 2 ] 8328 103 Sept. 2006
1.05 ha Total: 2 yrs 3 3 22,334 237
Residences 2003! - 1 378 2.5
(2001) 2004 . 1 1136 35
0.9 ha 2005 - 4 2082 51
2006 - 8 14,536 244 May 2006
2007 - 2 1514 44
Total: 5 yrs 0 16 19,646 376.5
Grand Total 5 yrs N/A N/A 284,779 4188  Sept. 2006

' Records from 2003 and 2004 combined Sections into single sprays. For these years, citric acid volumes and person hours are

estimated based on areas and field notes.
2 Data incomplete (INC)

3 Four discrete sites with frogs in this Section. These were the only sites sprayed.
4 Coqui heard 28 Sept. 2006. Spray conducted October 2006. No frogs heard during surveys in November.
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provides an interesting picture of likely population size
at Wahiawa. Using this formula and the best estimates in
each year, the population was approximately 1060 frogs in
2001, increasing to 1325 in 2004, decreasing to 159 in May
2006, and sinking to 10 in September 2006. This exercise
demonstrates that even small numbers of calling males may
indicate sizable breeding populations. Audio monitoring is
crucial to achieving eradication and the presence of any
calling males requires immediate action.

Control Methods

Coqui were first recognised as a problem in Hawai‘i
in 1999 (Kraus ef al. 1999), but no effective, legal control
techniques were available until 2002 (HDOA 2001).
Caffeine application was allowed in 2002 under a year-
long federal special use permit, which was not renewed
(Hara et al. 2008). Citric acid became available in 2003,
and does not require a federal permit (Hara ef al. 2008;
Pickhardt and Redding 2002). Lime was not federally
approved until 2005; the special use permit allowing its use
expired in 2008 and has not been renewed (EPA 2005; Hara
et al. 2008). Developing control methods and obtaining
federal approval for them is time-consuming, but vital for
success. The lack of an effective, approved control method
hindered early control efforts across the State, with lasting
repercussions for the Big Island (Anonymous 2008). At
Wahiawa, the relatively short two-year lag between coqui
discovery and development of citric acid sprays likely
allowed the infestation to become established.

Access

Most of the Wahiawa coqui were located on Army
training land, but low numbers of frogs were also present
at numerous private residences. While Army training
activities occasionally hampered operations, the USAG-HI
cooperated with coqui control efforts, facilitating access
to SBE for day and night operations. Although a few
private residents were unsupportive, the neighbourhood
as a whole was committed to eradicating coqui, providing
regular access, allowing citric acid to be sprayed on
their yards, and patiently dealing with noise from night
sprays. OISC talked with local politicians and community
boards to ensure support. In contrast, on the Big Island, a
small group of coqui enthusiasts support the presence of
coqui in the islands and are vocal in their disapproval of
government-sponsored control (Beamish 2004). While the
coqui is on the State Noxious Pest list, allowing for control
without landowner permission, cooperative landowners
and a supportive public smooth the way for effective
control. On Kaua‘i, complete eradication is hampered by
one resident who does not allow any control work on her
property (Gundersen pers. comm.)

Funding

The CWG was fortunate in having adequate funding
throughout the entire Wahiawa operation, which
conservatively cost US$279,113, excluding in-kind
contributions of labour from CWG partners and OISC
administrative time. Most of this cost went to labour and
citric acid. Funding sources include the State of Hawai‘i,
the City and County of Honolulu, and the USAG-HI. In-
kind contributions came from HDOA, DOFAW/NARS,
and the USAG-HI. OISC took on primary responsibility in
soliciting funding. On Maui, lack of adequate funding to
mount the operation required at the 91 ha gulch population
has been a major roadblock in achieving eradication
(Penniman pers. comm.).
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CONCLUSIONS

Given adequate resources and staffing, small coqui
populations can be eradicated. It took the CWG eight
years of effort to eradicate the Wahiawa infestation. In
future, similar infestations should require much less time
and resources. Essential elements for success included
dedicated spray crew staff, an aggressive spray drench
schedule, high volume spray equipment, major habitat
modification, sufficient citric acid, and simultaneous
control and monitoring across the entire infestation. The
establishment of new coqui colonies on O‘ahu can only be
prevented by stringent inspection of Big Island imports and
regular surveys on O‘ahu. While coqui may very well be a
permanent part of the Big Island landscape, the other main
Hawaiian Islands need not follow the same path.
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Abstract Stable isotope analysis has increasingly been used to answer ecological questions. However, despite their
potential, stable isotopes have rarely been used to assist with managing invasions. Here we discuss some of the principles
behind the use of stable isotope analyses. We also review how stable isotopes can aid our understanding of the threats posed
by invasive species, and the mechanisms by which some species successfully invade new environments. We then show
how information from stable isotopes can be used to evaluate and refine ongoing management actions from an early stage
in eradication attempts. We highlight the potential for such approaches to rapidly and simply provide detailed ecological
information. We conclude that this technique can be used not only to inform our understanding of the problems caused by
invasive species, but also to facilitate conservation and resource management objectives for wildlife populations.

Keywords: adaptive management, invasive species, island, spatial marker, trophic web

INTRODUCTION

Stable isotope analysis (SIA) has increasingly been used
to answer ecological questions about organisms, including
those relating to diet and migration patterns (Dalerum and
Angerbjorn 2005; West et al. 2006; Crawford et al. 2008;
Inger and Bearhop 2008). This focus has in turn led to an
increase in the number of chemical elements used and the
variety of ecological questions addressed (Fry 2006). Finer
resolution to SIA has been aided by recent advances in
statistical modelling (Phillips and Eldridge 2006; Parnell
et al. 2010; Jackson et al. 2011). Stable isotope analyses
have only recently been applied to invasion biology. This
short review examines how SIA can be an additional tool
to assist with the management of invasive species. We first
discuss the ways SIA can be applied, then show how it can
assist with studies of invasion biology as well as refining
approaches to eradication campaigns.

BASICS OF STABLE ISOTOPE ANALYSIS

Many chemical elements can have more than one
isotopic form of differing molecular mass. Examination of
the stable isotopic ratios of the various forms of oxygen,
hydrogen, sulphur and strontium have all helped to
provide unique insights into the ecology and biology of
plants and animals (e.g., Crawford et al. 2008), but the
two most commonly used are stable isotopes of carbon
(C) and nitrogen (N). The former (the ratio of *C to *C,
expressed as 6'°C). can be used to discriminate among
different sources of primary production. The derivation of
such ratios can potentially identify an animal’s foraging
location. For example, there is a difference between
marine and terrestrial sources, where marine signatures are
enriched with '*C compared to terrestrial ones (Fry 2006).
Stable nitrogen isotope ratios, (N to '“N, expressed as
3N) can also vary spatially, but are much more useful as a
means for determining the trophic level at which an animal
is feeding. Organisms become progressively enriched in
5N at higher trophic levels due to preferential retention
of the heavier isotope during tissue synthesis (Fry 2006).
As a result there is a stepwise style enrichment between
consumer and prey, meaning that animals feeding at higher
trophic levels within a food web have higher 6"°N in their
tissues than those feeding at lower trophic levels..

With the increasing use of SIA, methods have been
developed to quantify the importance of multiple food
sources or determine the probability of animals moving

across different localities. Such methods require stable
isotopic ratios from the consumer’s tissue (hair, feathers,
whiskers, claw, blood, liver, bone etc), and also the stable
isotope ratios of potential prey, local geology or rainfall
patterns (e.g., West et al. 2006). Mixing models (Phillips
and Gregg 2003) are often applied to interpret these results
and, more recently, Bayesian solutions to these analyses
have been developed (Parnell et al. 2010).

ADVANTAGES OF USING SIA

Many species are difficult or expensive to study in the
field because of their behaviour or location. For example,
the nocturnal and neophobic behaviour of rats (Rattus spp.),
coupled with difficulties with accessing invaded islands can
prevent detailed year-round study. Furthermore, the use of
conventional techniques such as radio telemetry or scat
analysis are a time consuming, labour intensive and costly
method of measuring the ecological impacts of invasive
species. By comparison, SIA is relatively cheap because
time and effort required in the field can be reduced. This
is because behavioural information can be gathered over
multiple time scales through the analysis of multiple tissue
types from an individual after a single capture event. Since
different tissue types are replaced at different rates, the
proteins within them will be synthesised at different times.
The proteins then reflect aspects of the animal’s ecology at
these different points. For example, stable isotope signatures
from liver cells reflect the animal’s diet over previous days,
those of muscle reflect the diet over preceding weeks to
months, and those of hair for longer still (Kurle 2009).
The length of time represented by isotopes in tissues also
varies with the metabolic activity of the animal concerned.
Replacement processes are more rapid in species with
higher metabolic rates, so that, for example, mice have
faster replacement rates than rats (MacAvoy et al. 2006).

Single tissues such as claws, whiskers and hair can
also be used to derive a time series of past behaviour. The
protein in these tissues is metabolically inert after it has
been synthesised, so provides a continual record which can
be ‘read’ along its length, going back in time the nearer
a sample is to the distal end of the tissue (Bearhop et al.
2003; Cherel et al. 2009). In sum, SIA of multiple tissues of
an individual animal can rapidly provide a detailed record
of diet and potential foraging locations over different time
scales.
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DEMONSTRATING THE IMPACTS OF INVASIVE
SPECIES

The accumulated knowledge of a species’ impacts
elsewhere remains the best predictor of their likely effects
at new locations (Simberloff 2003). However, a business
case for the eradication or control of invasive species will
often still require site-specific information.

Direct predatory impacts

Stable isotope analyses can be used to examine the diet
of invasive predators. While this provides an integrated
picture of an animal’s diet, SIA cannot be used to
differentiate between predated and scavenged food items.
For example, Stapp (2002) demonstrated that ship rats
(Rattus rattus) in the Shiant Islands, UK consumed seabird
flesh, but could not demonstrate predatory behaviour from
this result. Although proof of predatory behaviour may not
necessarily be derived from SIA, it has advantages over
conventional methods such as stomach content or scat
analyses, which may over-represent indigestible material
or under-represent items that leave little visual trace. The
most informative approach can be to combine SIA with
other methods to strengthen the conclusions that can be
drawn (Hobson et al. 1999). For example, Harper (2007)
used experimental removal of ship rats and a predatory
bird, weka (Gallirallus australis), alongside isotopic and
conventional diet analysis to examine the importance of
sooty shearwater (Puffinus griseus) in each species’ diet.
Caut et al. (2008) used a combination of SIA, stomach
contents and direct observations to reveal the impact
of ship rats on breeding seabirds on Surprise Island,
New Caledonia. They also showed how, in the absence
of seabirds, rats switched prey to green turtle (Chelonia
mydas) hatchlings. Hobson et al. (1999) were similarly
able to demonstrate the seasonal importance of breeding
seabirds in the diet of brown rats R. norvegicus on Langara
Island, British Columbia, and also the extent to which
different individuals relied on this resource. Such plasticity
in the consumption of seabirds by individual brown rats
was also found when they fed on least auklets (4ethia
pusilla) at Kiska Island, Alaska (Major et al. 2007).

Impacts on trophic structure

The way that invasive species disrupt food webs and
transform community structure has also been revealed
through the use of SIA (e.g., Vander Zanden ef al. 1999;
Croll et al. 2005). Changes in trophic level can be seen
through examination of changes in 6'°N within a species
over time, as was demonstrated for the invasive carnivorous
Argentine ant (Linepithema humile) in California. Initially,
invading ants occupied a similar trophic level to those in
their native habitats, where they fed on other ants. However,
once established, the ants shifted to a lower trophic position
as they consumed more plant material following severe
reductions in native ant prey populations (Tillberg et al.
2007). At a whole-island scale, Croll et al. (2005) used
SIA to measure the importance of marine nitrogen input
from seabirds to Aleutian Island plant communities. They
found that on islands where invasive arctic foxes (4/opex
lagopus) had destroyed the seabird populations, plant
communities were transformed from grasslands to shrub/
forb communities because of reduced soil fertility.

Invasive plants can also modify food webs. Stable
isotopes (8"°N) demonstrated that invertebrates that
persisted within areas invaded by the Spartina alterniflora
x foliosa hybrid in San Francisco Bay, USA were
consuming this invader (Levin ef al. 2006). However, other
invertebrates such as amphipods, which are an important
prey item for many predators, were less tolerant to habitat

invasion as they did not consume the hybrid plant. Thus
while the invasive plant structurally altered the ecosystem,
its resources were not efficiently broken down, resulting in
bottom up alteration of the food web (Brusati and Grosholz
2009).

Energetics modelling combined with SIA was used
to demonstrate dramatic changes in a food web on the
Channel Islands, California following the introduction
of feral pigs (Sus scrofa) (Roemer et al. 2002). The pigs
provided an abundant food resource for golden eagles
(Aquila chrysaetos), which increased in number. Increased
predation by eagles reduced the population of island fox
(Urocyon littoralis). This in turn allowed island skunk
(Spilogale gracilis amphiala) populations to increase
following reduced competition from foxes. The SIA also
demonstrated the low level of marine input from seabirds
to the eagles’ diets and their concentration, in particular, on
introduced terrestrial prey.

Isotope studies are particularly useful for determining
the effects of introduced fish, possibly because other
techniques used for terrestrial vertebrates are often not
applicable to aquatic species. SIA studies revealed how
introduced salmonid species such as Omncorhynchus
spp., Salmo spp., and Salvelinus spp. altered food webs
by reducing prey fish abundance. This led to increased
consumption of zooplankton by the invasive fish, and so to
a reduction in their own trophic level (e.g., Vander Zanden
et al. 1999). Introduced trout can also affect terrestrial
food webs by consuming insects that would otherwise
constitute important prey resources for terrestrial species.
For example, trout introduced into previously fish-free
lakes competed with the critically endangered mountain
yellow-legged frog (Rana muscosa) for emergent insect
prey (Finlay and Vredenburg 2007). Adult frogs feed on
lake shores, and their consumption of emergent insects
plays a key role in transferring energy between aquatic
and terrestrial environments. Differences in isotopic
values between benthic and pelagic prey revealed how fish
altered aquatic food webs by consuming large numbers of
benthic insects, largely restricting the supply of these to
terrestrial environments. The importance and frequency of
energy transfer between aquatic and terrestrial systems is
increasingly recognised (e.g., Knight et al. 2005), and SIA
is an ideal tool for examining such linkages.

Differences in niche width

Comparisons of niche width at individual and population
levels can be explored with stable isotopes (e.g., Bearhop
et al. 2006) and then used to predict the potential spread
and range of an invader. Invasive species often show high
plasticity of niche width in terms of habitat use, feeding
ecology or behaviour (Hayes and Barry 2007). For example,
a recent study in southern Sweden demonstrated that
invasive signal crayfish (Pacifastacus leniusculus) have a
potential niche width almost twice the size of the native
European crayfish (A4stacus astacus). However, signal
crayfish often used a similarly sized niche to European
crayfish within a given habitat (Olsson et al. 2009). Isotopic
analyses also revealed greater plasticity in invasive plants.
The invasive tree Schinus terebinthifolius in Hawaii had
33C values indicating a much greater capacity to adjust its
physiology to variation in soil water availability, and more
efficient water conservation, than the native trees to which
it was compared (Stratton and Goldstein 2001).

Differences between multiple invasive species have
also been examined with SIA, revealing how distinctions
in habitat and diet utilisation allow multiple invasions of
an ecosystem. Rudnick and Resh (2005) demonstrated
that while Chinese mitten crabs (Eriocheir sinensis) and
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red swamp crayfish (Procambarus clarkii) primarily
consumed plant material, crabs principally fed on aquatic
algae, whereas crayfish consumed terrestrially-derived
material. Likewise, Harper (2006) demonstrated how three
invasive species of rats (ship rat, Pacific rats (R. exulans)
and brown rat) on Pearl Island, New Zealand varied in their
food resources and in their competitive ability to use them,
allowing all three species to coexist on this small island.

Assessing priorities

Lastly, SIA of diets can aid the prioritisation of
eradications. Once Roemer ef al. (2002) demonstrated the
threat that golden eagles posed to Channel Island foxes,
eagles were translocated elsewhere and the best method
for pig removal was implemented to avoid endangering
the remaining foxes (Caut et al. 2006). In contrast,
a combination of SIA, gut analyses and trapping led
Quillfeldt er al. (2008) to conclude that a large breeding
population of thin-billed prions (Pachyptila belcheri)
on New Island, Falkland Islands, was not significantly
impacted by invasive mice, ship rats and feral cats. Thus
other islands within the archipelago could be prioritised for
eradication programmes ahead of New Island.

INFORMING INVASIVE SPECIES MANAGEMENT

In addition to determining the effects of invaders, SIA
can also help with formulating a response to invasions. By
understanding the food used and locations from which it
has been obtained, behavioural patterns can be identified
that enhance the chances of successfully eliminating a
population. An example of this approach was proved for
invasive American mink (Neovison vison) in the Outer
Hebrides, UK (Bodey et al. 2010). Stable isotopes can
also help shape eradication protocols alongside a suite
of standard techniques. For example, the likely outcomes
of species eradication such as the disruption of trophic
interactions, or the ecological release of other species,
can be assessed more thoroughly prior to any eradication
attempt as was carried out on a whole island basis prior
to ship rat removal from Surprise Island, New Caledonia
(Caut et al. 2009).

The logistics of eradicating common invasive mammals
from small islands are now well understood. Successful
eradications have continued to increase in size and
complexity (Towns and Broome 2003: Veitch et al. 2011).
However, increases in scale are accompanied by increased
risks, including a higher risk of failure from unexpected
challenges. While appropriate prior planning is of course
essential, an adaptive management approach (Park 2004),
which seeks improvements as progress continues, is
often the most effective method for tackling these risks.
The extent to which detailed knowledge about a species’
ecology is required before an eradication campaign begins
is debatable, particularly as the time taken to fully explore
such questions may distract effort away from an efficient
eradication campaign (Simberloff 2003).

Bodey et al. (2010) used SIA of diets of captured
American mink early in an eradication attempt in order
to reveal temporal patterns in mink behaviour that might
assist the campaign. This approach identified that precise
knowledge about what prey mink were consuming or when
it was consumed was not necessary. Instead, the most
useful information for the campaign was whether prey
was marine or terrestrial in origin, and the relative time
of consumption, coupled with background information on
prey distributions. Individual variation in whisker and liver
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samples were used to generate a simple dietary time series.
This revealed the continual importance of marine food
sources to the population as a whole while the eradication
progressed. Intra-sexual and intra-island differences were
also found, and this again demonstrated that combining
SIA with knowledge of prey distributions and gut analysis
was crucial. For example, the presence at one locality of
an additional terrestrial prey item, the introduced field
vole (Microtus agrestis), is likely to have contributed to
different behavioural patterns.

The use of SIA to inform eradication campaigns could
greatly benefit invasive species management by revealing
focal areas of foraging, habitats or areas in which animals
may concentrate their time, and plasticity of responses
to different trophic webs. The technique can help to
refine methodologies and protocols, highlight areas for
trap placement and assist with focussing of resources,
potentially creating ecological traps for the target species.

CAVEATS AND CONCLUSIONS

Stable isotope analyses have transformed our
understanding of numerous ecological questions about
native species. There is a natural progression from these to
its use for quantifying and resolving the effects of invasive
species, and then to inform eradication campaigns.
Unsurprisingly though, the use of SIA comes with some
caveats. For example, there may be difficulties with
interpreting the origins of food from multiple sources,
variation in assimilation rates of isotopes into tissues both
between individuals and species, and resolving the output of
complicated statistical models (Crawford et al. 2008; Inger
et al. 2008; Kurle 2009). Furthermore, additional work is
required if we are to advance our understanding of turnover
rates and growth times of specific animal tissues. On the
other hand, while such information may be interesting, it
may be beyond the information needed for an eradication
programme. Thus, the few complexities with interpretation
are not sufficient to prevent the incorporation of stable
isotopes into management programmes. Given the value
of adaptive management for the control or eradication
of invasive species, SIA provides an additional tool with
considerable potential to inform management options.

When combined with other methods, SIA can maximise
the information obtained from culled individuals, enable
rapid data accumulation, and thus inform areas of
uncertainty as quickly as possible. Furthermore, it can
aid preliminary studies on the feasibility of eradications,
inform operations as they progress, and inform models of
potential outcomes. Additionally, collection of samples
such as fur, feathers and blood for SIA can be through
non-lethal means, enabling its use to measure behavioural
and dietary changes in endangered species pre- and
post-eradication. Stable isotopes may also shed light on
subsequent restoration attempts. For example, Gratton and
Denno (2006) used changes in stable isotope values to
show how disrupted trophic interactions were reconstituted
after removal of the invasive Phragmites australis and
restoration of Spartina alterniflora in a coastal saltmarsh.
Stable isotopes can efficiently provide information at both
the population and individual level from relatively small
samples on species that may otherwise be difficult to study.
They can be used to examine behavioural and ecological
changes, and to describe the dietary and habitat plasticity of
invasive species. They thus have great potential to inform
management options, and should be seen as a powerful
addition to the eradication toolkit.
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Heli-baiting using low concentration fipronil to control invasive yellow
crazy ant supercolonies on Christmas Island, Indian Ocean

C.R.J. Boland, M.J. Smith, D. Maple, B. Tiernan, R. Barr, R. Reeves, and F. Napier
Christmas Island National Park, Christmas Island, Indian Ocean, Australia 6798. <Chris.Boland@dpipwe.tas.gov.au>.

Abstract Yellow crazy ants (dnoplolepis gracilipes) invaded Christmas Island sometime before 1935. By 2001, the
species had formed destructive supercolonies over 2500 ha, or almost 30% of the island’s rainforest. A heli-baiting
operation in 2002 used high concentration fipronil (at 0.1 g/kg at 4 kg/ha) to eradicate all targeted supercolonies. However,
supercolonies began to steadily redevelop across the island. We conducted surveys over the entire island from May to
September 2009 and located 74 separate supercolonies that covered 833 ha. The boundary of each supercolony was
mapped precisely by ground truthing. Two thirds of this area was too inaccessible and dangerous to be baited using
standard hand-baiting techniques. Thus, in September 2009 we heli-baited 785 ha of supercolonies (with the remaining
48 ha intentionally not baited), using 3294 kg of ant bait, but this time using one tenth of the previous concentration of
fipronil (0.01 g/kg at 4 kg/ha). All targeted supercolonies were again controlled, with ant activity reduced by 98.4% four
weeks after baiting, and remained reduced by 99.4% 20 weeks after baiting. Direct non-target impacts of the baiting were

minimal.

Keywords: Bait efficacy; surveys; non-target effects; land crabs

INTRODUCTION

Yellow crazy ants (Anoplolepis gracilipes) are one
of the world’s worst invasive species (Lowe ef al. 2000)
and are now widely distributed throughout the tropics
(Wetterer 2005). These ants were accidentally introduced
to Christmas Island some time prior to 1934 (Donisthorpe
1935). Ant numbers remained extremely low and had no
obvious effects on the island’s biota for decades. However,
like many other invasive species of ants (Suarez et al. 2001;
Holway et al. 2002; Tsutsui and Suarez 2003), crazy ants
can form unicolonial (multi-queened) supercolonies where
extremely high numbers of ants forage on the ground and
in the canopy of rainforest trees (e.g., Haines and Haines
1978; Feare 1999). On Christmas Island, yellow crazy
ants appear to benefit from a mutualistic relationship
with introduced sap-sucking scale insects (Coccidae and
Kerriidae) that secrete abundant, energy-rich honeydew
(Abbott and Green 2007). As a consequence of this
mutualism, the density of foraging yellow crazy ants
within supercolonies typically exceeds 2000 ants per m?
(or 20 million ants per ha) on the forest floor alone with
10.5 nests per m?, which is the highest recorded density of
foraging ants (Abbott 2005).

The first supercolony on Christmas Island was
discovered in 1989 near the island’s urban area, “the
Settlement”, where about 2 ha of forest were infested with
crazy ants. No increases in the abundance of supercolonies
were reported until 1996 (O’Dowd et al. 1999), following
which untreated supercolonies expanded around their
entire perimeter at rates of ~0.5 m per day (Abbott 2006).
By December 1998, the total known infestation approached
200 ha, comprising 2-3% of the rainforest on Christmas
Island (O’Dowd ef al. 1999). Within four years, crazy ant
supercolonies expanded to cover approximately 2500 ha,
or more than 28% of the remaining forest. At supercolony
densities, yellow crazy ants cause a rapid catastrophic
shift in the rainforest ecosystems of Christmas Island,
particularly through their impact on the red land crab
(Gecarcoidea natalis) (O’Dowd et al. 1999, 2003; O’Dowd
and Green 2009; Smith ef al. subm.; see also Davis et al.
2008, 2010). Controlling infestations of yellow crazy ants
on Christmas Island is of utmost importance for Christmas
Island biota (Commonwealth of Australia 2006a, 2006b).
This evolving crisis prompted an emergency response
from the Australian Government (Green et al. 2004,
Green and O’Dowd 2009). In September 2002, fishmeal
baits with an active constituent of fipronil at 0.1g/kg were

spread by helicopter (heli-baiting) at 4 kg/ha over 2509 ha
of supercolonies. The campaign reduced ant abundance
by an average of 99.4% within four weeks at all treated
supercolonies (Green et al. 2004; Green and O’Dowd
2009).

Supercolonies again began to develop steadily across
the island despite Christmas Island National Park (CINP)
field teams’ hand baiting 210 ha of supercolonies per
annum with fipronil. The hand baiting did not keep pace
with the rate of supercolony formation, particularly on the
many inaccessible cliffs. By September 2009, over 800
ha of supercolonies again existed across Christmas Island
(CINP unpubl. data).

Previous efforts to control or eliminate crazy ant
supercolonies relied upon a relatively high concentration
of fipronil. Here we document the efficacy of a 2009
heli-baiting campaign, which is the first crazy ant control
programme to use low concentration fipronil (0.01 g/kg at
4 kg/ha) over a broad area.
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Fig. 1 Location and land tenure on Christmas Island.
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METHODS

Location

Christmas Island (10°25°S and 105°40’E) is an isolated
oceanic limestone island of 135 km? in the north-eastern
Indian Ocean 360 km south of Java and 2800 km west of
Darwin. About 74% of the island is covered with natural
vegetation comprised mostly of structurally simple, broad-
leaved rainforest; 63% of the island comprises Christmas
Island National Park (Fig. 1). The highest point is 361
m above sea level (Commonwealth of Australia 2006b).
Christmas Island has a wet season from December to April,
although rain may fall in any month of the year. Mean
annual rainfall is 2068 mm, mean maximum temperature
is 27.3° and the mean minimum temperature is 22.8°
(Australian Bureau of Meteorology; Claussen 2005).

Field methods

Commencing in 2001, Christmas Island National Park
conducted biennial surveys for yellow crazy ants, red crabs
and other key biota at 877-1024 survey points (Fig. 2)
spaced ~365.7 m apart across the entire island (Smith et
al. subm.). Surveys were conducted during the dry season
between May and September. At each survey point, teams
of two field staff used two methods (one objective, one
subjective) to assess whether that survey point fell within
a supercolony. For a rapid, objective assessment of ant
abundance, a 50 m transect was placed along the same
bearing each year. These bearings were originally chosen
randomly, although some were varied if extreme terrain
made the site inaccessible. Each transect consisted of eleven
sampling points located at 5 m intervals. At each sampling
point, leaf litter was cleared with a swipe of the boot, and
a laminated 20 x 20 cm card with lines dividing the card
into four 10 x 10 cm quarters was placed on the cleared
ground. One 10 x 10 cm quarter was selected at random.
Observers then waited for 15 seconds before counting the
number of ants that crossed the selected quarter over the
ensuing 30 second period (cf. Abbott 2004; Green et al.
2004). Counting stopped if numbers exceeded 100 ants
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Fig. 2 Yellow crazy ant activity at 902 waypoints from the
2009 island-wide survey of Christmas Island. Black dots
indicate waypoints with no ants recorded on ant activity
cards; grey-centred circles indicate crazy ants were
present but not in supercolony densities (1-37 ants on
activity cards); large dark dots indicate that crazy ants
were present at potential supercolony densities (>37 ants
on activity cards).

per 30 seconds. Counts were summed across the 11 card
counts on each transect. Ant counts exceeding 37 ants per
transect were identified as potential supercolonies because
at these densities the ants tend to eliminate red crabs (CINP
unpubl. data).

At each survey point, and in transit between survey
points, field teams also made subjective assessments of
whether the area appeared to be a supercolony by looking
for characteristic signs of crazy ant infestation including:
1) high crazy ant abundance on the ground and as ‘trunk
traffic’ on trees; 2) large numbers of ant nests, typically
at the base of trees and in rotten logs; 3) ant-infested red
crab burrows; 4) dead red crabs (or other dead land crabs);
5) relatively large amounts of leaf litter; 6) relatively
high numbers of scale insects; 7) excessive sooty mould;
8) giant African land snails; 9) relatively high numbers
of seedlings; and 10) a relatively low diversity of ‘other
invertebrates’, particularly ‘other ants’.

The locations of any potential supercolonies discovered
in transit between any of the survey points were recorded
on hand-held GPS units (Garmin GPSmap 60CSx).

Following the objective and subjective assessments,
each waypoint was then categorised as: 1) ants absent; 2)
ants in low density; or 3) ants in a potential supercolony (on
the basis of either of the objective or subjective assessment
methods). These data were then used to generate a
distribution map of potential supercolonies (Fig. 2) via
ArcGIS 9.3.2.

Each potential supercolony was then revisited by field
teams who mapped the precise location of its boundaries as
follows. Three people walked 5-20 m apart along the length
of the boundary with one person ‘inside’ the supercolony
boundary continually searching for and confirming the
presence of high densities of ants (and the supercolony
characteristics listed above); one person ‘outside’ the
supercolony boundary continually searched for and
confirmed the absence of high numbers of ants; while the
third person held the middle ground between the other two
searchers. Through constant communication, the two outer
people kept the middle person accurately positioned on the
supercolony boundary. The person in the middle marked
the boundary coordinates every 10-30 m using GPS and a
hip-chain stringline to define a biodegradable cotton marker
boundary to the supercolony. Most boundaries are easily
identifiable by field crews on the ground. Occasionally,
however, there was a wide ‘transition zone’ (cf. Abbott
2006) between heavily infested forest with high densities
of ants and no live red crabs before reaching intact forest
with very few or no crazy ants and many live red crabs.
Although delineating the boundary required subjective
assessment (particularly colonies with wide transition
zones), the effectiveness and accuracy of this technique
was regularly demonstrated as field crews — regardless
of the size and complexity of the supercolony — always
returned to within metres of the starting point.

Because of the fluid nature of supercolony boundaries,
their perimeter needed to be delineated as soon as possible
before the actual heli-baiting. Thus, boundary marking
began on 4 August 2009 and continued until 16 September
2009, with the last of the supercolony boundaries being
delineated while heli-baiting was under way elsewhere (see
below). This methodology produced up-to-date detailed
maps of every crazy ant supercolony on the island, with
very finely resolved boundaries (Fig. 3).

Heli-baiting
AntOff ant bait, with the active ingredient fipronil at
0.01 g/kg, was supplied by Animal Control Technologies
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Fig. 3 Distribution of yellow crazy ant supercolonies
following boundary ground-truthing by field teams prior to
heli-baiting in September 2009.

(Australia) Pty Ltd in the form of small pellets, roughly
1.5 x 1.5 mm in cross section, and between 2 and 6 mm
long. The 7000 kg of bait was packaged in 12.5 kg plastic-
lined cardboard boxes and transported to Christmas Island
by ship.

Heli-baiting was planned for September 2009, the
end of the dry season. This month was chosen because:
1) bait delivery and bait uptake by the crazy ants would
be impeded during wet weather; 2) land crab activity is
minimal at the end of the dry season as red crabs tend to
remain in their burrows, thereby reducing the potential
for non-target contact with the bait; and 3) the rainforest
canopy is at its most open enabling more bait to fall to the
forest floor (cf. Green et al. 2004).

AntOff baits were dispersed over supercolonies from a
Bell 47 Soloy helicopter operated by McDermott Aviation
Pty Ltd. The bait delivery mechanism used was developed
by McDermott Aviation for the 2002 heli-baiting operation
on Christmas Island and described by Green et al. (2004)
and Green and O’Dowd (2009). Essentially, bait was
dispersed from an inverted conical bucket suspended below
the helicopter. Bait flowed through a 25 mm diameter
aperture in a base plate at the bottom of the bait bucket
and onto a rotating spreader powered by a petrol-driven,
four-stroke engine attached to the framework of the bucket.
Pilots entering the air space above a supercolony boundary
electronically opened a sliding gate beneath the aperture
in the bucket, thereby enabling the bait to flow onto the
spreader. This resulted in an even spread of baits for 12 m
either side of the helicopter at a rate of roughly 4 kg per
hectare when the pilot flew at 100 km per hour.

Supercolony boundaries were defined for the helicopter
pilots on ArcMap layers. The pilot used a Trimble
differential GPS unit with sub-metre accuracy to ensure
that baits were spread to the edge of supercolonies and that
flight paths were straight and the correct distance apart,
which gave continuous and even spread of bait over the
entire target supercolony.

Five supercolonies or subsections of supercolonies,
each about 5 ha, were deliberately left unbaited for an
ongoing research project into biocontrol of scale insects
(a joint collaboration between the Director of National
Parks, Christmas Island National Park, Monash University
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and La Trobe University). Three small supercolonies (9
ha total) on a steep slope near the township were baited
by hand because the local community raised concerns
about human safety. One supercolony and one subsection
of a supercolony were not treated because they were
intentionally set aside for an ongoing alternative baiting
research project (2 ha). Because fipronil can have strong
negative effects on freshwater fauna (e.g., Maul et al.
2008), we did not bait two supercolonies (12 ha) that
were within 200 m of Ramsar Wetlands of International
Importance (Hosnie’s Spring and The Dales). In total, 48
ha were not treated during this heli-baiting campaign.

One non-target species susceptible to fipronil is the
robber crab (Birgus latro), which is attracted to AntOff
baits (CINP unpubl. data). In order to minimise robber
crab mortality, we created food lures designed to entice
them away from baited sites. In the weeks prior to heli-
baiting, 4000 kg of chicken feed pellets was mixed with
320 kg of shrimp powder (‘Belacan’) in concrete mixers
and placed into 12 kg bags. These bags were stored for
as long as possible, which allowed the shrimp powder
to infuse with the chicken food pellets. One or two days
before heli-baiting, the helicopter was used to drop lure
stations (3-4 kg of chicken feed / shrimp powder mixture)
at intervals 50 m from the mapped supercolony boundaries.
Lure stations were delivered from a different bucket slung
beneath the helicopter to ensure that the chicken pellets
were not contaminated with any residual fipronil. This
method effectively lured most robber crabs out of areas to
be baited (CINP unpubl. data). In total, 1105 robber crab
lure stations were deposited from the helicopter.

Christmas Island National Park has engaged CESAR
Consultants Pty Ltd., as independent consultants to quantify
direct and indirect (bioaccumulation) impacts of baiting on
non-target species. These data are still being collected.

Monitoring bait efficacy

The effects of aerial baiting on ant density were assessed
at nine supercolonies (Table 1), which provided a range
of densities and locations across the island. In addition,
the four most accessible of the five untreated biocontrol
research project plots were used as control sites to monitor
the density of ants without chemical treatment (Table 1).

Estimates of ant densities in trial supercolonies were
obtained using standard Christmas Island National Park
methods employed since 2001: 3 x 50 m straight line
transects were established within the boundary of each

Table 1 Mean pre-treatment ant densities and areas of
monitored supercolonies.

Supei']c)olony Il};gﬁ;;?;t Area (ha) Treatment
917 24 25.7 Baited
372 67 100.7 Baited
135 69 12.5 Baited
368 88 53 Baited
538 102 44 Baited
467 144 8.1 Baited
252 158 30.5 Baited
148 174 29.0 Baited
184 528 63.1 Baited
403 182 54 Control
582 200 48 Control
318 238 5.2 Control
206 414 4.8 Control
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Fig. 4 Ant activity at (A) nine baited and (B) four unbaited
(control) supercolonies expressed as a percentage of the
of mean ant activity for three weeks prior to baiting for each
supercolony. Numbers in the legend indicate supercolony
identity.

supercolony; each transect was located at least 50 m from
a boundary, and at least 50 m from a neighbouring transect;
and each transect consisted of eleven survey points at 5 m
intervals marked with flagging tape. At each survey point,
ant cards were used to estimate ant activity per 30 seconds
using identical methods described above for the island-
wide survey of ants. Counts were summed across the 11
card counts on each transect. Ant activity was defined as
the mean of ant counts from the three transects within
each supercolony. Ant counts were conducted weekly for
three weeks prior to baiting (to obtain a pre-baiting mean
density), and then 1, 2, 3, 4, 6, 8, 12, 16 and 20 weeks after
baiting.

RESULTS

Surveys for crazy ants over Christmas Island revealed
that 542 of the 902 (60.1%) waypoints had ant infestations
with potential to become supercolonies (Fig. 2). Ground
truthing of all potential supercolonies and those discovered
in transit revealed 74 discrete supercolonies covering 833
ha (Fig. 3), with supercolony area between 0.4 and 141.1
ha (mean 11.5 ha). Forty-two supercolonies covering 511.9
ha (or 65.2% of total heli-baited area) were in areas too
rugged to bait by hand.

Baits were spread from 4-19 September 2009 covering
all 784.8 ha of targeted supercolonies with 3294 kg of bait
at a mean application rate of 4.2 kg per ha. GPS downloads
revealed remarkably few inaccuracies during the aerial
baiting campaign, with no baits being spread outside the
targeted areas.

Ant densities declined by a mean of 79.3% (£20.1 SD)
one week after baiting and 98.4% (£1.9 SD) four weeks
after baiting (Fig. 4a). This reduction was sustained,
with ant numbers reduced by 99.4% (x1.6 SD) some 20

weeks after baiting (Fig. 4a), when 288 of 297 (97.0%) ant
sampling points still had zero ants per 30 seconds on ant
count cards. Ant activity in control plots remained high,
although it varied over the monitoring period (Fig. 4b).

Within baited supercolonies, the percentage decline
in ant activity one week after treatment was negatively
correlated with log pre-baiting ant activity (linear regression
F, ,=6.4; P=0.04); low density crazy ant supercolonies
declined more rapidly than high density supercolonies.
For example supercolony 184 initially had an average
of 528 ants per transect and declined more slowly than
supercolony 368, which initially had 86 ants per transect

(Fig. 4).

DISCUSSION

The yellow crazy ant heli-baiting campaign on
Christmas Island in 2009 was a complete success. The
entire island was surveyed for ants, all supercolonies were
delineated, all targeted supercolonies were heli-baited on
time, and, importantly, all monitored supercolonies showed
decreases in ant activity to well below supercolony level.
Within four weeks of baiting, virtually no crazy ants were
recorded on ant activity cards within baited supercolonies,
and this pattern has continued for the first 20 weeks after
baiting.

This is the first attempt to control yellow crazy ants on
a broad scale using fipronil at 0.01 g/kg at 4 kg/ha. For
example, in Arnhem Land, northern Australia, yellow
crazy ant supercolonies are treated with 0.01 g/kg at 10
kg/ha (B. Hoffman pers. comm.). Between 2000 and 2009,
Christmas Island National Park used fipronil at 0.1 g/kg
at between 4 kg /ha (e.g., Green et al. 2004; Green and
O’Dowd 2009) and 6 kg / ha (CINP unpubl. data). These
higher doses were understandable given the urgency and
novelty of the yellow crazy ant situation in 2001, where
almost 30% of the island had become heavily infested
with crazy ant supercolonies (Green and O’Dowd 2009),
and failure to control the supercolonies would have been
disastrous for the Christmas Island biota. In the 2002 heli-
baiting campaign, Christmas Island National Park achieved
a 99.4% knockdown of yellow crazy ants in all monitored
supercolonies (Green and O’Dowd 2009). We achieved
an identical knockdown (99.4%) using a ten-fold lower
concentration of active ingredient. In total, 31 g of fipronil
was used to eradicate 785 ha of supercolonies.

It may be possible to further reduce the concentration
of fipronil used to control supercolonies, particularly those
with less dense ant populations. For example, supercolony
184 had the highest density of ants recorded on the island.
Despite the lower concentration of fipronil used in this
programme, this supercolony was eradicated within four
weeks.

Christmas Island National Park has been conducting
chemical baiting trials since 2000 to determine the
most effective method of controlling yellow crazy ants
(CINP unpubl. data). Despite trialling hydramethylnon,
pyriproxyfen and indoxacarb, fipronil has proven to be
the only effective option for controlling yellow crazy ants
on the island. Surprisingly, hydramethylnon effectively
eliminated yellow crazy ant supercolonies in Arnhem Land
(B. Hoffmann pers. comm.).

Fipronil is a phenylpyrazole broad spectrum insecticide
effective at low field application rates against a wide
range of arthropods (including crustaceans), even those
often resistant to other insecticides, such as pyrethroids,
organophosphates and carbamates (Narahashi et al. 2007).
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However, it is unlikely that the heli-baiting campaign on
Christmas Island heavily affected non-target species for
several reasons. First, Christmas Island National Park only
treats high density ant infestations (i.e., supercolonies).
In these areas, non-target impacts are minimal since most
native invertebrates have already been killed by the crazy
ants. Furthermore, crazy ant activity is so high in such areas
they remove bait at rates of 7% per minute (Marr 2003),
which limits bait exposure to surviving native species.
Christmas Island National Park can not apply fipronil to
areas containing crazy ants at low densities because the
non-target impacts would be catastrophic.

One native invertebrate that can enter baited
supercolonies is the large (up to 6 kg), nomadic robber
crab. This species usually survives for some time as it
passes through a crazy ant supercolony but is also highly
susceptible to fipronil poisoning. We used lure stations
around selected supercolonies to attract robber crabs and
found more than 100 individuals at one lure station within
24 hours of placement. There was low mortality of crabs
around baited supercolonies even where crabs were known
to be adundant nearby (CINP unpubl. data). Further,
no red crabs were found dead within or around baited
supercolonies. Either the red crabs were not sufficiently
attracted to the AntOff bait to emerge from their burrows
during the heli-baiting campaign or the yellow crazy
ants monopolised baits before red crabs from outside the
supercolony could locate them.

Data collected during the 2002 heli-baiting campaign
indicated that most of the aerially-delivered ant bait
successfully passed through to the forest floor. If bait
remained within the forest canopy, it was most likely to
be consumed by crazy ants (Green and O’Dowd 2009).
There was no evidence of an impact of fiprinol on native
canopy arthropods, arboreal geckoes or land birds (Stork e?
al. 2003), nor was there any evidence of impacts on native
leaf litter invertebrates (Marr 2003). There was no residual
fipronil detected in the soil one week, one year or two years
after aerial baiting in 2002 (Marr 2003). Given that we used
fipronil at a lower concentration, we expected even fewer
non-target impacts from the 2009 heli-baiting campaign.
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The Quail Island story - thirteen years of multi-species pest control:
successes, failures and lessons learnt

M. Bowie, M. Kavermann, and J. Ross
Ecology Department, P.O. Box 84, Lincoln University, Canterbury, New Zealand. <mike.bowie@lincoln.ac.nz>.

Abstract. Quail Island (Otamahua) is an 85 ha island in Lyttelton Harbour, Banks Peninsula, New Zealand. Since
1997, community volunteers have eradicated rabbits (Oryctolagus cuniculus), cats (Felis catus), hedgehogs (Erinaceus
europaeus), and ship rats (Rattus rattus) from the island as preliminary steps towards ecological restoration. At present,
a network of traps on the adjacent mainland and a stepping-stone island successfully intercepts mustelids and other
unwanted vertebrate pests en route to Quail Island. However, the public use of the island, its close proximity to, and inter-
tidal link with, the mainland makes this island a significant risk to reinvasion, particularly by rodents. Lessons learnt from

13 years of pest work are outlined.

Keywords: Rodents, mouse, ship rat, hedgehog, mustelids, stoat, eradications, Erinaceus europaeus, Rattus rattus, Mus
musculus, Mustela erminea, brodifacoum, ecological restoration

INTRODUCTION

Quail Island (Otamahua) is an 85 ha Recreation Reserve
administered by the Department of Conservation, located
in Lyttelton Harbour (43°38' S, 172" 42’ E), Canterbury,
New Zealand (Fig. 1). The island is dominated by
improved exotic grasslands, including cocksfoot (Dactylis
glomerata), browntop (Agrostis capillaris), Yorkshire fog
(Holcus lanatus) and several Bromus species (Burrows et
al. 1999), with areas of native restorative planting across
the island.

Quail Island is considered a ‘mainland island’ rather
than a true island, as exposed mudflats provide a land
bridge at low tide from Moepuku Point on the mainland via
King Billy Island to Quail Island (Fig. 1). Consequently, the
island is vulnerable to invasion by mammal pest species. It
is unknown whether the introductions of these pests were
deliberate or accidental.

In 1997, the New Zealand Department of Conservation,
representatives of local Maori Te Riinanga o Ngati Wheke
and dedicated volunteers began provisional planning for
the ecological restoration of Quail Island (Burrows and
Leckie 2001; Bowie et al. 2003; Norton ef al. 2004; Bowie
2008). A major impediment to the restoration process was
the presence of mammalian predators and the potential for
ongoing reinvasion across the land bridge.

In this paper we describe a programme to eradicate
mammalian pests from Quail Island (see Fig. 2) and the
on-going control of reinvading mustelids (stoats, Mustela
erminea, ferrets, M. furo; and weasels, M. nivalis vulgaris),
hedgehogs (Erinaceus europaeus) and feral cats (Felis
catus). The experience and knowledge we have gained
over the 13 years since this multi-species pest eradication
programme began are also discussed. As the pest control
work was carried out by volunteers, robust scientific design
was not a high priority; however, sufficient planning was
carried out and records taken to ensure lessons could
be learnt throughout the programme. We believe other
groups undertaking future eradication operations such as
those attempted on Quail Island could benefit from our
experiences.

METHODS AND RESULTS

Possum, rabbit and cat eradication

Possums (Trichosurus vulpecula) were eradicated from
Quail Island in 1988, before the current project began
(Brown 1999).
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Fig. 1 Lyttelton Harbour showing Quail Island, King Billy
Island and Moepuku Point.
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Fig. 2 Timeline of eradications undertaken on Quail Island
and King Billy Island between 1997 and 2010.

In 1997, pindone cereal bait (0.25g/kg pindone)
was aerially applied twice to reduce the existing rabbit
(Oryctolagus — cuniculus) population (Brown 1999;
Burrows and Leckie 2001), with remaining survivors shot
or accidentally trapped. The last known rabbit on Quail
Island was a male caught in a Fenn trap (Mk 6) (FHT
Works, Redditch, England) set for mustelids in 2006.
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Fig. 3 Number of mustelids trapped on Quail Island,
stepping-stone King Billy Island and adjacent mainland site
Moepuku Point between 2003 and 2009.

The last feral cat was removed following a shooting
and Fenn trapping regime in 1998. In total, 10 cats were
removed from Quail Island at a cost of 68 worker hours.
Since 2003, seven cats have been captured on Moepuku
Point; however, none have been sighted or captured on
King Billy Island or Quail Island.

Mustelid control

In 2001, wooden trap boxes, each containing two Mk
6 Fenn traps, were set up in a 120 m x 120 m grid over
Quail Island (#» = 62) and King Billy Island (# = 6). Traps
were set primarily for mustelids and baited with hen eggs.
It was anticipated that hedgehogs and rats would also be
caught as by-catch. In 2002, an additional six trap boxes
were placed on the northern-most tip of Moepuku Point,
the closest mainland site to Quail Island, to intercept
invading predators. All trap boxes were labelled and GPS
coordinates recorded for monitoring purposes. Traps were
repositioned or concentrated, depending on relative catch
success. Detailed methods are described in Kavermann et
al. (2003).

Analysis of data collected show that 39 mustelids were
trapped on Moepuku Point between 2003 and 2009 (21
ferrets, 16 stoats, and two weasels). During the same period

Table 1 Comparison of pest species trapped on Quail
Island, stepping-stone King Billy Island and adjacent
mainland site Moepuku Point between 2003 and 2009.

. Moepuku King Bill uail
Pest Species Poli)nt Is;gand Y I(szland
Ferret 21 0 1#
Stoat 16 9 4
Weasel 2 3 1
Hedgehog 2 0 1*
Cat 7 0 0
Rat 11 8 0

#The animal was in a poor state for identification and we suspect
it was misidentified as none have been trapped on King Billy
Island.

*Evidence from tracking tunnels and scats suggest this animal
was a survivor from the original Quail Island population and not a
recent immigrant from the mainland.
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nine stoats and three weasels were trapped on King Billy
Island, while four stoats, one weasel, and one possible ferret
were caught on Quail Island (Fig. 3). Cats, hedgehogs and
rats were also trapped on Moepuku Point (Table 1).

Hedgehog eradication

Live trapping for hedgehogs was conducted for 11
consecutive nights in January 2000, using wire cage traps
and wooden treadle traps baited with dog roll. Traps were
set 150 m apart near tracks and fence lines and checked
daily (see Thomsen ef al. 2000 for detailed methods).
Hedgehogs were also trapped in the Fenn traps set for
mustelids.

Spot-lighting for hedgehogs took place on 13 occasions
since 2000. Searchers wearing headlamps walked tracks
between 17:30 hrs and midnight, collecting hedgehogs and
recording their location. Live-captured hedgehogs were
humanely euthanased and stomach contents stored for
analysis (for details see Thomsen et al. 2000). The density
of hedgehogs was estimated as 0.69/ha by dividing the
total number caught by the size of Quail Island.

A total of 59 hedgehogs were removed from Quail
Island between January 2000 and October 2003. The
initial 11 nights of cage trapping removed 24 hedgehogs
and represents an average of 2.2 captures/night. Spot-
lighting over the first six nights of searching collected 23
hedgehogs or 3.8 captures/night. Fenn traps captured an
additional 10 animals, including the last known hedgehog
removed in 2003.

Rat eradication

In August 2002, the eradication of rats from Quail
Island commenced with the establishment of 555 bait
stations placed in a 40 m x 40 m grid over the island. A
combination of yellow Pestoff bait stations (# = 351) and
custom made Novacoil stations (450 mm lengths of 110 mm
diameter black non-perforated plastic Novacoil drain pipe;
n =204) were used (see Kavermann et al. 2003 for further
details). In December 2002, the dominant vegetation in a
20 m radius surrounding each bait station was recorded as
grass, trees or scrubland, and this information was used to
assess bait take in different habitats.

At the commencement of the operation, ten cereal
Pestoff 20R rodent pellet baits (0.02 g/kg brodifacoum)
were placed in each bait station. In the first seven days,
stations were checked daily and bait replenished or
increased to 20 pellets in cases where all bait had been
removed. In the subsequent five weeks, all stations were
checked every two days and bait replaced as required.
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Fig. 4 Percentage bait take for all bait stations during the
initial 21 samples (37 days).
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Fig. 5 Mean percent bait take (+SEM) in stations by
rodents in three habitats on Quail Island. Differing letters
above bars denote significance at 5% level of probability
using LSD test.

In late September 2002, when bait take ceased, a single
20 g Talon 50 WB wax impregnated cereal ‘egg’ (0.05 g/
kg brodifacoum) and five 20R Pestoff baits were placed
in each station to overcome any possible aversions to the
original baits. The higher concentration of poison in the
new bait also meant that a smaller amount was required
for target animals to consume a lethal dose. After one
week the cereal ‘egg’ baits were wrapped in tin foil to
minimise the effects of slugs (Deroceras spp.), insects and
decomposition due to moisture and returned to each bait
station for any remaining rodents.

Bait take was used to assess rodent presence and activity
during the baiting operation. Preliminary eradication was
considered achieved when bait take stopped. Detailed
descriptions of bait take calculations for rodents during the
operations were provided by Kavermann ef al. (2003).

Overall, percentage bait take from Novacoil bait
stations was significantly higher (F , . = 16.83, P <0.001)
than from the Pestoff bait stations for the entire poisoning
operation. A steady increase in bait take occurred in the
first four days of the operation, peaking at 49% at sample
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Fig. 6 GIS generated flight lines from first helicopter baiting
on Quail Island and King Billy Island on 26 July 2009.

4 (day 4) and again at 48% at sample 7 (days 8 and 9).
This was followed by a steady decrease in bait take with
minimal interference after sample 18 (days 30 and 31)
(Fig. 4). Rats were considered eradicated at day 38.

Percentage bait take on Quail Island was significantly
(F, 5, = 16.72, P <0.001) different between habitats. Pair-
wise comparisons of means (LSD test; oo = 0.05) indicated
that bait take in scrubland was significantly higher than
in mature pine (Pinus spp.) and macrocarpa (Cupressus
macrocarpa) stands (Fig. 5).

Mouse eradication

Although rats were successfully eradicated using a bait
station operation in 2002, mice were not. Subsequent aerial
operations to eradicate mice were undertaken on Quail
Island and King Billy Island on the 26 July and 6 August
2009. To ensure thorough bait coverage across cliff faces,
the helicopter pilot baited the island by flying twice around
the coast, and the then by flying in several northeast-
southwest sweeps (Fig. 6). The second sowing (6 August
2009) was identical, except that flying was carried out in
a northwest-southeast direction. The intended bait-sowing
rate of 8 kg/ha was monitored on mown tracks using 50 m?
transects. Where possible, tracks perpendicular to the flight
line were used and included a selection of locations both
coastal (six transects) and central (nine transects). The
mean sowing rate around coastal areas was 8.2+0.8 kg/
ha, while sowing rates in the island centre averaged only
3.240.3 kg/ha.

Pre- and post-eradication operation mouse populations
were monitored following Gillies and Williams (2002),
using 99 Black Trakka tracking tunnels (Connovation,
Auckland Ltd) baited with peanut butter and placed in a
100 m grid over Quail Island. The tracking tunnels were
placed out one week before the first drop, and repeated
thereafter from one week after the first drop. Standard
snap-back mouse traps baited with unheated popcorn and
peanut butter were also placed in the centre of rat/mustelid
trap boxes on King Billy Island and Quail Island as another
monitoring tool. To determine whether subsequent mice
found on Quail Island were new invaders or survivors of
failed eradication, mouse tail tips were collected from the
island prior to the poisoning and stored frozen in 100%
ethanol as reference DNA for future molecular analysis
(Dilks and Towns 2002; MacKay et al. 2007). Mouse
activity was recorded on 83% of tracking cards one week
before the first aerial poison drop but were eliminated a
week after the last aerial poison drop. No signs of mice
were recorded on either island for six months after the
drop, until a mouse was caught in a trap box on King Billy
Island on 23 February 2010.

DISCUSSION

Rabbits and cats

Only a few rabbits survived the initial Pindone poisoning
operation, possibly going underground for a period of
time (Brown 1999). The final few rabbits proved elusive
and it was unexpectedly a Fenn trap set for mustelids
that removed the final individual in 2006. The nine cats
intercepted on Moepuku Point highlights the value of these
traps for maintaining the integrity of Quail Island as a
refuge for native species.

Mustelids

A large number of mustelids have been trapped on
Moepuku Point, though few have made it to Quail Island.
This demonstrates the importance of interception trapping
on the mainland to reduce the threat of mammalian pests
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invading the island. However, traps are still needed on Quail
Island to kill those animals that may reach it. Furthermore,
ongoing monitoring of capture success is vital for reviewing
trapping strategies and maximising trapping success.

Hedgehogs

The eradication of hedgehogs from Quail Island is the
first reported success of its kind achieved on a New Zealand
island. At an estimated density of 0.69 hedgehogs/ha,
Quail Island hedgehog habitation was very low compared
to other studies which show as many as 1.1-2.5 hedgehogs/
ha (Brockie 1974). Most (93%) of the 59 hedgehogs
were removed from the grassland areas, indicating it may
be a preferred habitat. Night searches were particularly
successful at track intersections and close to the stock dam,
the only open body of water on Quail Island. Hedgehogs
appeared to prefer the mown tracks for ease of movement
and feeding, and were observed by searchers to feed on
invertebrates, particularly slugs and slaters (Porcellio
scaber). Brockie (1990) proposed that hedgehog densities
reflected invertebrate food availability, a finding supported
by Bowie (unpublished) who found invertebrates to be
more abundant in exotic grasslands compared with other
habitats on Quail Island. Grasslands also provide a greater
abundance of skinks (Oligosoma spp.), another known
food source of hedgehogs (Moss and Sanders 2001) and
found in the stomachs of specimens taken from Quail
Island (Kavermann ef al. 2003). The absence of hedgehog
scats on tracks and lack of prints from tracking tunnels
since the last trapped individual (27 October 2003) suggest
that hedgehogs have been successfully eradicated from the
island.

Rats

The eradication of rats in 2002 was another successful
operation, although mice were not similarly eradicated.
We had anticipated challenges in successfully eradicating
rodents from Quail Island because of the thick exotic
grasses and the chances of rodents encountering bait
stations. We therefore used 40 m spacing between bait
stations, which was closer than other successful island bait
station eradication operations for rats (eg. 50 m spacing
used by Taylor and Thomas 1993). The greater success
of the Novacoil bait stations may have been due to their
wider entrance, making them easier to locate and access by
rodents. Novacoil stations entrances were also positioned
at ground level and did not require animals to step up into
them, unlike the Pestoff stations. The significantly lower
bait take from the Pestoff bait stations (Kavermann et
al. 2003) would support this hypothesis. Recent work by
Spurr et al. (2007) supports the view that entrance size is
important for rats. Based on our results, we recommend the
use of Novacoil stations or other similar-sized bait stations
to increase the probability of rodents encountering more
bait. Novacoil bait stations were also cheaper, more robust
and the material is readily available.

Mice

Several factors may have contributed to the failure
to eradicate mice using the bait stations. First, the 40 m
bait station spacing was likely too wide for mice, as they
have smaller home ranges than rats (Ruscoe and Murphy
2005). As such, all mice were unlikely to encounter at
least one bait station, which jeopardises a key component
of eradication in that every individual must be put at risk
(MacKay et al. 2007). In contrast, several successful
mouse eradications from islands have used station grid
spacing of 25 m (Thomas and Taylor 2002). While the 40
m spacing was the likely cause of the failure, other factors
may also have contributed. For example, during their
study on Hawea Island, Taylor and Thomas (1989) noticed
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that large male rats defended bait stations from smaller
rats, a behaviour also likely to deter mice. This dominant
behaviour observed by Taylor and Thomas (1989) may
also help to explain the prolonged bait take on Quail Island
when compared with similar eradication attempts on other
islands. After the dominant animals succumb to poison, the
less dominant individuals (both rats and mice) can access
the bait stations. It appears this may be the case with Quail
Island as bait take continued for 37 days.

The use of aerially applied baits for eradication attempts
of rodents on islands has historically given the best rate of
success, particularly where cliffs make it difficult to use
alternative control strategies (Howald et a/l. 2007). Aerially
applied brodifacoum is the most widely used poison for
mice on islands. Although this has a record of successful
eradications, the overall success rate of mouse eradications
on islands is only 49% (MacKay et al. 2007). Bait
coverage, particularly where extensive exotic grassland is
present, seems to be critically important for success. The
lower bait coverage in the interior of Quail Island (3.2 kg/
ha) may have allowed mice to survive. Also, the mixture of
thick exotic grasses offers ground cover for mice to move
through and may prevent them from encountering baits.
Furthermore, grasses provide a good seed source for mice,
therefore individuals may not require any supplementary
food source encountered in baits.

Unfortunately the mouse caught on King Billy Island
and a mouse track recorded on Quail Island suggests mice
may have reinvaded Quail Island from the mainland. For
future management of mice it is essential to know whether
they are survivors from the aerial eradication attempt
or recent invaders. DNA collected from the mice will
hopefully provide this answer.

KEY LESSONS

1. Interception of mustelids and rats on Moepuku Point
and King Billy Island is helping to reduce the number of
invaders reaching Quail Island.

2. Monitoring trap catch locations with well labelled
traps and keeping thorough records is essential for
managing efficient reinvasion strategies so that traps can
be repositioned or concentrated, depending on relative
catch success.

3. A mixture of eradication methods for hedgehogs
(eg. cage trapping and spot-lighting on tracks) is useful
to initially reduce numbers, but kill traps may be most
successful at lower population densities. Mowing tracks
in exotic grassland may also be a strategy to allow more
effective spot-lighting.

4. We recommend using unheated popcorn as an
alternative mouse bait, as peanut butter is often also eaten
by invertebrates.

5. Bait stations with larger entrances, such the 110
mm Novacoil, have better bait take than bait stations with
smaller entrances, particularly in thick exotic grasses.

6. A bait station grid spacing of 40 m achieved the goal
for eradicating rats.

7. Given molecular advances, keeping DNA from
pest species being eradicated will be important to
distinguish between new invaders and survivors of failed
eradications.

8. The use of GPS on helicopters does not guarantee
correct bait sowing rates and deposition on the ground.
Transects should be used on open areas such as wide tracks
to check how much bait is present on the ground to confirm
adequate bait application.
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Abstract The Eurasian plant procumbent pearlwort (Sagina procumbens) was first reported in 1998 on Gough Island, a
cool-temperate island and World Heritage Site in the central South Atlantic. The first population was discovered adjacent
to a meteorological station, which is its assumed point of arrival. Despite numerous eradication attempts, the species
has spread along a few hundred metres of coastal cliff, but has not as yet been found in the island’s sub-Antarctic-like
mountainous interior. At South Africa’s sub-Antarctic Prince Edward Islands Sagina is spreading rapidly in vegetated
and unvegetated habitats, and is considered beyond control. A similar situation could eventuate on Gough Island if
the plant spreads inland, with deleterious effects on the island’s ecosystems. Eradication methods progressively used
on Gough Island included mechanical removal and dumping of plants and seed-infested soil at sea well away from the
island, application of herbicides to kill both growing plants and germinating seeds, gas flames to kill seeds and seedlings
in rock cracks, near-boiling water to kill seeds in soil, high-pressure water jets to strip infested areas of soil and peat down
to bedrock, and spraying with salt water. Germination trials have shown that spraying with sea water inhibits seedling
production and a steady decline in seed load in infested areas over almost a decade. However, eradication has been
hampered by the plant’s inconspicuous nature, fast growth rate, large seed production leading to an equally large seed
bank, long-lived seeds, difficult terrain that requires qualified rope-access technicians to work in safety, and the island’s
remote location. Although eradication has not yet been achieved, S. procumbens remains confined to its current restricted
distribution on the island.

Keywords: Inconspicuous, long-lived, seed bank, mechanical removal, herbicide, salt water, pressure spray

INTRODUCTION

Gough Island, a cool-temperate oceanic island in the =~ Wetland of International Importance since 2008. The

mid South Atlantic, has often been described as one of the
most important seabird islands in the world (Ryan 2007).
The island is part of the United Kingdom Overseas Territory
of St Helena, Ascension and Tristan da Cunha. The 6400-
ha island and its surrounding 12 nautical mile territorial
waters have been designated a nature reserve under the
Conservation of Native Organisms and Natural Habitats
(Tristan da Cunha) Ordinance of 2006, as a World Heritage
Natural Site since 1995 (expanded to include Inaccessible
Island in the Tristan Group in 2004), and as a Ramsar
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Fig. 1 Distribution of procumbent pearlwort Sagina
procumbens on islands in the Southern Ocean.
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IUCN, Gland, Switzerland.

island has also been listed as an Important Bird Area and an
Endemic Bird Area (Ryan 2008). Gough supports over 70
species of indigenous vascular plants (Ryan 2007), four of
which are endemic to the island and a further 25 endemic to
the Tristan da Cunha Group (Jones et al. 2003). Activities
on the island are controlled through a management plan
adopted in 1993 (Cooper and Ryan 1994).

Gough Island has never been permanently inhabited. A
meteorological station on the coastal cliffs above Transvaal
Bay has operated since 1963 under lease by South Africa
from Tristan da Cunha. The station has a year-round staff
of six to eight with an annual relief from Cape Town, South
Africa, in September/October when the number of people
ashore increases to 30-40 for three weeks.

Despite their remoteness, biological importance, and
restrictions on access, some invasive species continue to
reach these islands. In this paper, we describe the arrival
on Gough Island and subsequent attempts to eradicate a
localised population of the Eurasian plant, procumbent
pearlwort (Sagina procumbens: Caryophyllaceae), a small,
prostrate mat-forming herb.

SAGINA PROCUMBENS ON GOUGH

Discovery and likely source

Sagina procumbens (hereafter referred to as Sagina)
has become invasive on at least 14 islands in the Southern
Ocean, probably aided by its creeping habit, high seed
production and capacity for vegetative propagation (Shaw
et al. 2010; Fig. 1). The species was first reported from
Gough Island at the meteorological station during the annual
relief on 11 September 1998 (Hénel 1998). Numerous
well-developed plants were then found on and around the
concrete platform adjacent to the cliff crane, on concrete
sections of the walkway to the main base buildings, and
on the cliff near the diesel-pumping point (Hanel 1998).

Island invasives: eradication and management.
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Sagina was not at that time found at localities searched
farther afield along the coastline or inland.

Given the presence of a mature, post-flowering plant
collected in 1998, Sagina had been on the island for
some time before the 1997/98 summer growing season.
However, annual environmental inspection reports from
1991 (when they commenced) to 1997 make no mention
of any new alien plants around the station that could have
been Sagina, despite directed checks. Plants may have
been overlooked by non-botanical inspectors but the 1996
environmental inspection was undertaken by a botanist,
who reported that no new introduced plants were observed
around the station’s buildings despite a directed search
(Roux 1996). It is most unlikely that Sagina was present in
October 1984, when Nigel Wace, a botanist with previous
experience of Gough, conducted a survey of alien plants on
the island (Wace 1986).

In addition to Gough Island, South Africa operates a
meteorological station on sub-Antarctic Marion Island,
Prince Edward Islands, in the southern Indian Ocean. Both
stations are supplied through the Directorate: Antarctica
and Islands, Department of Environmental Affairs (DA&I:
DEA). In the 1990s, the same shipping containers were
used for supplies to both islands. These containers were
not always adequately cleaned before being loaded onto the
supply vessel (JC pers. obs.). At Marion Island, containers
unloaded from the ship by helicopter were then landed on
sites inhabited by Sagina (Ryan 2000; JC per. obs.), which
was first reported on the island in 1965 (Gremmen and
Smith 1999). Some of these containers were subsequently
used annually to supply Gough Island, suggesting one
potential source of infestation. However, Sagina also
occurs in the Cape Town docks area (NJMG pers. obs.),
where the island cargo is loaded, so mainland Africa is also
a potential source.

Sagina procumbens was first recorded on the main
island of Tristan da Cunha, 380 nautical miles NNW of
Gough, in 1999 on the Settlement Plain in the village of
Edinburgh of the Seven Seas and within the boundary of
Calshot Harbour. Subsequently, the species has been found
up to 10 km from the village (Gremmen and Halbertsma
2009; JC pers. obs.). Its spread on Tristan is thought to
be facilitated by human pedestrians, domestic stock and
vehicular traffic. Eradication on Tristan is not considered
feasible, but control was initiated in the village and Calshot
Harbour in 2009 as a biosecurity measure, to reduce the
risks of the plant reaching the other islands in the group (A.
Rosler in litt. to JC 2009).

Current distribution on Gough

Since discovery in 1998, Sagina on Gough has spread
along coastal cliffs in Transvaal Bay to its current patchy
distribution over C. 400 m. Annual searches away from the
coast, concentrating on foot paths and the less-vegetated
areas in the interior, have revealed no additional plants
over 10 years of effort. The very rugged nature of the island
makes adequate surveys of all cliffs impossible since they
reach heights of 50-300 m along most of the 42 km of
coastline. However, no plants have been discovered along
the island’s east coast as far as 9 km from the meteorological
station in Transvaal Bay. In 1999, a single Sagina seedling
was found growing among lichens and bryophytes on a
dead island tree (Phylica arborea) some 200 m south of the
meteorological buildings. The plant may have been spread
by Gough buntings (Rowettia goughensis) regularly seen
in the vicinity (Gremmen 1999). Since then, there have
been no further records of Sagina growing epiphytically at
Gough, or outside the area described above.

The results of these surveys lead us to believe that
Sagina is currently restricted to its known range and thus
its eradication from the island should be feasible.

Prognosis of spread

On Marion Island (Prince Edward Islands), Sagina is
spreading at a rate of 100-300 m per year (Gremmen and
Smith 1999; JDS pers. obs. 2009). In May 1997, Sagina
was found on nearby Prince Edward Island at a few sites
but in subsequent years it has spread significantly (Ryan et
al. 2003; PGR and JC pers. obs. 2008 and 2010). The plant
is now considered naturalised on Prince Edward Island.
Given this, and the likelihood that indigenous animals may
now be facilitating its dispersal, it is considered beyond
control by known methods on both Marion and Prince
Edward Island.

The global distribution of Sagina suggests wide
ecological amplitude. Although Gough is generally
classified as cool temperate, its mountainous interior
predominantly has herbfield and feldmark vegetation
(Wace 1961) broadly similar to that of the lowlands of the
sub-Antarctic Prince Edward Islands (Gremmen 1981).
The precautionary view assumes that if Sagina becomes
established in the sub-Antarctic-like uplands of Gough it
will become as invasive as on the Prince Edward Islands
and will then be impossible to eradicate or control.

Biosecurity procedures

Since the discovery of Sagina on Gough, and as part
of a general improvement of biosecurity procedures
within the South African National Antarctic Programme
(SANAP), containers dedicated to specific islands are now
used to avoid interchange between Gough and Marion.
Containers are also cleaned using water under pressure
inside and out before packing and loading onto the supply
ship at the DA&I: DEA stores in the Cape Town docks.
Once containers are loaded, the ship’s holds are fumigated
against invertebrates, usually the day before sailing, but
this is unlikely to kill dormant seeds. The outsides of
containers are also inspected visually on arrival ashore on
Gough before they are opened, and their insides inspected
when opened and unloaded.

ERADICATION EFFORTS ON GOUGH

On and shortly after discovery

In the year of discovery, mechanical control of Sagina
was attempted. Plants were scraped out of cracks or
removed from rock and soil surfaces, placed in strong
plastic bags by volunteer members of the meteorological
station and later removed from the island. Despite these
measures, by the annual relief a year later (1999) the
infested area had increased to about one hectare around the
buildings (Gremmen 1999; Gremmen et al. 2001). Based
on this inspection by NJMG, an eradication programme
was designed and implemented in May 2000, with funding
from the United Kingdom Government (Gremmen 2000).

The 2000-2004 eradication programme

A four-person team, led by NJMG, arrived on the island
in May 2000 for two months (Barendse 2000; Ryan 2000).
All visible plants with surrounding soil to a depth of C. 15
cm were removed from around the meteorological station
in an attempt to remove buried seeds (Gremmen et al.
2001). After tests of efficacy on germination, sites where
the plants had been found were treated with hot (>80°C)
water from a specially designed diesel-fuelled boiler in an
attempt to kill any remaining seed banks. Broad-spectrum
and pre-emergent herbicides (Glyphosate 360/Glyphogen,
‘Round-up’ and Outpace Flowable) were also used where
it was difficult to remove plants. Lastly, hand-held blow
torches were used to kill seeds in rock cracks. The use of
rope-access techniques was necessary to access many of
the infested sites in safety.

By the end of the 2000 visit, no plants were to be seen.
Regular monitoring and herbicide spraying by volunteer
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team members and inspections during the annual reliefs
were then viewed as the only measures required for the
eventual eradication of Sagina from the island. A detailed
manual was prepared to guide this work (Gremmen 2000).
An inspection during the annual relief in September 2001
indicated that Sagina was under control. However, this
proved to be mistaken. When JC visited the island on the
2003 relief, large coalescing clumps of Sagina were found
at several cliff sites. The team volunteer who had been
treating Sagina with herbicide at intervals during 2002/03
reported to JC that for safety reasons he had not ventured
into all the areas where the plant was known, especially
on steep and slippery cliff sections with drop-offs directly
into the sea.

During the 2003 relief, another attempt was made
to remove all plants for dumping at sea but there were
insufficient personnel for this to be achieved. Many plants
had to be left to continue growing and to flower and set
seed through the 2003/04 summer, despite the efforts of the
voluntary conservation officer on the meteorological team
who continued to remove plants, spray herbicides and use a
blow torch at intervals in infested areas throughout the year
(Leveridge 2004).

Most seriously, in September 2004 wider searches for
Saginarevealed that plants had spread northwards along the
coastal cliff to a popular fishing spot known as Snoekgat,
most likely through adhering to footwear (Cuthbert and
Glass 2004).

Restarting and expanding the eradication programme
2005-2010

During late 2004, new funding obtained from the United
Kingdom’s Overseas Territories Environment Programme
(OTEP) by the Tristan da Cunha Government, enabled a
sustained eradication programme to be recommenced in
September 2005 (Gremmen 2005; Cooper et al. 2006;
Gremmen 2006). Because Sagina on Gough Island is able
to set seed within three months or less from germination,
it was desired to place eradication teams (with rope-
access qualifications and skills) on the island for several
months during each summer-growing season and at
roughly quarterly intervals for long enough to remove all
plants within the known distribution. In practice, such a
programme was not fully achievable, primarily due to a
shortage of available berths on the few vessels travelling
between South Africa and the Tristan Group.

Over approximately four years, all plants found were
removed and the sites treated with herbicides and/or heat
during each visit. However, a few plants continued to escape
detection and as a consequence flowered and set seed,
thereby adding to the seed bank. This led to the prevailing
situation, which since September 2008 has involved two
field assistants qualified in rope access on the island for
a full year. Their duties have included careful checks of
the area known to be infested with Sagina at no more than
monthly intervals, when all plants found are removed.
Funding for this latest stage has again been received
from OTEP, with administration of the project switching
from a South African environmental consultancy (CORE
Initiatives) contracted by Tristan da Cunha to the Royal
Society for the Protection of Birds (RSPB), a UK-based
NGO that is part of the BirdLife International partnership.
The second (2009/10) team was replaced by a further two,
rope access-qualified, field assistants in September 2010.
Two field assistants will be appointed for 2011/12 for a
fourth consecutive year. This extends the period of active
eradication efforts against Sagina until at least October
2012. As a result of the latest protocol, very few plants
have escaped notice until after they have set seed. Semi-
quantitative germination trials (Visser ef al. 2010) confirm
that this has rapidly reduced the seed bank.
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Expanding the ‘tools in the box’: new eradication
techniques adopted

By 2008, despite seven years of effort, the eradication
of Sagina on Gough had not been achieved. However,
plants were being confined to a coastal distributional
range, which reduced the risk of spread to the mountainous
interior. Further progress required new techniques to be
tested and added to those available. One new method used
during the September 2008 relief was a high-pressure jet
of water used to blast the peat and soil into the sea from
selected infested areas, exposing bed rock. Trials in 2009
showed that salt water inhibits the germination of Sagina
seeds (Visser et al. 2010). At vegetated sites, tussock
grass, forbs and mosses were first removed with spades and
mattocks. The vegetation and peat were then thrown or
washed over the cliff edge onto the rocks below or into the
sea. Subsequent checks of the newly exposed rock showed
that whereas Sagina seedlings did continue to emerge from
rock cracks they were relatively few in number, and were
then easily spotted and removed. In addition, an enhanced
spraying regime was commenced from October 2008 with
broad-spectrum and pre-emergent herbicides applied in
selected areas each month.

The soil-blasting system was not sufficiently portable
for use over the full distribution of Sagina. In September
2009, a portable fire-fighting pump (Davey Fire Chief),
along with a 1200-1 water tank was lifted by helicopter to the
northern edge of the plant’s distribution at Snoekgat. A start
was then made to strip the area using high-pressure hoses
with a range of up to C. 100 m. This stripping technique
is slow, labour-intensive, and may take several years to
remove cover from all areas on the coastal cliffs within the
range of Sagina down to bed rock. From September 2010,
thick stands of indigenous vegetation (mainly Spartina
arundinacea tussocks) were trimmed prior to soil blasting
with a petrol-powered brush cutter. Once stripping to bed
rock is completed, regular monitoring to remove seedlings
soon after they germinate from rock crevices and from any
small pockets of remaining soil should deplete the seed
bank to zero and lead to the plant’s eventual eradication
from the island.

Following successful suppression of germination using
salt water elsewhere (Visser et al. 2010), the portable pump
has also been used to spray salt water (mixed in the large
water tank using commercial salt brought to the island in
25 kg bags) onto the stripped rock at Snoekgat.

In addition to the new eradication attempts since
September 2009, quarantine/biosecurity procedures
have been strengthened in order to reduce the risks of
inadvertently spreading Sagina inland and along the
coastline. Procedures include a permanent boot wash
basin at the meteorological station to ensure that footwear
is cleaned of adhering soil and plant propagules plus the
cleaning and inspection of containers and materials flown
to food caches and camp sites in the island’s interior (Gibbs
2009). These procedures are additional to the hosing down
of protective clothing and footwear when leaving infested
areas that has been a normal practice of the eradication
campaign since its inception.

‘Upping the ante’: possible new techniques to test and
adopt

In September 2009, an independent audit of the
eradication campaign was conducted by an expert in
managing alien plant eradications in South Africa (Gibbs
2009). Suggested new eradication techniques to test
included salt applied in its solid form to sites where plants
had been removed and the use of a helicopter-borne
monsoon bucket to water-bomb the infested cliffs with salt
water. The former suggestion was tested at the time, but
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has not proven particularly successful (Visser et al. 2010).
The latter suggestion may be tested if an opportunity arises
during annual relief visits.

Less practical suggestions included: covering the
infested cliffs with a sealant material (such as the sprayed
cement sometimes used to stabilise road cuttings);
explosives to blast the cliff face into the sea; portable flame
throwers to incinerate both plants and peat; and, probably
more realistically, using some form of hormonal growth
agent that would promote synchronised germination of the
remaining seed bank. Weeds growing in cracks on hard
surfaces can be killed with a foam surfactant created from a
biodegradable glucose polymer that retains heat for longer
than just water (Quarles 2001; Bridge 2005). However, hot
foam would be logistically difficult to apply at any distance
from the immediate surrounds of the meteorological
station, given that the equipment required is not designed
to be carried by hand.

The applied and proposed eradication techniques
described here are not thought to place the island’s
indigenous biota and physical environment at any long-
term risk, given that the eradication methods used are
restricted to a very small part of the island

CONCLUSIONS

The eradication of Sagina procumbens from Gough
Island has proved to be a protracted exercise. Eradication
will require years of continued and concentrated effort
to remove all emerging plants before they set seed, so as
eventually to exhaust the existing seed bank. Biosecurity
efforts to halt new propagules arriving at Gough (Lee
and Chown 2009) from either Cape Town or Tristan da
Cunha need to be rigorously applied, along with continued
monitoring ashoretoreduce therisks ofthe species spreading
away from its current distribution. To help achieve these
goals, new eradication methods and technologies should
continue to be sought, tested, and adopted.
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Abstract In 2004, the New Zealand Government allocated NZ$7.1M to eradicate stoats (Mustela erminea) and red deer
(Cervus elaphus) from Fiordland’s two largest islands: Secretary Island (8100 ha) and Resolution Island (21,000 ha), in
SW New Zealand. Both islands are rugged and within the swimming range of stoats and deer from the mainland. Here
we apply the six strategic rules for achieving eradication to the Secretary and Resolution islands programme and use
these rules as means of assessing progress five years into the campaign. For these programmes ‘eradication’ has been
defined as the complete removal of the stoat and deer populations, and the establishment of long-term control to manage
reinvasion. While the original eradication objectives are yet to be achieved, the planned conservation outcomes are on
track; several threatened species of birds have been successfully reintroduced and the regeneration of palatable plants
is apparent. The conservation importance of large islands such as Secretary and Resolution in terms of New Zealand’s
commitments to international biodiversity conventions and restoration goals cannot be overstated. However, attempting
mammal eradications on such large islands in close proximity to the mainland challenges conventional paradigms for
eradication. These challenges are likely to be faced increasingly by other conservation managers in New Zealand and

internationally.

Keywords: Secretary Island, Resolution Island, eradication, restoration, strategic rules, extirpation.

INTRODUCTION

Fiordland National Park, in the southwest of the South
Island of New Zealand, contains C. 90 islands ranging in
size from small rock stacks up to Secretary Island (8140 ha),
at the entrance to Doubtful Sound, and Resolution Island
(20,860 ha) lying between Breaksea and Dusky Sounds
(Fig. 1). The total land area of Fiordland islands exceeds
40,000 ha of which over 31,000 ha has been targeted for
pest eradication.

Stoats (Mustela erminea) were first introduced into
mainland New Zealand in the late 1880s in response to
feral rabbit (Oryctolagus cuniculus) plagues. In 1891,
Resolution Island was gazetted as one of the world’s first
‘reserves’. Richard Henry, curator of Resolution Island,
realised the value of islands that might avoid invasion by
stoats and translocated 572 birds, mostly kiwi and kakapo,
to the island sanctuary. Stoats are competent swimmers
(Taylor and Tilley 1984) and they had invaded many of
the remote coastal islands of Fiordland only six years
after their introduction to New Zealand. By 1900, Henry
had confirmed the worst when he observed a stoat on
Resolution Island (Hill and Hill 1987). Stoats probably
invaded Secretary Island around the same time.

In 1963, the New Zealand Government designated
Secretary Island a ‘Special Area’ within Fiordland National
Park due to the island’s unmodified vegetation and the
complete absence of introduced browsing or grazing animals
(brushtail possums; Trichosurus vulpecula and red deer;
Cervus elaphus scoticus). In reality, red deer had probably
already established at the northern end of Secretary Island
but it was not until 1970 that a small resident population
was confirmed (Mark et al. 1991). Control measures for
red deer were implemented between 1970 and 1987 and
although hundreds of deer were killed, control did not have
amajor impact on the population (Brown 2005). Resolution
Island, also free of possums, had red deer established in
high numbers by 1947 (Sutherland 1957).

Since 1999, the feasibility of eradicating island
populations of stoats and managing immigration
from locations within stoat swimming range has been
demonstrated. Eradications of stoats from Chalky Island
(514 ha) in 1999, Anchor Island (1130 ha) in 2001,

and Bauza Island (480 ha) in 2002 gave managers the
confidence to tackle much larger islands such as Secretary
and Resolution (Elliott e al. 2010).

Successful eradications of pest species from islands in
Fiordland have not been limited to stoats. In 2002-2007,
red deer were removed from Anchor Island in Dusky
Sound (Crouchley ef al. 2011). Successful control over
50 000 ha in the Murchison Mountains (Fraser and Nugent
2003) demonstrated the feasibility of reducing the deer
population to near-zero density elsewhere in Fiordland
National Park and in habitats similar to those on Secretary
and Resolution Islands.

The enormous potential for pest-eradication and
restoration on Secretary and Resolution Islands was
recognised in 2004, when the New Zealand Government
allocated NZ$7.1 million over 10 years to eradicate stoats
and deer from both islands. Further acknowledgement of
their current intrinsic and potential future ecological values
came in 2007 when they were reclassified as ‘Restoration
Islands’ within the Fiordland National Park Management
Plan (2007).

The Department of Conservation has developed an
international reputation for pioneering successful single-
species (rodent) eradications on remote islands (Cromarty
et al. 2002). The next step was to expand to a ‘successive
culls’ approach spanning many years for invasive ungulate
and mustelid species. This approach was planned for
Secretary and Resolution Islands and is the subject of our

paper.

GOALS AND OBJECTIVES FOR FIORDLAND’S
‘RESTORATION ISLANDS’

IUCN (International Union for the Conservation of
Nature) guidelines define eradication as the complete
removal of an alien invasive species ({UCN Guidelines
for the Prevention of Biodiversity Loss caused by Alien
Invasive Species, May 2000) whereas a programme of
sustained control is focussed on managing the impacts of
such species through continuous or periodic population
reduction (Cromarty ef al. 2002). In the operational
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and restoration plans for these programmes the term
‘eradication’ referred to the complete removal of the stoat
and deer populations, and the establishment of long-term
control programmes to manage reinvasion. Three goals
were established: 1) eradicate stoats and deer; 2) enhance
the ecological values of the islands for threatened species
re-introductions; and 3) ensure that these islands remain
virtually pest-free through effective island biosecurity.

Six strategic rules must be met in order for eradication
to be possible (Parkes 1990; Bomford and O’Brien 1995;
Parkes et al. 2002): 1) all target animals must be put at
risk to the methods being applied; 2) target species must
be killed at rates faster than their rate of increase at all
densities; 3) the risk of recolonisation must be zero; 4) social
and economic conditions must be conducive to meeting the
critical rules; 5) where the benefits of management can

Fig. 1 Location of Secretary and Resolution Islands.

be achieved without eradication, discounted future benefits
should favour the one-off costs of eradication over the
ongoing costs of sustained control; and 6) ideally, animals
surviving the campaign should be detectable and dealt with
before an increased population size becomes obvious.

The first three are regarded as crucial rules (Parkes
1990), which, unless they are met, eradication cannot
proceed. Rules 4-6 are regarded as desirable (Bomford
and O’Brien 1995). For example, eradication might still
proceed despite social opposition. We recognised from the
outset that reinvasion by stoats and deer was inevitable,
so we adopted the alternative interpretation of Rule 3: the
probability of the pest re-establishing is manageable to
near-zero (after Broome et al. 2005).

Below we discuss project planning for the stoat and
deer campaigns for Secretary and Resolution Islands in
terms of the six rules for eradication.

STOATS

For both islands, it seemed possible to put all stoats at
risk with existing tools, tactics and strategic planning, as
was detailed in operational plans by Golding et al. (2005)
and McMurtrie ef al. (2008). That all animals must be put
at risk to the methods being applied (Rule 1), was thus
considered a priori to hold for stoats.

Large numbers of stoats were removed in the knockdown
on Secretary and Resolution Islands, but we have yet to
achieve our objective of eradication (McMurtrie et al.
2011). A few stoats may have retained small home ranges
even with the significant population reduction and have
therefore never come in contact with a trap. Alternatively,
a few animals may avoid entering a trap tunnel either for an
extended period of time or in perpetuity (Crouchley 1994;
King and Powell 2009). Rule 1, therefore, does not appear
to hold for stoats on either island at the time of writing.

Stoat eradication programmes on other Fiordland
islands demonstrated that animals could be killed in traps
faster than their rate of increase (Rule 2), even at low
densities (Elliott ef al. 2010). With stoats, however, the
real issue is not population density per se, but the ability to
respond rapidly to ‘pulsed’ events such as immigration or
in-situ breeding, particularly during mast years (Wittmer ef.
al. 2007). Rule 2 was thus considered to hold for stoats on
both islands. On Secretary Island, trapping results indicate
that the stoat population is being maintained at a very low
level without further decline (McMurtrie et al. 2011) so we
are not meeting Rule 2. It is too early to establish the trend
for Resolution Island.

It was known from the outset that the risk of
recolonisation by stoats would not be zero (Rule 3) on
either island (Elliott ez al. 2010). However, islands >300 m
from a source population on the mainland were viewed as
much less likely to receive immigrants than islands closer
to the source population. Given that Secretary Island is 950
m from the mainland at the narrowest point, and Resolution
520 m, the risk of stoat reinvasion was assessed as low
but not zero for both islands. The eradication campaign
proceeded on that basis. Central to the plan was the long
term use of traps used for the initial knock-down on the
islands and control on the adjacent mainland, in order to
manage reinvasion. Our assumptions about the rates of
stoat immigration to the islands have been challenged by
the results. On Secretary Island, DNA analysis of captures
to June 2008 reveals a mix of residents and immigrants
(McMurtie et al. 2011). The level of immigration detected
from July 2005 to June 2008 is also higher than we
predicted (see Elliott ez al. 2010). However, unusually high
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immigration may have been due to a beech masting in 2006
and a subsequent rodent and stoat plague on the mainland
in Fiordland. During such years, there will likely be more
juvenile stoats dispersing from the mainland to inshore
islands, such as Secretary Island. Further genetic work to
include all of the stoats captured on both islands during the
eradication campaigns should help to refine estimates for
immigration.

Both the stoat and deer campaigns were initiated
following a history of successful rodent eradications on
increasingly large islands (Towns and Broome 2003),
so public support for pest eradications in general was
high (Rule 4). The deer and stoat eradication attempts
on Secretary and Resolution Islands had strong iwi and
community support, strong political support, and were
well-funded. Rule 4 therefore held for both pest species and
islands. Furthermore, ongoing support is evident within the
Department and externally since much of the funding for
threatened species reintroductions has come from local and
national corporate sponsors. The immense conservation
benefit likely to be generated by this programme has thus
generated much community interest.

We also knew from the outset that Rule 5 would not
hold for stoats on either island since we would never be
able to disengage from the ongoing costs of sustained
control. However, we calculated that near-zero density
could be achieved and maintained with the same effort
regardless of the number of stoats present because all of
the infrastructure needed, including tracks, huts and traps,
are to remain in place (and be serviced) in perpetuity. We
argue that Rule 5 is not relevant where: 1) the tools and
strategies for eradication are the same as those used for
ongoing management; 2) there was always the intention
to make continued use of kill-traps as detection and
monitoring devices; and 3) the desired outcomes remain
unchanged.

Another interpretation of Rule 5 is that eradication
should proceed in favour of control where the benefits of
the project outweigh the costs (Broome et al. 2005). For
example, when compared with Secretary and Resolution
Islands pest control to equivalent densities over 30,000
ha on mainland Fiordland would be extremely expensive
without producing equivalent conservation outcomes. The
existing ecological values of these islands, in particular
Secretary Island which has never had introduced rodents,
are unparalleled anywhere else in Fiordland in terms of
scale.

Rule 6 holds for both populations of stoats because
animals surviving the original knockdown campaign
were largely detected and dealt with before an increased
population size became obvious. Our assumption that kill-
traps would provide reliable detectability was confirmed at
high stoat densities using an alternative method (hair tubes)
prior to the initial knock-down (Clayton et al. 2011). Spatial
detection parameters obtained for stoats on Resolution
Island using hair-tubes (Clayton et al. 2011) were similar to
those for other published studies (Smith ez al. 2008; Efford
et al. 2009). However, we do not know how detectability
changes with stoat density. Foot-print tracking tunnels were
not used as a monitoring tool for stoats in the Secretary and
Resolution campaigns because the large number required
(Brown and Miller 1998; Choquenot et al. 2001; King et
al. 2007) would have been prohibitively expensive and
logistically difficult due to the terrain. Furthermore, any
residual stoat population is likely to contain individuals
that avoid tunnels, regardless of whether they contain traps
or tracking cards. This observation has subsequently been
confirmed by the presence of stoat tracks in snow along
ridgelines with traps (McMurtrie ef al. 2011) and video
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records of stoats from deer trail cameras near stoat traps
on Secretary Island (D. Crouchley pers. obs.). Plans for
the Secretary and Resolution Island stoat programmes did
allow for the use of trained stoat-indicator dogs. We also
relied on the presence of deer hunters in the four years
following the stoat knock-down and their observations of
stoat sign.

Because the pattern of stoat captures in kill-traps on
both islands was high initially then followed by a handful
of individuals in subsequent years (Clayton et al. 2011;
McMurtrie et al. 2011), Rule 6 at present still holds for
stoats with the caveat that information on the behaviour
and detectability of stoats at low densities is imperfect.

DEER

Rule 1 was considered to hold a priori for deer on both
islands as detailed in operational plans by Crouchley et
al. (2007) and Crouchley and Edge (2009). On Secretary
Island, an estimated 80% of the deer population was
removed within the planned two-year timeframe. At the
time of writing we are in the second year of the mop-up
phase and therefore are yet to achieve eradication. We
assume that Rule 1 still holds for deer.

We considered that the need to kill target species faster
than their rate of increase at all densities (Rule 2) holds for
red deer on both islands. At the time of writing, this still
appears to be correct. We initially assumed that the potential
for reinvasion of deer onto Secretary and Resolution islands
was relatively high and that Rule 3 would not apply. This
assumption has since been challenged (Crouchley et al.
2011) because: 1) Anchor Island has received no immigrants
for the past four years despite its proximity to large deer
populations on Resolution Island and the mainland; and 2)
genotyping of the Secretary Island population suggested
a small founder population of very few hinds and little
subsequent reinvasion.

The general principle of Rule 5 was considered to
hold for red deer on both islands. However, the concept
of a ‘one-off’ campaign was rejected in favour of an
ongoing programme able to be scaled down significantly
once the resident population had been removed to focus
on limiting reinvasion or re-establishment potential. The
assumption that Rule 5 would hold for deer was planned to
be addressed at a formal review in the second and fourth
year of each island programme. At the time of writing it is
unclear whether Rule 5 will hold for deer. Because Rules
1 and 2 hold for deer and the risk of reinvasion (Rule 3) is
much lower than initially thought, eradication is likely to
be achieved for deer on Secretary and Resolution Islands
in the future. The alternative model is control to near
zero-density akin to the Murchison Mountains (Fraser and
Nugent 2003), where deer control provides massive and
demonstrable conservation benefits (Burrows et. al. 1999;
Tanentzap et al. 2009).

Rule 6 was considered to hold for deer on both islands.
Deer are mobile and therefore leave obvious sign in many
places even at low population densities (Forsyth et al.
2007). In addition, a variety of tools were to be employed
in the mop-up phase to detect and cull deer (Crouchley
et. al. 2011) in order to ensure complete coverage. One
disadvantage of the planned deer eradication campaign was
that, unlike stoats, deer control can only be implemented
and/or checked regularly by people; until now, devices
have not been available for continuous operation on the
islands. However, there are now precedents for successful
eradication of ungulates internationally using fixed devices
(e.g., Ramsey et al. 2009).
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GENERAL CONCLUSIONS

New Zealand deservedly has a reputation for successful
eradication of invasive alien mammals from offshore
islands. This reputation emerged primarily from rodent
eradications where the risks of reinvasion were extremely
low and manageable with strict biosecurity measures (Towns
and Broome 2003). The Fiordland Islands programme has
demonstrated that it is time to further expand our horizons
to islands in close proximity (0.5 — 1 km) to the mainland,
of considerably larger size than some previously attempted,
and where eradication attempts involve multiple invasive
alien mammal species. The conservation importance of
large islands such as Secretary and Resolution in terms of
New Zealand’s commitments to international biodiversity
conventions and restoration goals cannot be overstated.
However, attempting mammal eradications on such large
islands in close proximity to the mainland challenges tried-
and-true paradigms for eradication. These challenges
are likely to be faced increasingly by other conservation
managers in New Zealand and internationally.

The eradication programmes for stoats and deer on
Secretary and Resolution islands do not meet Rules 3
and 5 for eradication as defined by Parkes et al. (2002),
but they do fit with the broader definitions as defined by
Broome et al. (2005). The original definition of Rule 3
is applicable to offshore islands, but for islands in close
proximity to the mainland, the concept of zero reinvasion
risk is an ideal but not the reality with currently available
tools and strategies for our focal species. Ongoing control
in perpetuity becomes the only available option for stoats
and deer on Secretary and Resolution Islands because of
the constant, although low, risk of reinvasion. This shift in
emphasis from eradication to management to zero-density
is likely to become increasingly applicable to islands
elsewhere as island eradication programmes worldwide
tackle a range of invasive species. At this point it becomes
essential to implement a strict cost-benefit analysis (Rule
5) of maintaining management to zero-density on an island
in close proximity to the mainland, versus the mainland
itself, where re-invasion is quicker but the site is easier to
access. This requirement is especially true when funds
are limited and the ongoing costs of management may be
unsustainable.

Our experience to date on Resolution and Secretary
Islands suggests that it is important to detect and deal with
invasive animals before population sizes increase (Rule
6) for two reasons. First, the detection of individuals
enables managers to mount an appropriate response, as
is the case for deer. Second, if an established network of
control devices (or routine hunting) doubles as ongoing
surveillance and monitoring (as is the case for stoats),
then animals must be detectable at low densities, before
the population has increased to a level at which damage
becomes a problem for threatened species and the costs of
management increase. This need for a rapid response to
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low density populations is particularly important if there
are associated threatened native species reintroduction
programmes. It also highlights an important need for
many threatened species in New Zealand; to quantify
the relationship between population density of invasive
mammals (e.g., stoats) and productivity of threatened
species (e.g., fledging success; Innes ef al. 1999) so that
extra control effort can be applied should incursions result
in re-establishment.

The campaigns to eradicate stoats and deer from
Secretary and Resolution Islands challenge three rules for
eradication, and therefore may be defined as extirpation
(e.g., Parkes and Panetta 2009). Regardless of definition
and the low density populations of deer and stoats,
the original planned conservation outcomes have not
been compromised. For example, on Secretary Island,
reintroduction of mohua (Mohoua orchrocephala), South
Island robin (Petroica australis australis), rock wren
(Xenicus gilviventris), and the introduction of North
Island kokako (Callaeas cinerea wilsoni) have proceeded
as planned (Wickes and Edge 2009). Each translocation
was undertaken with the knowledge that these species
tolerate low density stoat populations on the mainland.
Regeneration of palatable plants is already increasing in
many areas as further evidence of a substantial reduction
in browsing impacts by deer (Crouchley ef al. 2011). Most
planned releases of other species are still likely to proceed
given the results from both island programmes to date
(Wickes and Edge 2009). However, translocations of tieke
or South Island saddleback (Philesturnus C. carunculatus)
may not be possible because the species appears too
sensitive to stoats at low density.

We suggest that the management of invasive
mammalian species in New Zealand sits on a continuum
from intensive one-off operations on offshore islands
(Cromarty et al. 2002) through to ‘local elimination’ on
the mainland (Morgan et al. 2006) (Fig. 2). The near-shore
islands fall somewhere along this ‘continuum of reinvasion
risk.” A combination of where the programme sits on this
continuum and how it fulfils the conservation objectives
under Rule 5 is the main consideration when attempting a
programme of this nature.

The following lessons arose from the stoat and deer
eradication programmes in Fiordland:

Smaller to larger scales. There are international
precedents for learning from eradication of top predators and
ungulates on islands (e.g., Ramsey e