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PREFACE

Turning the tide of biological invasion: the potential for
eradicating invasive species

M. N. Clout! and C. R. \eitch?
L Centre for Invasive Species Research, SGES, University of Auckland, Private Bag 92019,
Auckland, New Zealand. E-mail m.clout@auckland.ac.nz 2 48 Manse Road, Papakura,
New Zealand.

THE THREAT TO GLOBAL
BIODIVERSITY

The effects of alien invasive species on biodiversity have
been described as “immense, insidious and usually irre-
versible” (IUCN 2000).

There is no doubt that invasive species can cause severe
economic and ecological damage (Mack et al. 2000). They
may soon surpass habitat loss as the main cause of eco-
logical disintegration globally (Vitousek et al. 1997,
Chapin et al. 2000) and are probably aready themain cause
of extinctions in island ecosystems. The breaching of
biogeographic boundaries by the widespread, recent hu-
man transport of species has caused rapid and radical
change in biological communities, including multiple
extinctions. To minimisefurther extinctions and other eco-
logical changes, the most important priority is to reduce
therisks of new invasions. After prevention, the next pri-
ority isto eradicate existing invasive species, wherethisis
possible. These aims are embodied in the United Nations
Convention on Biological Diversity, which statesthat par-
ties to this convention should “ prevent the introduction
of, control or eradicate, those alien specieswhich threaten
ecosystems, habitats or species’.

Extinction isirreversible, but there is a growing realisa
tion that biological invasions themselves can sometimes
be reversed. With good planning, adequate techniquesand
sustained effort, it isnow possibleto eradicate many types
of invasive species, especialy in the early stages of an
invasion, or where apopulationisconfinedto anisland or
limited habitat.

Turning the tide of biological invasion by eradicating in-
vasive speciescanyield substantial benefitsfor biodiversity
conservation, by raising opportunities for ecological res-
toration and the re-introduction of threatened species. It
can also yield major economic benefits, by permanently
removing the cause of damage to crops, livestock or na-
tive biodiversity, and obviating the need for costly per-
petual control. Wherefeasible, eradicationistypically more
environmentally sound and ethically acceptable than long-
term control. Sustained control may involvethe perpetual
use of toxins, trapping or shooting, and can entail more
environmental risks and many more animal deathsthan a

brief eradication campaign. In this context, the recent suc-
cessful action by animal ethicists to prevent the eradica-
tion of an incipient population of grey squirrels (Sciurus
carolinensis) in Italy is a particularly sad example
(Genovesi and Bertolino 2001). Many more squirrelswill
undoubtedly die in control attemptsin the yearsto come
than would have been killed in eradication of the initial
population. Likely consequences of thisinvasion (aswith
so many others) are damage to crops and natural ecosys-
tems and the decline of native species.

CONDITIONS FOR ERADICATION
SUCCESS

Thereis awell-accepted set of conditions which must be
met for the eradication of any population (Bomford and
O’'Brien 1995). These standard conditionsfor successare
proper planning, a commitment to complete, putting the
entire population of the target species at risk, removing
them faster than they reproduce, and preventing re-inva-
sion. Additional conditions, which are often necessary and
always desirable, are support from loca people and an
ability to demonstrate the benefits of the eradication pro-
gramme.

It is easiest to meet the necessary eradication conditions
for isolated, small populations of specieswith low repro-
ductiverates and no dormant life stages. Not surprisingly,
the most notable successesto date have thereforeinvol ved
the eradication of vertebrates (especially mammals) from
isolated islands. Over the past 20 years, astechniquesand
confidence haveimproved, it has proved feasibleto eradi-
cate even quite small vertebrates from larger and larger
islands. For example, in New Zealand, Norway rats (Rat-
tus norvegicus) are now being eradicated from islands up
to 11,000 hain area. This is more than three orders of
magnitude larger than theislands from which this species
was first eradicated c. 40 years ago (Fig. 1).

Itisfortunatethat invasive mammals are among the easier
speciesto eradicate, because they are al so among the most
ecologically damaging, especially on islands. Many
extinctions of vulnerable birds, reptiles, and plants have
been attributed to introduced mammals (Atkinson 1989),
so the increasing ability to eradicate them is especialy
significant.



Turning the tide: the eradication of invasive species

Established populations of plants, insects and other spe-
cieswith dormant life stages (eg. soil seedbanks) and high
intrinsic rates of increase present more of a challenge for
eradication, even in isolated populations. Typically, the
eradication of plant populationsinvolvesalong campaign,
involving the sustained removal of individualsbeforethey
set seed. In the longer term these species will be just as
damaging to ecosystems as the more rapid and visible
impact of many mammals.

In many situations, the feasibility of eradication will also
be affected by risks to non-target species. This may pre-
vent the use of certain techniques and limit the use of oth-
ers. In some situations the risks to non-target species (in-
cluding livestock, pets, crops and people) currently pre-
cludesthe attempted eradication of someinvasive species.
However, some non-target deaths are acceptableif eradi-
cation of the invasive speciesis achieved and recovery of
the affected non-target speciesis likely to be rapid. For
example, in the course of the eradication of brushtail pos-
sums (Trichosurus vulpecula) from Kapiti Island, New
Zealand, 181 birdswerekilled in traps, 39% of which were
kereru (Hemi phaga novaeseelandiae) (Cowan 1992). Fol-
lowing the possum eradication (and subsequent eradica-
tion of rats by poisoning), the forest recovered substan-
tially and kereru abundance rose up to six fold (Veltman
2000).

A factor that often affects the feasibility of any eradica-
tion is the dispersal ahilities of the weed or pest species
concerned. Thisaffectsre-invasion potential and may dic-
tate continued vigilance even when the original popula-
tion has been eradicated. For example, plantsthat aredis-
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Fig. 1 Increasing size of New Zealand islands
from which Norway rats (Rattus norvegicus)
have been eradicated: 1960-2001 (square
symbols) (Veitch 1995), and the yet-to-be-
confirmed Campbell Island eradication (dia-
mond symbol).

persed by birds or wind are more likely to re-invade an
isolated island than those that depend on browsing mam-
malss, gravity, explosion, or water dispersal. Human trans-
port remainsthe most likely re-invasion pathway for most
invasive species, emphasising the fact that prevention of
invasion is of the utmost importance.

ADVANCES IN CAPABILITY AND
KNOWLEDGE

There have been substantial recent advancesin our ability
to eradicate invasive species, exemplified by the increas-
ing size of islands from which invasive vertebrates such
as rodents have been eradicated (Fig. 1). We can antici-
pate more successful eradications of invasive vertebrate
species, asexisting technology and approachesare applied.
Eradications of invertebrates and plants may pose greater
challenges and require more sustained campaigns, but the
general principles remain the same and there have been
notable successes, some of which are described in this
volume.

A topic which merits greater attention when planning
eradications is that of ecosystem response to species re-
movals (Zavelata et al. 2001). There may be unexpected
(and sometimes unwanted) consequences of eradications,
such asthe ecological release of invasive plants when an
introduced herbivoreisremoved, or irruptions of prey spe-
cies after the removal of a predator. Such effects need to
be bornein mind when planning eradications. Knowledge
of the ecological relationships of invasive speciesisakey
prerequisite when planning their removal from an ecosys-
tem. Theserelationshipsrai se opportunitiesaswell asrisks:
for exampleit ispossible to removeinvasive prey species
(e.g. rodents) and their introduced predators (e.g. cats) in
a single poisoning operation, through deliberate second-
ary poisoning of the predators viatheir toxic prey.

As more eradications are attempted worldwide, it is in-
creasingly important that lessons are learned from each
and every one of these attempts (whether successful or
unsuccessful) and that the information gained and skills
learned are shared. This volume (and the conference on
whichit was based) isacontribution to thevital process of
sharing knowledge to combat the threat of invasive alien
Species.
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KEYNOTE ADDRESS

Today Tiritiri Matangi, tomorrow the world! Are we aiming too
low in invasives control?

D. Smberloff

Department of Ecology and Evolutionary Biology, University of Tennessee, Knoxville, Tennessee 37996 U.S.A.

Abstract Eradication of invasive non-indigenous species is often viewed as an impossible goal and an approach
historically typified by high-profilefailures. However, there have been a surprising number of successful eradications
of animals, plants, and even microorganisms. Although the majority of successes have concerned geographically-
circumscribed invasions (e.g., on small islands), others have rid substantial continental areas of invaders (e.g., Anoph-
eles gambiae from north-eastern Brazil, or smallpox from the entire Earth). Successful eradications share three fea-
tures: (1) sufficient economic resourcesmust exist for the project to be completed, (2) clear linesof authority must exist;
someone must bein charge and must be able to compel cooperation, and (3) the biology of the target organism must be
adequately researched and appropriate. For many but not all eradication attempts, probability of rapid re-invasion must
be low for successto ensue. Further, even when the above criteria are met, an eradication attempt, even if successful,
can lead to unforeseen problems, such as mesopredator release or a proliferation of non-indigenous weeds at the ex-
pense of native plants. Finaly, not only can attempted eradication of widely distributed invaders be costly, but it can
generate non-target impacts (e.g., on human health or species of conservation concern), theimportance of which will be
weighed differently by different stakeholders. Thus, successful eradication may be as much afunction of political skill
and public education as of technology. When eradication isfeasible, a benefit-cost analysis may help indicate when it
isthe best management strategy. To date, eradication has been arather idiosyncratic matter, often resting on the drive
and ingenuity of one person or afew people. This has partly resulted from lack of public interest in invasions. Other
developments in management of invasions should increase the appeal of eradication attempts. The evolution of more
comprehensive monitoring and reporting systems, as well as more rapid response procedures, should lead to the more
frequent eradication of invasions before they become metastatic. However, even invasionsthat escapeinitial elimina
tion and spread widely may be susceptible to eradication. Many invasionsthat would, a priori, appear suitable by the
above criteriafor eradication have not been attacked because no one has mustered the enthusiasm to try it or generated
the political support to provide the necessary resources and framework. Moreover, we do not know the geographic
limits of current technologies. For example, just how great an investment would be required to rid alarge island or
substantial continental region of a pestiferous mammal? Aswith many other aspects of the invasion problem, eradica-
tion may largely be avictim of an unwarranted fatalism that could generate the very outcome that is most feared —in
fact, we are not doomed to the biotic homogeni sation of the Earth, but we will surely losethiswar if we do not aim high.

Keywords defeatism; invasion economics; re-invasion; restoration; side effects.

INTRODUCTION

As biologists and the public worldwide increasingly rec-
oghise thedamage caused by invasive non-indigenous spe-
cies(Mooney 1999), they usually assumethat maintenance
management is the appropriate response. “Maintenance
management” means controlling an invader at a density
low enough that we can tolerate the damage it causes.
Maintenance optionstypically include mechanical, chemi-
cal, and biological control, plus ecosystem management
(Simberloff 2002). Although politiciansoccasionally call
for eradication of anew invader, thetotal removal of every
singleindividual remainsacontroversial goal (e.g., Myers
et al. 1998), and much of the scientific community views
it as abad idea (e.g., Dahlsten 1986) for three reasons: it
isseen asunlikely to succeed, it may be costly, and it may
impose substantial collateral damage. Somefamousfailed
eradicationsexemplify these problems. Probably the most
notorious was the 14-year eradication project for the im-
ported fire ant (Solenopsis invicta) in the southeastern
United States (Davidson and Stone 1989), alegendary fi-

asco interms of collateral damage (including to humans)
and expense (over USD200 million) termed “the Vietnam
of entomology” by E. O. Wilson (Brody 1975). Thebiol-
ogy of the ant rendered successful elimination over very
large areas impractical. This campaign probably wors-
ened the fire ant invasion by causing greater mortality for
its natural enemies than for the fire ant itself.

However, many invaders have been successfully eradicated
(Myerset al. 2000; Simberloff 2001). To my knowledge,
the earliest insect eradication was the elimination of the
tse-tse fly (Glossina spp.) from the 126 km? island of
Principe in the Gulf of Guinea (Lapeyssonie 1988). The
flies were introduced in cargo from Africain 1825, and
sleeping sicknesswas noted beginning in 1859, ultimately
reducing the human population ten fold. A four-person
team completely eradicated the fly (and the disease) be-
tween 1911 and 1914. In 1956, a tse-tse fly was again
noticed on Principe, and alarge scientific team wasimme-
diately dispatched totheidiand, wherethey captured 66,894
flies in two months. With the aid of traps, insecticides,
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extensive brush-clearing, and massive hunting to reduce
populations of pigsand wild dogs, thefly was again eradi-
cated at a cost of £7500 and has not been seen since.
Principe is an island (though not a tiny one), and many
successful eradications have occurred on islands. These
rangefrom small ones, such astheelimination of the screw-
worm fly (Cochliomyia hominivorax) from Curacao
(Baumhover et al. 1955), Asian citrus blackfly
(Aleurocanthus woglumi) from Key West (Hoelmer and
Grace 1989), Oriental fruit fly (Dacusdorsalis) from Rota
and Guam (Steiner et al. 1955, 1965, 1970), and Pacific
rats (Rattus exulans) from Tiritiri Matangi (Veitch 2002),
to very large ones, such asnutria(Myocaster coypus) from
Great Britain (Gosling 1989), yellow fever from Cuba
(Fenner et al. 1988), and the melon fly (Bactrocera
cucurbitae) from the entire Ryukyu Archipelago, includ-
ing Okinawa (Iwahashi 1996; Kuba et al. 1996).

Though many of the most striking recent eradicationshave
removed various mammals from islands (e.g., Veitch and
Bell 1990; Chapuis and Barnaud 1995; Day and Daltry
19964, 1996b; Pascal 1996; Day et al. 1998; Pascal et al.
1998; Varnham et al. 1998; Bell 1999; Donlan et al. 1999),
successful eradication is not just an island phenomenon.
The most widespread eradication eliminated smallpox from
theface of the Earth (Fenner et al. 1988). One of the most
impressive continental eradications was that of the Afri-
can mosquito (Anopheles gambiae), a vector of malaria,
from 31,000 km? of north-eastern Brazil (Soper and Wilson
1943; Davis and Garcia 1989). Other eradications from
large partsof continentsincludethe screw-worm (first from
Florida, then from the southeastern United States, thenfrom
Mexico, and most recently from several Central Ameri-
can nations (Reichard et al. 1992; Galvin and Wyss 1996)),
the cattle tick (Boophilus annulatus) from over amillion
km? of the United States (Klassen 1989), and bovine con-
tagious pleuropneumoniafrom the United States (Fenner
et al. 1988). For the cattle tick example, there is occa
sional re-invasion (see below). Eradication from smaller
continental areasisfairly common, such asthat of the gi-
ant African snail (Achatina fulica) from aregion of south
Florida (Mead 1979) and part of Queensland, Australia
(Colman 1978), the medfly (Ceratitis capitata) from 20
Floridacounties (referencesin Simberl off 1997a), yellow
fever from Panama (Fenner et al. 1988), karoo thorn (Aca-
cia karoo) from Western Australia and Victoria, and
Taurian thistle (Onopordum tauricum) from Victoria
(Weiss 1999; R. Groves, pers. comm. 2000).

Of course, besidesfamousfailures such asthefire ant cam-
paign, there are many other attempted eradications that
have not resulted in the complete elimination of an invader;
surely there are more such cases than total successes. |
have not attempted a tally, because the literature is too
scattered and grey, and because colloquial use of theterm
“eradication” makesit difficult to assess exactly what isa
failure (Simberloff 1997a, 2001). Often public figures
(e.g., Chiles 1996) and even scientists (e.g., Langland and
Sutton 1992) use “eradication” to mean partial removal
and substantial control. In these instances total eradica-
tion was never even attempted. Should such a campaign

be viewed as a failure? This assessment seems unduly
harsh if the same method used in the eradi cation campaign
would have been used for maintenance management, and
if substantial control resultseven though eliminationisnot
complete, asin the attempt to eradicate Spartina spp. from
New Zealand (Nicholls 1998).

In the remainder of this paper | attempt to parse the suc-
cesses and failures to seek guidance as to when eradica-
tion is feasible. Do common features characterise suc-
cessful campaigns? Do similar problems plague many
failures? At theoutset, | emphasisethat | am not address-
ing whether society as awhole wants a particular invader
removed or even controlled. Often one faction wants to
eliminate a species that others see as a boon — note the
battle in Australia over Echium plantagineum, termed
Paterson’s curse by ranchers and Salvation Jane by apia-
rists (Cullen and Delfosse 1985). Rather, assuming that
society doeswant to control aparticular species, | will ask
what isthe best means.

ECONOMIC RESOURCES

Eradication on a small scale may not require enormous
resources; the enthusiasm and hard work of a single per-
son or asmall, non-governmental organisation may even
suffice. For example, adedicated group of scientists (the
Island Conservation & Ecology Group) has succeeded in
removing various combinations of feral cats (Feliscatus),
Norway and black rats (Rattus norvegicus and R. rattus),
house mice (Mus musculus), rabbits (Oryctolagus cunicu-
lus), goats (Capra hircus), sheep (Ovis aries), and burros
(Equus asinus) from nine islands in north-west Mexico
(Donlan et al. 1999). However, for large areas, costs are
often huge. For 50 infestations of 16 plant pests of Cali-
fornia, Rgiméanek et al. (2000) found that log (cost) in-
creased linearly and rapidly withlog (infested area). Suc-
cessful large regional eradications have been supported
by significant government resources and/or privateinvest-
ment. The Brazilian eradication of Anophelesgambiaewas
funded by the Rockefeller Foundation and the Brazilian
government (Davis and Garcia 1989), the screw-worm
eradication in the United States and Mexico cost United
States taxpayers USD750 million (Reichard et al. 1992),
whilethe reduction of the African root parasite witchweed
(Striga asiatica) in the Carolinas from 162,000 hain the
1950sto c. 2800 ha now entailed the massive support and
cooperation of the United States government and the state
governments of North and South Carolina (Westbrooks
1993). Of course, huge budgets do not ensure success —
witnessthefireant eradication disaster. Howevey, for eradi-
cation over substantial areas, big budgets are generally a
prerequisite (Myers et al. 2000; Simberloff 2001b).

Thefact that expenseincreasesrapidly asareaof aninva-
sion increases |leads to the dictum that it is best to eradi-
cate early (e.g., Simberloff 1997a; Weiss 1999; Myers et
al. 2000). Although somelongstanding, widespread inva-
sions have been eradicated, likelihood of successis obvi-
ously improved and cost minimised if aninvasionisnipped



Turning the tide: the eradication of invasive species

in the bud. This fact argues for effective early warning
and rapid response machinery (Simberloff 1997b; Weiss
1999), asubject beyond the scope of thispaper. Two cases
exemplify the benefits of acting very quickly when eradi-
cation is the goal. The Caribbean black-striped mussel
(Mytilopsis sallel), was discovered in 1999 in Cullen Bay
(600 megalitres, 12.5 ha), Darwin Harbour, within six
months of its arrival and before it had spread further in
Australia. Within nine daysthe bay had been quarantined
and treated with 160,000 | of liquid bleach and 6000 met-
ric tonnes of CuSO,. All living organisms were believed
killed, and the mussel population was eradicated (Myers
et al. 2000; Bax et al. 2002). Thetropical alga Caulerpa
taxifolia could almost certainly have been eliminated in
the Mediterranean soon after its discovery, when it was
restricted to a few square metres in front of the Oceano-
graphic Museum of Monaco, but the effort was delayed
for years and the alga now infests several thousand hec-
tares of the coasts of Spain, France, Monaco, Italy, and
Croatia (Meinesz 2001). By contrast, an effort to eradi-
cate a small infestation of the same alga near San Diego
within ayear of its discovery seems promising (Meinesz
2001). An attempt to combat a much larger infestation
near Los Angelesusing similar methodsis more problem-
atic.

Some expenses of eradication campaigns can be substan-
tial and not obviousat the outset (Myerset al. 1998). Kill-
ing the first 99% of atarget population can cost less than
eliminating the last 1%. Thisfact can become aproblem
with governmental funding authorities, who may be in-
clined to lessen support for a programme once the prob-
lem subsides, rather than see it through to completion
(Schardt 1997; cf. Mack and Lonsdale 2002). Costs of
monitoring may increase when pest densitiesarevery low,
yet intensive monitoring isthe only effectiveway to deter-
mine when to end an eradication campaign. Depending
on the target species and the means employed to remove
it, an expensive public rel ations campaign may be needed
to ensure public support, and lawsuits may haveto be con-
tested (Myerset al. 1998). For instance, for just part of a
Californiamedfly eradication project, 14,000 claimswere
filed for damage to car paint, and the state of California
paid USD3.7 million (Getz 1989).

LINES OF AUTHORITY

Itisalwaysdifficult to inducelarge groups of peoplewith
diverse interests to support a programme when the ben-
efitsseem unequal ly distributed, and eradication frequently
fallsin this category. Because eradication can, by its na-
ture, be subverted by one or afew individuals, some gov-
ernment agency or interagency entity must have the abil-
ity to compel cooperation (Myerset al. 2000; Simberloff
2001b). In nations or regionswith strong distrust of gov-
ernment, such authority will automatically generate oppo-
sition (cf. Perkins 1989). Specific concernsabout the eradi-
cation techniques may be so vehement that only a strong
governmental authority can enact the programme. Aeria
spraying of malathion to eradicate medfliesfostered wide-

spread complaints about discomfort or threats to human
health in California (Penrose 1996) and Florida (Anon.
1997). Killing large vertebrates by trapping, hunting, or
poisoning often generates vocal opposition — witness the
outcry over snaring feral pigs (Susscrofa) intheHawaiian
islands (Van Driesche and Van Driesche 2000), trapping
nutriain Great Britain (Gosling 1989), and shooting monk
parakeets (Myiopsitta monachus) in the United States
(Simberloff 1997a).

When human health is at stake, as in the tse-tse eradica-
tion on Principeor in Nigeria(Oladunmade et al . 1986) or
the malaria mosquito eradication in Brazil, even heavy-
handed government control is less likely to generate op-
position. When an eradication campaign directly ben-
efits agriculture, and the costs and possible side-effects
are borne by the entire public as in spraying malathion to
kill medflies, perceived inequities are more likely to gen-
erate conflict (Simberloff 2001b). Most eradications at-
tempted for conservation purposes have occurred on small
islands, often with little or no human population, and op-
position has usually been minimal. Until conservation
achieves a higher value in the eyes of the entire public, |
predict that attemptsto eradicate ecological pestsover wide
areaswill engender hostility because of economic or emo-
tional costs or side-effects. On a small scale, the local
attempts to eradicate Asian long-horned beetles
(Anoplophora glabripennis) by felling urban treesin Chi-
cago and New York, and to eradicate citrus canker in
Floridaby destroying citrustrees, gave aforetaste of com-
plaintsthat will ariseif this campaign must be greatly ex-
tended (e.g., Stout 1996; Toy 1999; Sharp 2000); of course,
the ultimate purpose in these instances is silvicultural or
agricultural more than ecological. | know of no large-
scale eradication projects conducted solely for conserva-
tion purposes, though some carried out primarily for agri-
cultural or silvicultural reasons are perceived as having
conservation benefits (e.g., that of the gypsy moth
(Lymantria dispar)(Myers et al. 2000)).

BIOLOGY OF THE TARGET SPECIES

A sufficiently-determined effort can probably eradicate al-
most any speciesin asmall enough area, but certain bio-
logical features can make a target less tractable. When
eradi cation must be conducted over alarge region, the bi-
ology of thetarget species may be particularly crucial and
the scientific knowledge must be profound (Fenner et al.
1988; Myers et al. 2000; Simberloff 2001b). Sometraits
conducive to successful eradication are obvious—for ex-
ample, large mammals are far easier to find than small
insects, while plants with a soil seed bank are more diffi-
cult to eliminate than those without thisfeature (Simberl off
2001b). However, key biological traits often require sub-
stantial research, usually in the vein of natura history.
Biological featuresfigurelargein successful eradications:
smallpox has no non-human reservoir or long-term carri-
ers (Fenner et al. 1988); the giant African snail does not
self-fertilise (Mead 1979); Anopheles gambiae in Brazil
wasfound almost exclusively near buildings (Hoelmer and
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Grace 1989); whilecitrus canker (caused by Xanthomonas
axonopodis pathovar citri), eradicated in the south-east-
ern United States in the early 20™ century, had a very re-
stricted host range and required movement of infected hosts
by humansto spread (Merrill 1989). A recent successful
eradication resting on carefully-determined biology of a
pest and host wasthat of an introduced sabellid polychaete
(Terebrasabella heterouncinata), parasitising abalone
(Haliotis spp.) and other molluscsin Cayucos, California
(Culver and Kuris 2000). The worms are specific to gas-
tropod shells, especially largeindividual s of two common
species, while the gastropod hosts have pelagic larvae,
ensuring their rapid re-colonisation. The removal of 1.6
million highly susceptible hosts reduced the threshold host
density below apoint at which the worm could persist.

PROBABILITY OF RE-INVASION

Is the effort to eradicate an invader worth it if rapid re-
invasion is likely? One reason so many eradication at-
tempts have been onislandsisthat their isolation suggests
immunity from rapid re-invasion. In many circumstances,
even a successful eradication campaign can be a wasted
effort because of re-invasion. In Washington state, anin-
tensive campaign rid Long Lake (130 ha) of Eurasian wa-
ter milfoil (Myriophyllum spicatum) (Thurston County
Department of Water and Waste Management 1995).
However, apublic boat ramp permitted quick re-invasion,
and the county switched to a programme of maintenance
management by hand-pulling (M. Swartout, pers. comm.
1999). Other times, the probability of deliberate subver-
sion of an eradication (Perkins 1989) is so high that the
attempt may befutile. Thereappearance of northern pike
(Esox lucius) in Lake Davis, California, after its appar-
ently successful eradication (Anon. 1999) probably re-
sulted from sabotage (P. Moyle, pers. comm. 1999). The
ease with which asingleindividual can subvert an eradi-
cation of some species (e.g., Davis1990) may be an argu-
ment against the attempt when the goal is controversial.

In general, whether the probability of re-invasion should
forestall an eradication campaign rests on a full assess-
ment of the likely costs and benefits. There may be rea-
sons to attempt eradication even if re-invasion is prob-
able. For instance, sometimes the benefit of an eradica-
tion campaign may be abiologically artificial one, in that
trade regulations may prohibit importation of some good
unlessitsregion of originis certified asfree of apest. In
such instances, the economic benefits may be so great that
certain re-invasion would not argue against eradication at-
tempts. This is the reason government officials repeat-
edly mount expensive eradication campaigns against the
medfly in Californiaand gypsy moth in partsof the United
States and Canada in spite of a high probability of rapid
re-infestation (Myers et al. 2000). Thisis not to say that
the ecological and/or economic benefits of either of these
campaigns might not suffice to justify them even in the
absence of trade regulations. The point | am making is
that low-level maintenance management, as opposed to
eradication, isnot an option because of trade regulations,

even if maintenance management would achieve greater
real control and/or cost less.

Independent of trade regulations, an eradication campaign
can have sufficient economic, ecological, health, or even
symbolic benefits to warrant the cost even if quick re-in-
vasion iscertain. Inthe successful eradication of the cat-
tletick from the United States, described above, re-infes-
tation into the lower Rio Grande River region of Texas
continually occursthrough movement of infected animals
from Mexico; leading to frequent small control operations
(Klassen 1989). No one doubts the value of this pro-
gramme. The Alberta rat control programme (Bourne
2000; Holubitsky 2000) is an inspirational eradication
exampl e despite frequent re-invasion. Norway rats (Rat-
tus norvegicus) were first discovered on the eastern bor-
der of Albertain 1950. Because ratsdestroy crops, every
landowner and municipality in Albertais mandated to de-
stroy them, but the provincial government now pays all
costs. The bulk of the activity is conducted by pest con-
trol ingpectors hired and supervised by municipalitiesalong
the Alberta-Saskatchewan border. Every premise within
a 29 x 600 km border zone is inspected at |least annually,
and control is effected primarily by eliminating food
sources, extensive use of anticoagulant baits, and hunting
by ateam of seven provincial rat patrol officers. The cost
is about CA$350,000 annually. Of course, re-invasion is
continual, and every year between 36 and 216 infestations
are discovered and destroyed. However, Albertais so rat-
freethat discovery of asinglerat in Edmonton or Calgary
receives full media coverage. Aside from the benefit to
agriculture of eliminating crop lossto rats, the programme
has engaged the popul ation of the entire province and sen-
sitised them to the potential dangers of failing to deal
promptly and comprehensively with invading species.

POSSIBILITY OF RESTORATION

Simply removing an invader does not constitute restora-
tion (Townset al. 1997). Anecological restoration scheme
founded on eradication may be defeated by re-invasion or
other problems (Simberloff 2001). Key species may be
extinct and no acceptable functional equivalentsavailable.
Restoration efforts are sometimes mysteriously unsuccess-
ful. For instance, after eradication of predators, re-intro-
duction of stitchbirds (Notiomystis cincta) to New Zea-
land islands has failed to produce self-sustaining
populations, and reasons are not apparent (Towns et al.
1997). Our knowledge of community structure and func-
tionisinadequate to predict with assurance the impacts of
removing a prominent member of an ecological commu-
nity. Thus, unforeseenimpacts of eradication abound (ref-
erencesin Townset al. 1997). Mouse densitiesincreased
greatly following eradication of Norway ratsfrom Mokoia
Island. Even control of top predator densitiesat levelsfar
above eradication can lead to increases in densities of in-
termediate predators (“ mesopredator release”; Terborgh
et al. 1999) with various further effects throughout the
community. Elimination of a predator can also lead to
increased herbivore popul ations and damage; eradication



Turning the tide: the eradication of invasive species

of Pacific rats (Rattus exulans) from Motuopao Island to
protect anative snail resulted in detrimental increasesin a
non-indigenous snail instead. Removal of an introduced
herbivore can lead to proliferation of non-indigenousweeds
rather than restoration of the native plant community.
Eradication of rabbitsfrom Motunau Island led toincreases
of introduced boxthorn (Lycium ferocissimum), while re-
moval of grazing livestock from Santa Cruz Island (Cali-
fornia) caused dramatic increases in fennel (Foeniculum
vulgare) and other introduced plants (Dash and Gliessman
1994). Such changes in vegetation structure following
elimination of an herbivore can, in turn, affect animal
populations. For example, removal of cattle in both
Nebraskan prairie (Ballinger and Watts 1995) and Mana
Island, New Zealand (Newman 1994) has decreased na-
tive lizard populations by modifying vegetation.

Some impacts of eradication described in the previous
paragraph might have been predicted, but others are so
idiosyncratic that even a substantial scientific research
project might not have suggested them. Thus, eradication
is often alarge, uncontrolled experiment, and we should
expect unforeseen outcomes (Simberloff 2001b).

ECONOMICS OF ERADICATION

So far, | have addressed primarily the feasibility of eradi-
cating a pest, with some attention to benefits that might
accrue even if an eradication attempt is unsuccessful, as
well as to unforeseen problems. | have thus avoided the
key question of whether eradication is an appropriate ap-
proach even if it is feasible. Of course the prospect of
permanent removal of an invader from aregion, and thus
the elimination of annual management costsaswell asthe
danger of some delayed impact, must be very seductive.
However, given thegreat coststhat may be associated with
successful eradication, especially over asubstantial area,
society cannot undertake to eradicate every pestiferous
invader for which there is a high probability of eradica-
tion success. Prioritisation of invaders for management
actionisagenera problem, and eradication decisions are
just a part of that problem. Which invaders cause, or are
likely to cause, the most damage, and under what circum-
stances is eradication the best of available management
options? Typically such decisions are based on benefit-
cost analyses (Arrow et al. 1996), but benefit-cost analy-
ses of many natural resource issues, particularly those re-
lated to conservation, are problematic becausethereisoften
no market, as there is for an agricultural commodity
(LeVeen 1989; Simberloff 1992). In the new field of in-
vasion economics, benefit-cost analyses are especially
problematic and have rarely if ever been adequately per-
formed (Perrings et al. 2000). One problem is the great
difficulty in predicting the trajectory of invasions, while
another isthe difficulty of predicting the impacts of vari-
ouskinds of control measures. Surely benefit-cost analy-
seswill have extremely wide confidence limits for many
years to come.

Nevertheless, in certain circumstances, it seems that an
eradication attempt would surely be justified by a com-
prehensive benefit-cost analysis. For smallpox (Fenner et
al. 1988), the entire annual national and international cost
of the eradication from theinception of afull-fledged cam-
paignin 1967 toitssuccessin 1979 was only USD23 mil-
lion, while the annual cost of the disease (not counting
control efforts) during this period to underdevel oped na-
tions alone was at least USD1.07 billion, and worldwide
was estimated as USD1.35 bhillion. The annual cost of
control efforts before the eradication campaign just in the
United States was USD150.2 million. Even if the cam-
paign had not succeeded, so long as it had even a moder-
ate probability of success, it would seem to have been an
appropriate investment.

Just arapid glance at the annual current management costs
(not including losses and damages) estimated for some
invaders in the United States (Pimentel et al. 2000) sug-
gests that even an expensive eradication campaign might
be appropriate, so long as the prospects of success were
even moderate and the attempt would not substantially
interfere with, or foreclose, other effective management
techniques. Every year, the United States spends USD45
million on purple loosestrife (Lythrum salicaria) control,
USD3-6 million on management of Melaleuca
quinquenervia, USD4.6 million to manage the brown
treesnake (Boigairregularis) on Guam, and USD100 mil-
lion to deal with Dutch elm disease (Ophiostoma ulmi).
However, the real prospects of successful eradication of
any of these species would have to be assessed based on
detailed knowledge of its biology, and alternative meth-
ods (e.g., the recently released biological control agents
for the first two species) may end up producing adequate
control at far lower than current expenditures. My point
in listing these examplesis that each one entails an enor-
mous annual expenditure, and | wonder if the possibility
has been considered that total, long-lasting eradication
could be achieved for, say, 10 or 20 times the current an-
nual control cost, plus future costs of prevention. Do re-
source managerstypically think thisbig?

CONCLUSIONS

There are some spectacular large-scale eradication suc-
cesses. Andthereisagrowing string of smaller successes.
Further, awide array of techniques has been successfully
deployed — sterileinsect release, male annihilation, traps,
pathogens, vaccination, chemical sprays and baits, hunt-
ing, dogs, Judas goats, host removal, fire, and many other
gory procedures. Nevertheless, eradication is almost a
stepchild of management of invasives, often not consid-
ered as a possible solution even when the specifics of a
situation might augur well for success. | see two main
reasons for this disconnect:

m First, theliterature on eradication is scattered and often
very grey. Eradication of mammalsispublished in dif-
ferent outlets from insect eradication, and plant eradi-
cation histories, when published at all, are found in yet
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other sources. Thisconferenceisthefirst international
conference spanning the entirefield of eradication, and
the number and high quality of presentations showsthat
the organisers have struck a very responsive chord. |
predict that the published proceedings will go along
way towards both unifying the field and attracting the
attention of policy makers, managers, and invasion bi-
ologists. In addition, leaders of eradication projects
must recognise high-quality, international publication
asanormal part of the job. If we want eradication to
become areal option in managing invasive species, we
have to publicise the methods and results better.

m Second, the entire problem of introduced species seems
so overwhelming that it hasinduced asort of fatalism—
the forces arrayed against us, particularly the growing
movement of cargo and people in the free-trade era,
seem so overwhelming that some authors see usdoomed
to an eventual global homogenisation (e.g., Quammen
1998). Eradication, both because of publicised fail-
ures and because it is, in a sense, the management ap-
proach that aims the highest, falls victim to this fatal-
ism even more acutely than other methods. But surely
this sense of unavoidable doom is unwarranted. We
know that eradication can work because it has. It has
worked despitetherelatively poor linesof communica-
tion | have outlined above and despite what would of -
ten seem to be the awesome biological powers of the
target invader. New Zealanders have even developed
an export industry of advice on, and application of, is-
land mammal eradication techniques. What we do not
know are the limits of most of these technologies. Just
how large an island could be cleared of rodents by the
techniques developed in New Zealand and northwest-
ern Mexico? If the political will and economic support
could be mustered, could nutria be completely eradi-
cated in North America? Rabbitsin Australia? What
about invasive plants—under what circumstancescould
thewitchweed approach bereplicated? If smallpox and
citrus canker can be eradicated, are insects on conti-
nentsreally out of the question?

I do not know the answers to these questions, but the in-
spirational stories from the literature and this conference
suggest that we should not sell ourselvesshort. It isworth-
while to reflect on the defeatism expressed by the distin-
guished scientist René Dubos (1965) as he reflected on
human disease eradication on the eve of the successful
campaignto eliminatesmallpox: “...itiseasy towritelaws
for compul sory vaccination against smallpox, but in most
parts of the world people would rather buy the vaccina-
tion certificate than take the vaccine; and they shall al-
ways find physicians willing to satisfy their request for a
small fee. For this reason, and many others, eradication
programs will eventually become a curiosity item on li-
brary shelves, just ashaveall socia utopias.” Onethingis
certain—wewill surely losethe war against invasive non-
indigenous speciesif we consider eradication an impossi-
ble fantasy and not an attainable redlity.
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Cat eradication on Hermite Island, Montebello Islands,
Western Australia

D. A. Algar, A. A. Burbidge, and G. J. Angus
Department of Conservation and Land Management, Science Division, P. O. Box 51, Wanneroo,
WA 6946, Australia. E-mail: davea@calm.wa.gov.au.

Abstract Feral cats (Felis catus) and black rats (Rattus rattus) became established on the Montebello Islands, an
archipelago of about 100 islands, islets and rocks off the Pilbara coast of Western Australia, during thelate 19" century.
They were probably introduced from pearling vessels. The largest island in the group is Hermite at 1020 ha. Three
species of native mammals and two of birds became extinct well before the British used the islands for testing nuclear
weaponsin the 1950s. Montebello Renewal (part of the * Western Shield’ faunarecovery programme) aimsto eradicate
feral animals from, and reintroduce and introduce threatened animals to, the Montebellos. Rats occurred on amost
every island and islet when eradication was attempted in 1996. 1n 1999 small numbers of ratswere detected on Hermite
and two adjacent islands and work is under way to eliminate them. Feral cats occurred on several islands at various
times, but by 1995 were naturally restricted to Hermite. Feral cat eradication took place in 1999 and comprised two
stages—aerial baiting and trapping. Aerial baiting utilised recently devel oped kangaroo meat sausage baitswith flavour
enhancers and the toxin 1080. About 1100 baits were dropped by hand from a helicopter. Hermite Island has two main
soil types — sand and limestone. Aerial baiting primarily targeted sandy soils. Four cats, al females, remained after
baiting. These were trapped using Victor ‘ softcatch’ ® traps set either in association with phonic and odour lures or set
in narrow runways. Eradication was achieved over a six-week period. Searches for evidence of cat activity in 2000

confirmed that cats had been eradicated.

Keywords cat eradication; islands; cat bait; cat trapping.

INTRODUCTION

The importance of islands to the conservation of Austral-
ian mammal species hasbeen well documented (Burbidge
and McKenzie 1989; Abbott and Burbidge 1995; Burbidge
et al. 1997). One of the key factors in the historic impor-
tance of islands has been that most have remained free of
introduced predators. Burbidge (1999) highlighted the
current and future importance of islandsto nature conser-
vation and stated that * Australian nature conservation agen-
cies need to pay more attention to the eradication of ex-
oticanimalsfromislands'.

Fera cats(Feliscatus) pose aseriousthreat to popul ations
of small to medium-sized native vertebrates. Anecdotal
evidence hasindicated that predation by feral cats, either
acting singly or in concert with other factors, hasresulted
in the local extinction of a number of species on islands
and mainland Australia. Burbidge and Manly (2002) ana-
lysed the relationship between disturbances and native
mammal extinctionson Australianislandsand implicated
fera catsinthe extinction of these specieson aridislands.
They concluded that high estimated extinction probabili-
ties are associated with ground dwelling, herbivorous,
“critical weight range’ mammals of high body weight on
islands of low rainfall, low to moderate presence of
rockpiles and the presence of cats, foxes and rats.

Predation by feral cats al so affects the continued survival
of many native speciesthat persist at low population lev-
els (Dickman 1996; Smith and Quin 1996) and has pre-
vented the successful re-introduction of speciesto parts of
their former range (Gibson et al. 1994; Christensen and

Burrows 1995). Control of feral catsis recognised as an
important conservation issue in Australiatoday and as a
result, anational ‘ Threat Abatement Plan for Predation by
Feral Cats has been developed (Environment Australia
1999). The Department of Conservation and Land Man-
agement (CALM), through Project ‘ Western Shield’, has
been working over the past few yearsto devel op an effec-
tive cat control strategy. Montebello Renewal (part of
“Western Shield'), which aims to eradicate rats and cats
and to reintroduce locally extinct species, provided an op-
portunity to assessthe effectiveness of these techniquesto
eradicate cats from an idland.

The Montebello Islands comprise agroup of over 100 is-
lands, islets and rocks off the Pilbara coast of Western
Australia. Thearchipelago hasatropical, arid climate. The
nearest weather station is on Barrow Island, 30 km to the
south, which has a median rainfall of 285 mm, and mean
daily maximum and minimum temperatures of 30.3°C and
21.4°C respectively.

Montague (1914) conducted the first detailed biological
survey of theislandsin 1912. He observed the presence of
cats and noted that they had probably established from a
shipwreck 20 or so years before his visit. It seems more
likely, however, that cats were introduced from pearling
vessels that were active in the area from the 1860s.
Montague attributed the recent extinction of the golden
bandicoot (Isoodon auratus) to predation by catsand pre-
dicted that the spectacled hare-wallaby (Lagorchestes
conspicillatus) would suffer the same fate. Later surveys
by Sheard (1950) and Serventy and Marshall (1964) found

Pages 14-18 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. [UCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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that both specieshad becomelocally extinct on theidlands,
confirming Montague's prediction.

The above surveys recorded cats on Hermite Island, at
1020 hathelargestisland in the group. However, catswere
also observed on Trimouille Island in 1970 (Burbidge
1971) and tracks were recorded by K. D. Morrison Blue-
bell Island in 1985 (Burbidge et al. 2000). Surveys be-
tween 1994 and 1996 found that cats were then restricted
to Hermiteldand, indicating that popul ationsonthe smaller
islands had died out without human intervention (Burbidge
et al. 2000).

Montebello Renewal aimsto eradicateferal catsand black
rats (Rattus rattus) from the Montebello I1slands to alow
the successful re-introduction of native mammal species
and also two species of locally extinct birds: spinifexbird
(Eremiornis carteri) and the black-and-white fairy-wren
(Malurus leucopter us leucopterus) (Burbidge 1997). The
absence of cats and eradication of rats from Trimouille
Island has allowed thisisland to be used for theintroduc-
tion of species threatened with extinction on mainland
Australia. The mala (Lagorchestes hirsutus unnamed cen-
tral Australian subspecies), which is‘extinct in the wild’
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Fig. 1 Montebello Islands, showing the loca-
tion of Hermite Island.

Cat eradication on Hermite Island

and issubject to predation by feral cats, has been success-
fully established on Trimouille Island (Burbidge et al.
1999, 2000; L angford and Burbidge 2001). The djoongari
(Shark Bay mouse, Pseudomysfieldi), also threatened by
feral cat predation, was introduced to North West Island
in June 1999 and August and October 2000.

METHODS

Site Description

The Montebello Islands are located between 20°21" and
20°32' South and between 115°31' and 115°36' East, ap-
proximately 100 km off the Western Australian coast. The
total area of the islands is approximately 2300 ha with
Hermite Island being the largest at 1020 ha. Hermite Is-
land isadifficult location on which to conduct acat eradi-
cation campaign because of its isolation, rugged terrain
and absence of vehicle access. The shape of theisland is
elongated and highly convoluted, with anumber of sandy
beaches, areas of mangroves, cliffs and limestone ridges
and peninsulas (Fig. 1). Itsinterior islow, undulating and
isvegetated with adense mat of spinifex (Triodia sp.) with
occasional Acacia coriacea thickets on deep sand. Access
wasviasmall boat along Stephenson Channel and then on
foot, carrying the traps and trapping equi pment.

Cat Eradication Strategy

The programme to eradicate feral cats on Hermite Island
involved aerial baiting to remove the majority of the cats,
followed by intensive trapping, if warranted, to remove
the remaining individuals. A reconnaissance of Hermite
Island was conducted prior to the baiting programme to
assess cat abundance. Searches for evidence of fresh cat
activity were conducted around most mangrove standsand
sandy areasontheisland. These were examined daily over
a five day period. The location of fresh cat activity on
swept areas, itsextent and the distances between sites sug-
gested that at |east 20 cats were present prior to baiting.

Baiting Programme

CALM researchers have recently completed devel opment
of abait to control feral cats. Thebait issimilar to achipo-
lata sausage. It is 20 g in weight and contains a number of
flavour enhancers that are highly attractive to fera cats
(Patent No. AU 13682/01). The baits were manufactured
at the Department’s Bait Factory and airfreighted to the
island. At the island the baits (National Registration Au-
thority experimental baiting permit No. 1213) were
prepared for laying by thawing and then blanching (that
is, placing in boiling water for one minute). Thetoxin 1080
(sodium monofluoroacetate) wasinjected into the baits at
arate of 3.0 mg/bait. A risk analysis concluded that there
areunlikely to be any significant effects on non-target spe-
ciesontheisland. All baitsweretreated with an ant deter-
rent compound (Coopex®) at a concentration of 12.5g/I
Coopex as per the manufacturer’sinstructions. Ant attack
on baitsrapidly degradesthe bait medium, reducing pal at-
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ability, and the persistence of ants on the bait deters up-
take by feral cats (D. Algar, pers. obs.).

About 1100 baitswere dropped by hand from a helicopter
on the 3 July 1999. The flight path followed the 140 km
coastline and then through the centre of theisland to max-
imise bait availability and the area covered.

Trapping Programme

It is unlikely that a single baiting campaign will achieve
eradication of cats within an area of this size. Monitoring
cat activity along a number of the beaches post-baiting
indicated that several cats were still present. To remove
the remaining cats a trapping programme was started ten
days after the baiting campaign.

Trapping systems for cats have generally relied on food-
based lures asthetrap attractant (reviewed by Veitch 1985).
A number of other olfactory scents or social odours to
entice cats into traps or bait stations have also been used
(Veitch 1985; Clapperton et al. 1994; Edwardset al. 1997).
An alternative technique to these systems, using luresthat
mimic signals employed in communication between cats,
has been developed by CALM researchers and proven
highly successful. Catsarevery inquisitive about other cats
intheir area; their communication traitsare principally re-
liant on audio and olfactory stimuli. The trapping tech-
nique utilises padded leg-hold traps, Victor ‘ Soft Catch’ [
trapsNo. 3 (Woodstream Corp., Lititz, Pa;; U.S.A.), aFelid
Attracting Phonic (FAP) that produces a sound of a cat
call, and a blended mixture of faeces and urine (Pongo).
Each trap site consists of a channel of approximately 40
cmwideand 80 cmin length, cleared into abush to create
aone-way (blind) trap set. Two traps, dightly offset (ap-
proximately 2-5 cm), are positioned at the entrance of the
blind set, at each trap site. The free jaws of the two traps
are aligned in the centre and almost touching. A trap bed
is made so that when lightly covered with soil, the traps
are level with the surrounding ground surface. A guide
stick isplaced in front of the traps to force animalsto lift
their foot then push down onto the pressure plate. Both
traps are secured in position by a 30 cm length of chain to
a 30 cm steel anchor peg. A 12 x 8 x 2 cm foam pad is
placed below the pressure plate to prevent soil from fall-
ing into the trap bed and compacting under the plate. The
traps are then lightly covered with soil.

Cats are lured to the trap set initially by the audio signal
produced by the FAP. The FAP is located at the back of
the trap set, either concealed under leaf litter or hidden
within the bush. The FAP consists of a36 x 25 mm printed
circuit board with a microprocessor data driven voice
ROM. As cats approach the trap set they are further en-
ticed into the traps by the smell of ‘pongo’. The pongo
consists of a blended mixture of cat faeces and urinein a
ratio of approximately 1:1. Approximately 20 ml of this
mixture is placed in a shallow depression about 30 cm
from the centre of the trap plates.
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Trapping campaigns can sometimes induce trap-shyness
in the target species; trapping for feral catsis no excep-
tion. Variations on the standard trap set were used towards
the end of thetrapping operation to capture remaining cats
wary of the standard set. The most successful variation of
the trap set was a ‘road trap’ that involved placing four
trapsin a set along pathways actively used by cats.

Five personnel (two professional trappers, two volunteer
trapper assistantsand aboat handler) wereinvolved in the
trapping programme after the first week. Personnel were
rotated every two weeks; however, three of the trappers
stayed longer. Theentiretrapping exercisetook six weeks
to complete.

Thedifficult terrain and distancesto be walked every day
precluded trapping the entire island simultaneously. The
island was therefore divided into four zones: east, north,
west and south. Each of these zones terminated in asandy
narrow-necked peninsulathat could be used to assess cat
movement into the area once trapping had been terminated.
The trapping programme was initially conducted on east
and south Hermite and as traps were removed, trapping
commenced on west and north Hermite. Traps are nor-
mally placed at 1 km intervals along tracks; however on
Hermite more effort was put into providing broad-scale
trap coverage and maximising trap success. Traps were
located strategically on all areas of perched sand sheet and
dunes across each zone. Additional ‘road traps were lo-
cated in areas where cats had not entered the standard set.
In total, 180 trap sets, totalling 1544 trap-nights, were
placed over theisland during the trapping period.

The traps were left in position for a minimum of seven
days and if no cat activity had been recorded in the zone,
thetrapswereremoved. Evidence of fresh cat activity was
recorded for each trap site and intensive searches were
conducted en route. Once trapping in each zone was com-
pleted, the area was searched carefully to ensure that all
cats had been removed. The sandy areas that terminated
each zone were monitored on aregular basis to ascertain
whether cats had moved into previously trapped zones.

Trapped cats were humanely destroyed; then sexed and
weighed. Stomach contents were collected for diet analy-
sisand the females were examined for placental scarring.

RESULTS

The intensive searches showed that cats had been active
across much of theisland, mostly along the sandy beaches,
mangroves and Acacia thicketswhere* highways' of tracks
and numerous scat pileswere observed. Some evidence of
cat activity was observed along the limestone ridges and
inthe spinifex plains, but these areaswere understandably
less favoured habitat and were used as pathways to the
more preferred sites.

Four cats were captured during the trapping programme.
Two cats were trapped on the standard audio and scent
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lure and the remaining two in ‘road traps’. All four cats
entered the standard trap set on first encounter, although
on two occasions the traps did not trigger. These two ani-
mals did not enter standard trap sets again and their cap-
ture required the placement of road traps. Since this trap-
ping programme, improvements in trap maintenance and
modification of the trap set have resulted in capture of all
cats entering the standard audio and scent trap set. The
modification to the trap set involves making the channel
dlightly wider than the width of one trap and then posi-
tioning the two traps one in front of the other at the en-
trance of the blind set.

No evidence of fresh cat activity was observed across the
island once the four cats had been trapped and it was con-
cluded that eradication had been successfully compl eted.
Thiswas confirmed by searchesfor cat activity in August
2000. The fact that only four cats remained after baiting
indicatesthat it was responsiblefor removing at least 80%
of the cats from the idland.

DISCUSSION

Cat eradication programmes on islands are usually con-
ducted using acombination of baiting, trapping and hunt-
ing (Veitch 1985; Rauzon 1985; Bloomer and Bester 1992;
Bester et al. 2000). These eradication programmes have
met with varied success, their successand timeto comple-
tion having been limited in part by lack of effective bait
and trap lures.

Bait acceptance by feral catsisin part related to the abun-
dance of prey species (D. Algar and J. Angus pers. obs.).
Themajor prey itemsavailableto catson theisland would
have been rats, birds, reptilesand insects. The baiting cam-
paign on Hermite |sland was conducted when rat numbers
werevery low after an unsuccessful rat eradication project
and when the availability of natura prey items, particu-
larly reptilesand insects, waslikely to beat itslowest (mid-
to late-winter). Further research being conducted on the
timing and frequency of baiting programmes should im-
provetheir effectivenessand cost efficiency. The cat eradi-
cation programme on Hermite Island was achieved in a
matter of weeks and could have been completed sooner
with the subsequent modification to the trap set. Elsewhere
intheworld, cat eradication projects onislands have often
taken months or years, or are still ongoing. However, itis
difficult to compare the efficacy of our baiting and trap-
ping programme with others, which have taken place on
islands of different climate, terrain, shape and size and
with different prey availability. Some islands, for exam-
ple, Macquarie lsland of 11,800 ha, where eradication has
not been achieved, are much larger than Hermite |sland.

Feral cat eradication programmes for anumber of islands
off the Western Australian coast are now being planned.
Targets for the future include Faure Island (5200 ha—re-
construction of original fauna plus marooning), Garden
Island (1050 ha— protection of native animals including
tammar wallabies (Macropus eugenii) and carpet pythons

(Morelia spilotus)) and Dirk Hartog Island (58,600 ha —
reconstruction of the original fauna). The advancesin cat
control strategies devel oped by the Department may also
be useful in assisting eradication of feral cats from many
islands around the world. Eradication of feral cats hasal-
ready commenced on the Cocos (Keeling) Islands (1400
ha) in the Indian Ocean.

Black rats are still present on Hermite Island (although
eradicated from all other islandsin the group). Once they
have been eradicated the reconstruction of the original
fauna of Hermite can commence.
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Eradication of introduced Bactrocera species (Diptera:
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application techniques
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Abstract Four introduced Bactrocera species were recorded in the Republic of Nauru in 1992. A programme to
eradicate the four species was implemented between October 1998 and December 2000. The objectiveswereto eradi-
cate the introduced pest fruit flies that were athreat to neighbouring Pacific Island countries and territories, to test the
efficacy of Fipronil as an aternative toxicant to malathion for the management of fruit flies, to train national plant
protection and quarantine staff in fruit fly eradication and emergency response techniques, to establish and up-gradethe
guarantine servicesin Nauru, and to increase fruit availability for local consumption. A combination of male annihila-
tion and protein bait application techniques was used for eradication. The Male Annihilation Technique involved
distributing fibreboard ( Canite’) blocksimpregnated with malefruit fly lure (methyl eugenol and/or cue-lure) and the
insecticide Fipronil in aloose grid, resulting in at least 300 blocks per km2 over Nauru. The blocking campaigns were
repeated every eight weeksfrom late October 1998. The protein bait application techniqueinvolved spraying host fruit
treesin hot spot areas with protein insect lure and Fipronil gel on aweekly schedule. Three of the four species, namely
oriental fruit fly (Bactrocera dorsalis), Pacific fruit fly (B. xanthodes), and melon fly (B. cucurbitae), were declared
eradicated. Populations of mango flies (B. frauenfeldi) still persist. The Government drafted and promulgated a new
Agricultural Quarantine Act and established an Agricultural Quarantine Service in Nauru. A major benefit of the
eradication programmeisthat peoplein Nauru once again are able to eat mangoes and breadfruit after a decade of near-

total losses due to introduced fruit flies.

Keywords Tephritidae; fruit flies; eradication; male annihilation technique.

INTRODUCTION

Fruit flies (family Tephritidae) pose asignificant threat to
fruit and vegetable production and to the unimpeded ex-
port of fresh fruits and fleshy vegetables throughout the
world. Inthe Pacific region, over the past 25 years, exotic
fruit fliesinvaded several countries causing direct losses
to production of fresh fruits, imposition of trade restric-
tions by importing countries, and implementation of ex-
pensive eradication or suppression programmes to rid
countriesor partsof countries of theintroduced pests. For
example, Asian papaya fruit fly (Bactrocera papayae
(Drew and Hancock)) gained entry to PapuaNew Guinea
(PNG) in about 1992 and was recorded in northern Aus-
tralianear Cairnsin 1995 (Drew 1997). The outbreak in
the Cairns area was subsequently eradicated at a cost of
about AU$35 million. Other membersof the dorsaliscom-
plex of fruit flies gained entry into several areas of the
Pacific region. Oriental fruit fly (B. dorsalis (Hendel))
expanded its geographical range into Tahiti and Moorea
in French Polynesia in about 1996. In 1997, B.
philippinensis Drew and Hancock was recorded in, and
subsequently eradicated from, the Darwin area of the
Northern Territory of Australia. B. occipitalis(Bezzi) and
B. philippinensis were recorded in the Republic of Palau
in Micronesia in 1996. Allwood et al. (1999) and
McGregor (2000) examined the technical and economic
feasibility of eradicating these species and, subject to fund-
ing support, an eradication programme may commencein
October 2001. Melonfly (B. cucurbitae (Coquillett)) was

introduced into the Western Province of Solomon Islands
around 1984 and now has spread as far south as
Guadalcanal in the Central Province of Solomon Islands
(Hollingsworth et al. 1997). Mediterranean fruit fly
(Ceratitis capitata (Wiedemann)) was recorded in New
Zealand in 1996 and was successfully eradicated at a cost
of approximately NZ$6 million.

Staff of the South Pacific Commission (now called the
Secretariat of the Pacific Community (SPC)) conducted a
survey of fruit fliesin the Republic of Nauruin November
1992, using five pairs of modified Steiner trapslocated in
urban, village, secondary forest, and beach areasand on a
vegetable farm. One trap of each pair was baited with
methyl eugenol plus 50% malathion emulsifiable concen-
tratein aratio of 3:1 by volume and the other baited with
cue-lure and malathion. This survey recorded that four
speciesof fruit flieswere established. Theintroduced spe-
cieswere oriental fruit fly, Pacific fruit fly (B. xanthodes
(Broun)), melon fly, and mango fly (B. frauenfeldi
(Schiner)), thefirst two speciesbeing attracted to themale
lure methyl eugenol and the last two being attracted to
cue-lure (H. Kumar pers. comm.). Chu (1993) of the Na-
tional University Taiwan trapped large numbers of orien-
tal fruit flies and melon flies in the east, southeast and
Buada L agoon areas of Nauru.

Mango fly is widespread in Micronesia (except in Guam
and Commonwealth of the Northern Mariana Islands
(CNMI)), PNG, Solomon Islands, and northern Queens-

Pages 19-25 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. lUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.



Turning the tide: the eradication of invasive species

land. Pacificfruit fly iswidespread from Fiji |slands east
to Cook Islands. In contrast, the regional distribution of
melon fly is restricted to PNG, Guam, CNMI, Solomon
Islands and Nauru and the oriental fruit fly to French Poly-
nesia and Nauru. Both mango fly and oriental fruit fly
have very wide host ranges and, as adequate fruits were
available at most times of the year, high populations were
present at all timesin Nauru. Pecificfruit fly wasrestricted
primarily to Artocarpus spp. and, consequently, high
populations of thefly occurred in October to April. Melon
fly is restricted mainly to hosts belonging to the family
Cucurbitaceae. Melonfly populationswere generally low,
but present throughout the year.

Regional organisations, such as the SPC, Food and Agri-
culture Organisation of the United Nations (FAO), and the
United Nations Development Programme (UNDP), and
the Governments of the Pacific Island countries and terri-
tories (PICTs) strongly recommended that oriental fruit
fly and melon fly be eradicated from Nauru, for several
reasons. Eradication would reduce the threat that these
damaging fruit fly species posed to fruit production and
export in neighbouring PICTs, protect advances made in
regional management of fruit flies since 1990, and pro-
videan ideal opportunity to facilitate hands-ontraining in
fruit fly eradication techniques and emergency response
planning to many plant protection and quarantine staff in
the Pacific region. Also, eradication of oriental fruit fly,
in particular, would increase the availability of fresh fruits
inNauru, avery scarceresourcesinceat least 95% of fruits,
such as mangoes and guavas, were infested with fruit fly
maggots and inedible. To protect the investment of the
eradication effort, the Government of the Republic of
Nauru was strongly encouraged to draft and promulgate
itsfirst Agricultural Quarantine Act and develop asmall,
appropriately trained Agricultural Quarantine Service to
ensurefruitsentering Nauru were freefrom damaging fruit
flies and other exotic pests.

The public of Nauru reacted adversely to the prospect of
using malathion as the toxicant for eradication, primarily
because of itsunacceptable odour. For thisreason, Fipronil
[(x)-5-amino-1-(2,6-dichloro-K, K, K-trifluoro-p-tolyl)-4-
trifluoromethylsulfinyl-pyrazole-3-carbonitril€], aproduct
of Aventis CropScience Pty Ltd, was selected as an alter-
native toxicant and was|aboratory and field-tested for use
in the eradication programme.

Nauru proved to be an ideal place to conduct an eradica-
tion programme for fruit flies. It isanisolated island, so
therisk of re-introduction of exotic fruit flieswaslow. It
is41 km south of the Equator at 166° 56" East longitude.
Nauru isabout 650 km south-west of Kosraein Federated
Statesof Micronesiaand asimilar distance amost duewest
from Tarawa in Kiribati, both of which are infested with
mango fly. It isabout 1000 km northeast from Honiarain
Solomon Islands, the closest infestation of melon fly. The
closest infestation of oriental fruit fly isin Hawaii, about
3600 km northeast of Nauru.
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Nauru is 5.5 km from north to south and 4.5 km east to
west and covers an area of 21.2 km?, with a coastline of
19.3km. Itisan uplifted limestone island with a narrow
coastal belt encircling a limestone escarpment reaching
30-70 m above sealevel. Much of the escarpment and the
interior of the island (referred to locally as Topside) are
inaccessible due to severe land disturbances caused by
extensive phosphate mining. The Buada Lagoon areain
the central southwest of the island is fertile, surrounds a
small brackish lake, and supports small groves of mango
(Mangiferaindica), guava (Psidiumguajava), and bread-
fruit (Artocarpusaltilis) trees. Soursop (Annonamuricata)
forms an understorey in most of the Buada L agoon area.
TheBuadal agoon areaisaresidential areawith fruit trees
growing in backyards. Nauruislocated in the dry belt of
the eguatorial oceanic zone, with a mean daily tempera-
ture range of 26-32°C and an average annual rainfall of
1500 mm (range of 300-4572 mm). Long droughts are
common, often causing the death of native trees, wild
cucurbits, and breadfruit trees. The florais poor relative
to other Pacific islands, partly due to the mining activity.
The range of host fruits for fruit fliesis limited to plants
such as Pecific amond (Terminalia catappa), Guettarda
speciosa, wild guavas (Psidium spp.), mango, soursop,
breadfruit, Citrus spp., and mountain apple (Syzygium
malaccense).

This paper summarises the methods used in eradicating
three species of fruit fliesin Nauru, the results obtained,
and the technical and management lessons learnt during
the eradication operations.

METHODS

The techniques available for the eradication of fruit flies
worldwide usually follow an integrated approach, includ-
ing fruit movement controls, destruction of fallen and un-
wanted fruits, biological control using inundative releases
of parasitoids, protein bait application, application of sys-
temic larvicides to fruit trees to kill eggs and larvae of
fruit flies, ground application of an insecticide to kill lar-
vae and emerging adults, male annihilation, and rel ease of
sterileflies. Inthe case of the eradication programme in
Nauru, the maj or techniques sel ected were managing fallen
fruits, devel oping adequate quarantine regul ationsto pre-
vent re-introduction of exotic fruit flies, male annihilation
technique (MAT), and protein bait application technique
(BAT). Other techniqueswere unacceptable environmen-
tally (e.g., ground application of insecticide or cover spray-
ing treeswith systemic insecticides) or were economically
or technically inappropriate for a small island such as
Nauru (e.g., sterile insect technique).

Organisation

The Nauru Fruit Fly Eradication (FFERAD) Programme
belonged completely to the Government of the Republic
of Nauru, with technical and financial support being pro-
vided through the FAO/UNDP/AusAID/SPC Project on
Regional Management of Fruit Flies in the Pacific
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(RMFFP). Financial support was also received from the
Crawford Fund for International Agricultural Research.
Aventis CropScience provided Fipronil productsat no cost
to the programme. The Nauru Government arranged teams
for blocking from the Departments of Youth, Health, and
Works, and from the Nauru Phosphate Corporation and
the Buada L agoon community. The Department of Island
Development and Industry provided the coordinationrole
and staff for thetreatment of blocks, supervising MAT and
BAT operations, servicing of traps, fruit sampling and
processing, public awareness, and reporting on progress.
Staff from the RM FFP assi sted with the monitoring of the
operationsand progress of the eradication programme, with
a special focus on quality assurance for the treatment of
blocks and the distribution of blocks and protein bait.

Effective public awareness and cooperation were recog-
nised as being essential to the success of the programme
and were carried out by producing aFFERAD Newsl etter
during each blocking campaign and distributing these to
all government departments, the Nauru Phosphate Corpo-
ration, the general public, and to school children. Public
meetings and regular briefings of government personnel
and the public were undertaken.

Management of fallen or unwanted
fruits

Destruction of fallen, over-ripe, or unwanted fruits was
not practised inthetrue sense, although destruction of fruits
was strongly encouraged through publicity programmes.
However, community leadersactively encouraged children
and adults not to climb mango trees and other fruit treesto
shakebranchesto collect fruits. When the practice of shak-
ing branchesto collect fruitswas stopped, therewere fewer
fruits left on the ground as egg-laying sites for oriental
fruit fliesand mango flies. The public wasencouraged by
community leadersto take only fruit that had fallen to the
ground or that was obviously ripe on the trees and to har-
vest sufficient fruits for their use rather than discarding
unused fruits. The public was encouraged not to plant
cucurbitsuntil after the melon fly was declared eradicated.

Despite this effort, wild fruits such as Pacific amond and
G. speciosa, were not collected and destroyed and, as a
result, significant breeding sitesfor mango fly, in particu-
lar, were available. Thisoccurred especially on Topside,
whereindividual plantsor small clusters of both host spe-
cieswere present and virtually inaccessibleto people car-
rying out treatments.

Male annihilation technique (MAT)

The MAT aims to reduce the male fruit fly population to
such a low level that no mating occurs. This may be
achieved by distributing, at regular intervals over awide
area, acarrier containingamalelure plusatoxicant. The
effectiveness of the MAT may be severely reduced if the
carrier losesits attractiveness or toxicity beforethe end of
theinterval selected. Carriers may be made of fibreboard

blocks (Steiner and Lee 1955), coconut husk blocks (C.
Garnier pers. comm.), paper méachédiscsor rectangles (R.
Bull unpublished), piecesof cotton string or rope (Bateman
1982), or thickened gels (Cunningham et al. 1975). In
Nauru, fibreboard blocks (50 mm x 50 mm x 12.7 mm)
were chosen asthecarrier. Theblockswere cut from sheets
of Standard Canite (supplied by Pecific Islands Interna-
tional, Kirwan, Queensland). Each sheet (2440 mm x 1220
mm x 12.7 mm) produced about 1000 blocks. Approxi-
mately 10% of the sheet was lost during the cutting proc-
ess done by using acircular saw at the Nauru Phosphate
Corperation workshops.

Theformulation of Fipronil used wasaspecial proprietary
premix, provided by Aventis CropScience Pty LtdinBris-
bane. It contained 278 g active constituent/| initially, but
this was thought to be slightly unstable and may have re-
sulted in crystals settling out. Thefinal premix contained
250 g active constituent/l. Initially, it wasused at therate
of 3.1 ml/l of male lure, but this rate was changed to 4.0
ml/I. Thispremix isvirtually insolubleinwater, sowould
bevery stablein the block. Fipronil isvirtually odourless
and so thisfeature overcame one of the major concerns of
the public in Nauru. Laboratory bioassays conducted in
Fiji Islands on Pacificfruit fly and in Brisbane on Queens-
land fruit fly (B. tryoni (Froggatt)) showed that Fipronil
was effectivein killing these fruit fly species at low dos-
ages (R. Bull unpublished). Also, observational evidence
indicated that, because Fipronil takes several hourstokill
flies, an added advantage of transmission of Fipronil from
males to femal es during mating might exist.

The treatment of fibreboard blockswith the male lure and
Fipronil wasdonein used 200 | steel drums cut longitudi-
nally to form 100 | troughs. The blocks were loosely
packed into rectangular baskets covered in galvanised
chicken mesh, which fitted into the 100 | troughs. Ap-
proximately 800 blocks were treated at onetime. A mix-
ture of male attractant and Fipronil was poured over the
blocksin the trough, with the excess that drained into the
trough being ladled over the blocks until the blocks had
absorbed a prescribed amount of the mixture (see Stages
1and 2 on page 23). Random samplesof 100 blockswere
taken at intervals during the treatment and weighed to de-
termine when sufficient lure plus Fipronil had been ab-
sorbed per block. Blockswere also examined for absorp-
tion by breaking theminhalf. Theblockswereallowedto
drain in the 100 | troughs before being stored in plastic
garbage bins. Blockswere nailed with 50 mm steel nalls.
Galvanised nails were not used because reports from the
eradication programmefor Asian papayafruit fly in north-
ern Queensland indicated that phytotoxicity to somepam
trees occurred (R. Drew pers. comm.).

Nauru was subdivided into seven sectors, five around the
coastline covering residential areas, the Buada Lagoon
area, and the mined area or Topside. The areas of these
sectors were 0.7-1.7 km?, with the exception of Topside,
whichwas 14 km?2. Each sector was all ocated to ateam to
distribute the blocks treated with male lures and Fipronil.
Initially, there were sufficient teams for each team to be
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responsible for a particular sector, but, as the number of
teams decreased to four or five, teams had to cover more
than one sector. The aim of the MAT was to cover all
sectorsand distribute the blocksin about 1.5-2 daysevery
eight weeks. Each team was responsible for mapping, on
adaily basis, the area covered by blocking, the number of
blocks distributed, and any complaints from the public.

The aim of the programme was to distribute the blocks at
a minimum density of 300-400 blocks per km? over the
whole of Nauru. In areasthat were readily accessible by
ground teams, the objectivewasto nail one block to atree
in the shade of foliage at aheight of at least 2 mon agrid
of about 50 m. If thiswere achieved, the density of blocks
would be about 400 blocks per km2. However, in urban or
village areas and in areas of high incidence of fruit flies
(e.g., in the Buada L agoon area), blocks were distributed
at densities much higher than required (i.e., up to 1500-
1700 blocks per km?). Generally, however, the density of
blocksin urban and accessible native vegetation areaswas
acceptable at 400-700 per km2. In the accessible mined
area of Topside, blocks were distributed at 50 mintervals
along all roads, train tracks, and motorcycle and walking
tracks that radiated from a central point and along roads
that ran around the coastal edge of the escarpment. In
mined, inaccessible areas on Topside, blockswerethrown
or fired from dlingshotsinto native vegetation patches. The
density of blocks on Topside was, because of the terrain,
60-135 per kmz.

Protein bait application technique (BAT)

The principle of BAT uses the nutritional need of female
fruit fliesfor protein before they are capable of laying vi-
able eggs. Sexually immature female flies actively seek
protein sources such as bacteriaand other exudates onthe
leaf and fruit surfaces of the host trees. Male and sexually
maturefemalefliesalso feed on protein. Adding atoxicant
to the protein and applying the mixturein large droplets or
spotsto the underside of leavesin host treesis avery ef-
fective method of controlling fruit flies by killing female
flies before they reach the egg-laying stage. Used on its
own, or preferably asan adjunct to MAT, BAT isan effec-
tive eradication technique. Aventis CropScience Pty Ltd
in Brisbane devel oped the protein bait gel used in Nauru.
It comprised amixture of protein autolysate, called Mauri
Pinnacle Protein Insect Lure—Low Salt (420 g of protein/
) (MPPIL) (supplied by Mauri Yeast Australia,
Toowoomba, Australia), Fipronil gel powder, and water.
The Fipronil gel was prepared by sprinkling the Fipronil
gel powder on the surface of water at the rate of 5 g of
powder per litre of water and stirring vigorously until a
thickened gel was formed. Protein autolysate was mixed
with the gel at the rate of 30-50 ml of MPPIL per litre of
gel immediately before use.

This mixture was applied to the undersides of foliage of
host trees in spots of 10-15 ml at a rate of 25 spots per
hectare. For each treatment, 180-200 1 of protein/Fipronil
gel bait were applied per week, providing coverage of 480-
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800 ha. Application was supposed to be done weekly,
especialy in areas where persistent fruit fly populations
(commonly referred to as* hot spots’) occurred. However,
dueto problems of staff availability and commitment and
non-arrival of supplies owing to inadequate planning and
lack of regular air and seafreight services, treatmentswere
not as consistent asthey should have been. Although ap-
plications were done in November 1998 and June 1999,
the main body of applicationsdid not start until July 1999
and, even then, therewere interruptionsto the spray sched-
ulesin September and December 1999 and at varioustimes
during 2000.

Several types of pressurised sprayers were tested during
the programme, but the most suitable and durable wasthe
single-action ‘Rega sprayer made of brass, with a 5 |
chemically resistant plastic container, with asling for car-
rying on the shoulder.

Fruit fly monitoring procedures

Trapping

The number of modified Steiner traps (Drew 1982) for
monitoring fruit fly populations varied as the programme
progressed and as the numbers of flies decreased. The
numbers of traps increased from 10 in October 1998, to
12 in February-May 1999, to 25 in May-September 1999,
and to 41 in October 1999. This final trapping density
represented two traps per km2. Each site consisted of a
pair of traps. One trap in a pair was baited with methyl
eugenol plus malathion (50% emulsifiable concentrate)
mixed in aratio of 3:1 and the other with cue-lure and
malathioninthesameratio. Thetrapswere cleared weekly
and the flies were identified and counted. Luresand in-
secticide were replenished every eight weeks, coinciding
with the commencement of each blocking operation. No
liquid protein traps (Drew 1982) were used to assess the
numbers of female flies; this feature was possibly a defi-
ciency in the programme.

Fruit sampling

Sampling of the major fruitswere undertaken periodically
to assess the percentage of fruits infested by the respec-
tive species. The sampled fruitscovered 15 plant families
and 19 species, including mango, soursop, papaya (Carica
papaya), guava, mountain apple, lime (Citrusaurantifolia),
vi (Spondias dulcis), Pacific ailmond, G. speciosa,
Ochrosia elliptica, bitter gourd (Momordica charantia),
Calophyllum inophyllum, Hernandia sp., Ficus sp., and
Morinda citrifolia. Large samplesof fruitswererandomly
collected, mainly from the ground, weighed, counted, and
set upin bulk or individually in separate plastic containers
over sieved sawdust. They wereheldin anair-conditioned
laboratory operating at 25-28°C. Flies were alowed to
emerge and were fed on water and sugar for about five
days, killed, identified, and counted. The percentage of
fruitsinfested was also determined. Asan example, 136
kg of mango fruits made up of 1750 fruits and 12.2 kg of
G. speciosa fruits made up of 1289 fruits were sampled
and put through the laboratory. Fruit sampling demon-
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strated very clearly the impact of the MAT and BAT on
oriental fruit fly damage to mango fruits. Together with
trapping results, fruit sampling identified the hot spots or
areas where breeding popul ations of flies persisted.

Staging of the eradication campaigns

The eradication programme was planned in four stages.
Initially, the plan wasto focus on the eradication of orien-
tal fruit fly and Pacific fruit fly; the flies attracted to me-
thyl eugenol. The major reason was that methyl eugenol
attracted flies, historically, were more responsive to the
MAT technique than flies attracted to cue-lure. However,
in a programme where four species are being targeted,
maintaining a high degree of flexibility in operationswas
essential.

Stage 1: October 1998-January 1999

Stage 1 consisted of two blocking campaigns, onein late
October/early November and another in December. These
campaigns were |ess than eight weeks apart, but thiswas
designed to avoid the pre-Christmas period. The fibre-
board blocksweretreated with methyl eugenol and Fipronil
only at therate of 10-12 ml of methyl eugenol plus Fipronil
per block. One protein bait application was carried out in
November as a preliminary field test of the newly devel-
oped protein/Fipronil bait.

Stage 2: February-October 1999

Stage 2 covered campaigns 3-7 and involved a mgjor
change to the composition of the lures in the fibreboard
blocks. A mixtureof cue-lure, methyl eugenol, and Fipronil
was used to treat blocks. Thiswasdoneto take advantage
of thevery low numbers of melon fly, which resulted from
the low incidence of wild and cultivated cucurbit hosts
due to the severe drought. Aswell as putting extra pres-
sure on the popul ation of melon fly, maintaining pressure
on the seriously depleted popul ations of male flies of ori-
ental fruit fly and Pacific fruit fly was also necessary. The
new mixture consisted of 3| of methyl eugenol plus6 | of
cue-lurefethanol in aratio of 1:9 by volume plus 28 or 36
ml of Fipronil, depending on the concentration of Fipronil
in the special premix. The reasons for mixing cue-lure
with ethanol wasto reduce the cost using ethanol solely as
a dispersant and also increase the ease of absorption of
cue-lure into the fibreboard block. The amount of lure/
Fipronil per block wasincreased to 12-15 ml per block, to
ensure that there was sufficient methyl eugenol present to
remain active for eight weeks under Nauru conditions.

Stage 3: November1999-October 2000

Stage 3 covered campaigns 8-13. AsPacific fruit fly per-
sisted in very small numbers at alimited number of loca-
tions and the percentage of traps with positive records of
mango fly remained at about 30%, the decision was taken
to revert to dispersing blockstreated with methyl eugenol
and Fipronil only and to commence distributing blocks
treated with cue-lure and Fipronil only. Mixing of methyl
eugenol and Fipronil followed the system used for Stage
1. Cue-lurewasdiluted with ethanol inaratio of 1:9asin

Stage 2 and mixed with 4.0 ml of Fipronil per litre. 12-15
ml of cue-lure and Fipronil was absorbed per block. The
methyl eugenol treated blocks were distributed at a den-
sity of 400-700 per km?, while the cue-lure treated blocks
were distributed at a density of 800-1000 per km2.

Stage 4: December 2000 to present

Stage4 involved theintroduction of new technology called
BactroMAT M-E and BactroMAT C-L bait stations dur-
ing campaign 14 on 4-8 December 2000. Thisinvolved
impregnating papier-méaché discs, approximately 38 mm
in diameter and 1.5 mm thick, with lure and Fipronil at
Aventis CropScience in Brisbane. Relatively small num-
bers of BactroMAT M-E bait stations (about 2500) were
distributed to ensure that Pacific fruit fly was eradicated.
About 10,000 BactroMAT C-L bait stationshave been dis-
tributed since December 2000. In February 2001, the use
of BactroMAT M-E bait stations was terminated.

RESULTS AND DISCUSSION

Eradication of methyl eugenol-respond-
ing fruit flies

Oriental fruit fly

Oriental fruit fly occurred in very large numbersthrough-
out the coastal areaand around BuadalL agoon. For exam-
ple, during October 1998, an average of 72.4-126.1 orien-
tal fruit fliesweretrapped per day. At onesiteintheBuada
Lagoon area, over 2500 oriental fruit flies were caught in
onetrap in a30-hour period. Although oriental fruit flies
were present in Topside, examination of fruits of Pecific
almond and mango showed that there were no breeding
populations as there were on the coast or in the Buada
Lagoon area. Also, the drought had reduced fruiting of
Pacific almond and C. inophyllum to a minimum. Most
fliestrapped on Topsidewere probably fliesmigrating from
the coast or Buada L agoon area through the area.

After two MAT campaigns using methyl eugenol/Fipronil
blocksand one BAT treatment using Bactrogel protein bait,
oriental fruit fly wasnot recorded from traps after 15 Janu-
ary 1999. Noflieswerereared fromfruitsafter 6 Decem-
ber 1998. Oriental fruit fly was declared eradicated in
October 1999.

Pacific fruit fly

Pacificfruit fly occurredin reasonable numbersin several
areas of Nauru, considering the host range was limited.
For example, in October 1998, 3.6-4.7 flies were trapped
per day. Most of these flies originated from the Buada
Lagoon areaand the Nibok Forest and the adjacent Nauru
Phosphate Corporation residential areas in the northwest
and west of Nauru. Very few Pacific fruit flies were re-
corded on Topside, where hosts were rare. Although the
initial blocking campaignsreduced fly numbersin trapsto
zero over the period 3 November 1998 to 10 February
1999, small numbers of flies were caught intermittently
until 16 February 2000. Flieswererecovered from bread-
fruit samples until November-December 1999. Thefina
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eradi cation was brought about only when methyl eugenol
was separated from cue-lurein blocksin December 1999.
Pacific fruit fly was declared eradicated in October 2000.

There are two possible reasons for the persistence of Pa-
cific fruit fly beyond the time at which oriental fruit fly
was last recorded in January 1999. There was evidence
that Pacific fruit fly does not feed as readily on methyl
eugenol asother fliesattracted to thislure (e.g., the dor sa-
liscomplex of fruit flies). InFiji Islands, fruit fly workers
observed live Pacific fruit flies in traps that were newly
baited with methyl eugenol and malathion on many occa-
sions (A. Allwood pers. obs.). Also, combining the two
lures on one block may reduce the effectiveness of each
lure. Theamount of methyl eugenol impregnated into each
block was reduced to about 4-5 ml when both lures were
impregnated into the same blocks, compared to 10-12 ml,
when the block was treated with methyl eugenol alone.
Previous evidence showed that too little methyl eugenol
added to carriers might result in the attractant not lasting
for the full eight weeks (Lloyd et al. 1998; Cunningham
1989; Koyoma et al. 1984).

Eradication of cue-lureresponding fruit flies

Theeffectivenessof cue-lurein MAT isrecognised asbeing
less than that of methyl eugenol (Bateman 1982). Some
maleflies apparently achieve sexual maturity and havethe
opportunity to mate before their response to cue-lure is
fully expressed. Conseguently, while using cue-lure for
MAT may significantly reduce popul ations of cue-lurere-
sponding flies, small residual populations are left and re-
sult in continuation of the population, unless other forms
of fruit fly management are implemented. Often the use
of protein bait sprays or sterile insect technique needs to
be incorporated into a programme to ensure complete
eradication.

Melon fly

In late October 1998, melon fly was recorded from 30%
of thetraps baited with cue-lure, with 2.2 flies per trap per
day. By taking advantage of virtually no wild cucurbits
dueto aprolonged severe drought of about two yearsand
the lack of backyard or commercia cucurbit production,
the impact of asingle protein bait spray application using
an early formulation of Aventis's Bactrogel in November
1998 and the use of cue-lurefor MAT from February 1999
was remarkable. No melon flies were recorded from the
very few cucurbit samplesthat were taken and none were
recorded in traps from 1 February 1999. Melon fly was
declared eradicated in October 1999. Thisisthefirsttime
worldwide that melon fly has been eradicated using these
methods.

Mango fly

The programme on eradication of mango fly is still oper-
ating. Mango fly occurred in al trapsin Nauru, often in
very large numbers, especially in areas such asBuadalL &
goon and Nibok Forest onthewest coast. 1n October 1998,
379-912 flies per day were trapped. These fly numbers
weretypical of mango fly in other Micronesian countries,
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such as in Pohnpel in Federated States of Micronesia
(Leblanc and Allwood 1997). Mango (0.12-2.46 flies per
fruit), guava(2.0-27.1 flies per fruit), Pacific amond (3.8-
15.1fliesper fruit), and G. speciosa (0.2-1.7 flies per fruit)
contributed to the large populations of mango flies. Asa
result of the MAT programme using cue-lure and Fipronil
either in combination with methyl eugenol or aone, the
numbers of flies were reduced to 0.02-0.03 per trap per
day by April 2000. The percent of traps with positive
records of mango fly decreased from 35.9% in early Janu-
ary 2000 to 7.7% on 5 April 2000. Reduced numbers of
mango fly were due to changing to blocks treated with
cue-lure/Fipronil alone and a concerted effort in protein
bait spraying using Bactrogel, especially in the Buada
Lagoon and Nibok Forest areas. Unfortunately, sincethen,
mango fly numbers have increased substantially, due
mainly to reduced local commitment, ineffective distribu-
tion of blocks or BactroMAT C-L, irregular bait applica-
tion, and insufficient coverage by protein bait sprays and
blocks.

Quar antine preparedness

The Government of the Republic of Nauru drafted and
promulgated itsfirst Agricultural Quarantine Act to allow
for protection against re-entry of produce infested with
exotic fruit flies or other quarantinable pests. Training of
asmall corps of four quarantine officersis being donein
Pohnpei under the guidance of the SPC Plant Protection
(Micronesia) Project. Thequarantine surveillance system
of trapping is being maintained as an early warning sys-
tem for Nauru. Staff are trained in emergency response
proceduresfor exotic fruit fliesand supplies are available
if aresponseis necessary.

Benefits and lessons |ear nt

Nauru people now have accessto alimited amount of fresh
fruits (e.g., mangoes, guavas, soursop, mountain apples,
and breadfruit), which arevirtually free of damage by fruit
flies. Public interest in growing tropical and sub-tropical
fruits has been generated, resulting in aproject for asmall
nursery for propagation of planting material of exotic fruit
trees being developed by the Departments of Youth and
Education. This approach is a natural flow-on from the
successful eradication programme and has potential to sub-
stantialy increasetheavailability of wholesome, fresh food
for asociety that has unacceptably highincidences of obes-
ity, coronary disease, and diabetes. To improve the diets
of the people by substituting even small amounts of fresh
fruits may have amajor impact on the health of peoplein
Nauru.

Improving quarantine capacity in Nauru overcame avoid
in the quarantine chain across the Pacific and provided
greater plant protection, both nationally and regionally.
The eradication programmein Nauru provided the oppor-
tunity for hands-ontraining on fruit flies, eradication tech-
niques for fruit flies, quarantine surveillance, and emer-
gency response planning to cope with exotic outbreaks.
Since October 1998, over 40 plant protection and quaran-
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tine staff from 18 PICTs (American Samoa, Cook Islands,
Federated States of Micronesia, Fiji Islands, Guam,

Kiribati, Marshall Islands, New Caledonia, Niue, Palau,

PNG, Samoa, Solomon Islands, Tokelau, Tonga, Tuvalu,

Vanuatu, and Wallis and Futuna), New Zealand, and the
SPC Plant Protection Service spent 2-4 weeks in Nauru
undergoing field training. Part of this training included
the drafting of emergency response plans for the eradica-
tion of introductions of exotic fruit fliesfor the respective
PICTs.

The major lessons learnt during this eradication exercise
arethat having early warning systemsin place and having
awell documented, and preferably tested, emergency re-
sponse strategy will save an enormous amount of time and
fundsin the event of an incursion of an exotic pest. Also,
the technologies for eradication of many fruit fly species
are available, but the best technology is only as good as
the technical and management commitment and support
of the field operatives and the government. Premature
reduction of inputs into MAT or BAT or quarantine in a
fruit fly eradication programme and reduced commitment
may be disastrous to the programme and also undermine
the confidence in the technology. There are deficiencies
in the technologies available for eradication of some fruit
fly species, especially those that do not respond to either
methyl eugenol or cue-lure. The deficiencies exist in not
having adequate methods of eradication, but also in not
having reliable quarantine surveillance systems that will
allow authorities to detect incursions of pest species as
early as possible.
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Man-made marinas as sheltered islands for alien marine
organisms: Establishment and eradication of an alien
invasive marine species
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Abstract Thetypical tidal range in the west and north-west areas of the Northern Territory, Australia, is 8 m. Four
sheltered marinas with doublelock gates have been devel oped to date from the Darwin Harbour estuary, or dug from the
shoreline, to provide regulated environments with no tidal range. These sheltered marinas are novel environments and
provide habitat islands for colonisation by invasive alien marine species. In March 1999, afouling mussel, Mytilopsis
sp., closely related to the freshwater zebra mussel, Dreissena polymorpha, was discovered in one of the marinas at
densities up to 23,650/m?. It had reached those densitiesin less than six months. We describe the colonisation of this
and other marinas by the mussel, and the approaches taken to quarantine and eventually eradicateit. Lastly, we discuss
the features that may have led to the invasion and present actions that are being taken to reduce the risk of future
invasions.

Keywords invasive alien marine species; marine pests; mussels, Mytilopsis sp.; marinas; chlorine; copper sulphate;

detergent; temperature.

INTRODUCTION

Increased population and expanded tourism in coastal re-
gions has resulted in an increasing number of man-made
structuresto servicethe economic, residential, recreational
and aesthetic desires of coastal communities. These novel
physical habitats or habitat-islands (e.g. piers, breakwa-
ters, seawalls, eutrophic and polluted areas, docksand ma-
rinas, boat hulls and ballast tanks) often support assem-
blages that are distinct from neighbouring communities
(Glasby 1999). So long asthe novel assemblageisformed
from elements of local communities this is not a major
concern. However, when novel physical habitats are de-
veloped in areas subject to a high influx of alien organ-
isms, the combination could increase opportunitiesfor in-
vasion by alien species and a source for colonisation of
adjacent established communities (cf. MacArthur and
Wilson 1967).

Boat marinasin particular are novel marine habitat islands
in acolonisation corridor. Since 1988 four boat marinas,
closed off from adjacent waters by doublelock gates, have
been builtin Darwin, Northern Territory, Australia. On 27
March 1999, CSIRO divers undertaking a survey for ex-
otic species discovered huge numbers of an unidentified
mussel in one of these marinas (Bax 1999; Ferguson 2000;
Willan et al. 2000). The mussel, nominally Mytilopsis
sallei, is a close relative of the zebra mussel Dreissena
polymorpha, a species estimated to cost U.S raw water-
dependent infrastructure USD18 million in 1995 alone
(O'Neill 1996).

Based on literature reports of the environmental and in-
frastructure damage caused by D. polymorpha in the US,
and by Mytilopsis sp. in Southeast Asia, whereit isintro-

duced (Morton 1989), the mussel was seen as a threat to
water-dependent marine infrastructure around northern
Australia, to alocal A$40 million pearl fishery, and to the
environment. Given thisthreat, and the apparent restricted
distribution of the mussel, the Northern Territory Govern-
ment determined that a fast and vigorous response was
calledfor including, if possible, eradication of the mussel.
The Northern Territory Government has a history of re-
sponding rapidly and effectively to invasions of terrestrial
peststhat threaten the local (and national) agricultural in-
dustries; here, they extended this experience to a marine
alieninvasive species.

In this paper we describe, the response by the Northern
Territory Government and by Australian national agen-
ciesto control the new invasion, to reduce therisk of the
species spreading in Australia, and to reduce the likeli-
hood of future introductions of this species. We describe
thesuccessful eradication effort, discussthelessonslearned
fromit and further consider the conditionsthat contribute
to invasion of these marine habitat islands.

Following Willan et al. (2000), we use Mytilopsis as the
genus name. However, becausethereissome confusionin
the literature over the species-level identification of
Mytilopsis speciesin Southeast Asia(see contrasting views
in Morton 1981 and Marelli and Gray 1985), and because
thedifferent speciesmay have different environmental lim-
its and potential impacts, we refer to the mussel as
Mytilopsis sp. in this paper. For legidlative purposes, the
mussel was referred to as Mytilopsis (= Congeria) sp.
Despite detailed morphol ogical examination of the speci-
mens from Darwin, it is still not clear which species of
Mytilopsisinvaded, which reflectsthe uncertain taxonomy
of the genus.

Pages 26-39 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. lUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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Table 1 Sequence of events associated with the eradication of Mytilopsis sp. in Darwin, Australia

(data from Ferguson 2000).

Date Event

27 March 1999 Massiveinfestations of colonising mussel found in Cullen Bay Marina

29 March Northern Territory agencies and minister informed

30 March Special meeting of cabinet to pass regulatory amendments and approve expenditure of funds

31 March Emergency management team convened; three marinas quarantined to prevent further spread of
Mytilopsis sp.; marinalocks dosed with sodium hypochlorite to create sterile plug

1 April Media and public informed

2 April Extensive diver surveys began; list of potentially colonised vessels devel oped

3 April Copper sulphate tested in Tipperary Waters Estate Marina

4 April Chlorine treatment of Cullen Bay Marina; Vessel tracking database established (420 vessels
identified as*“at risk™); treatment of vessels' internal plumbing tested

5 April Chlorine treatment of Cullen Bay Marina continued

6 April Chlorine treatment of Cullen Bay Marina continued; National Taskforce established; 100% kill rate
in Tipperary Waters Estate Marina

7 April Copper sulphate treatment of Cullen Bay; chlorine treatment of Frances Bay Mooring Basin; vessel
cleaning protocols rel eased; scientific sub-committee of National Taskforce established

8 April Copper sulphate added to Frances Bay Mooring Basin; endoscopes used to check internal plumb-
ing of vesselsin Cullen Bay Marina

9 April Further chlorine treatment of Cullen Bay Marinafollowing heavy rain

12 April No live musselsin Cullen Bay Marina monitoring areas, some cleaned vessels allowed to leave

16 April Surviving mussels detected on vessels leaving Cullen Bay Marina; marinas closed again and
quarantined; intensive diver surveys of marinas; National protocolsformally released

17-19 April Intensive sampling of Cullen Bay Marina detected two live and two recently-dead mussels among
hundreds of thousands of dead mussels; copper sulphate added to specific sitesin marina

20 April Cullen Bay Marinareopened at high tide for limited access; resurvey of Tipperary Waters Estate
Marinato confirm absence of live mussels

22 April Resurvey of Frances Bay Mooring Basin to confirm absence of mussels

23 April Quarantine lifted from all three marinas; marinas re-opened for normal use; monitoring continued

29 April National Taskforce ceased operation

8 May 21 day “all-clear” issued for al three marinas. Precautionary vessel checking and treatment
arrangements remained in place

July National Taskforce for the Prevention and Management of Marine Pest Incursions established to
examine all aspects of alien invasive marine species management

December 23 Taskforce report delivered to government ministers

4 January 2000 Contracts signed for devel opment of comprehensive databases to assist future rapid responses to
alien invasive marine species

22 Dec 2000

completed and online

Web-based toolbox of al documented control measures used against alien invasive marine species

THE INVASION

Detection

The mussel was discovered in Cullen Bay Marina on 27
March 1999 at densities up to 23 650 individualsm? (Bax
1999; Ferguson 2000; Willan et al. 2000)(Table 1). It was
not present six months earlier in the dry season baseline
survey conducted by the same diversin the samelocations
(C. Hewitt, CSIRO pers. comm.), indicating that the mus-
sel has the potential for explosive population growth in
these marinaenvironments.

Several dayslater the mussel was also found in low num-
bersin a second marina, known as Tipperary Waters Es-
tate Marina. Thismarinahad only been recently excavated
from dry land and had only six yachts berthed within it.

Themussel wasfound onthe hull of onerecreational yacht
that had come from Cullen Bay Marina, and on the adja-
cent pilings.

A third marina, Frances Bay Mooring Basin, had also re-
ceived yachts that had been moored in Cullen Bay Ma-
rina. One of these was fouled with the mussel.

Characteristics of the invaded area

Darwin in the Northern Territory of Australia (Fig. 1) is
an area of environmental extremes; 8 m spring tides are
common, and monsoonal climate provides alternating wet
and dry seasons. The extremetides|limit successful settle-
ment of marine species due to the associated strong cur-
rents and large expanse of exposed intertidal habitat. Na-
tive species are adapted to thisenvironment. Closed mari-
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Fig. 1 Map of Darwin, indicating the three
marinas (diamonds) that were treated and the
areas (hatched) within Darwin Harbour where
all man-made structures (wharves, oil rigs,
channel markers, etc) and anchorages were
surveyed by divers. Gove Harbour (600 km to
the east) was also surveyed by divers.

nas prevent the large tidal excursion, and thus provide a
novel habitat island that may be more readily colonised
by alien invasive marine species.

At the time of the invasion there were three marinas in
Darwin (Fig. 1): Frances Bay Mooring Basin, a 250 ML
primarily commercial vessel marina with 83 berths that
opened in 1988; Cullen Bay Marina, a 600 ML recrea-
tional marinawith 135 berthsthat opened in March 1994;
and Tipperary Waters Estate Marina, a 150 ML recrea-
tional marinawith 77 berths that opened in March 1999.

Double lock gates operate to pass vesselsinto and out of
themarinas at all stages of thetide. Depending on season
and the level of flushing by the marina operators, the ma-
rina can be strongly stratified with an overlying freshwa-
ter lens up to a metre deep.

Biology of Mytilopsis

The two extant Dreissenidae genera (Dreissena and
Mytilopsis) probably originated in the Ponto-Caspian Ba-
sin during the Eocene (Marelli and Gray 1985). The ex-
tant five to nine Mytilopsis ‘ species’ occur principaly in
the Americas, onewasintroduced to north-west Europein
thelate 19" century and thereisanother in western Africa
All species are mytiliform, byssate and epifaunal and
inhabitat brackish waters. There aretwo tropical species,
either of which could haveinvaded Darwin. M. sallei oc-
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cursnaturally inthe West Indies, along the Caribbean coast
of Central and South Americafrom Yucatan to Venezuela,
and in southern peninsular Florida, U.S.A. M. adamsi
(Morrison 1946) occursin western Panama. M. sallei oc-
curs naturaly in alow tidal regime; M. adamsi occurs
naturally in areas of hightidal range. Bothtoleratevaried
environmental conditions (10-35°C and 0-80 ppt salinity).
Because of the uncertainty about which Mytilopsis spe-
cies was present in Darwin, the wide tolerance of the ge-
nus added to concerns over the range of habitats poten-
tially at risk.

Sometime prior to 1929, Mytilopsis sp. was reported from
Fiji (Hertlein and Hanna 1949). Species identity is still
uncertain. It may have been M. sallel, entering the Pacific
after the Panama Canal was opened (Morton 1981), or M.
adamsi that occurs naturally in the Pacific and extended
its range with the assistance of mail steamshipsthat plied
the Pacific between Panamaand Australiain the late 19th
century using Fiji as a port (Marelli and Gray 1985).
Mytilopsis has since been recorded from India, Japan, Tai-
wan and Hong Kong (1967, 1974, 1977 and 1980,
respectively)(Morton 1981).

Ripe individuals of M. sallei are found al year round in
the brackish water of its native range, but it has two peri-
odsof intense spawning activity, apparently stimulated by
rapid dropsin salinity resulting from seasonal freshwater
outflow (Puyana 1995). Outside of its native range, nomi-
nal M. sallel favoursdisturbed environments, spawnstwice
ayear and may beambisexual (Karandeand Menon 1975),
or predominantly semelparous (Morton 1989). Ambigu-
ity in theliterature over the reproductive biology of inva-
sive populations could indicate that more than one species
has colonised Asian ports. Juveniles from the year’sfirst
spawning are mature within amonth and contribute to the
year’s second spawning event (Karande and Menon 1975;
Morton 1989). The one month maturity led us to assume
that an infected vessel would be ableto transmit Mytilopsis
sp. 30 days after being exposed to a viable popul ation.

PRELIMINARY STEPS

Hazard analysis

Risk assessment provides aframework to weigh the rela-
tive costs and benefits of an eradication effort (Bax et al.
2001). There are usually four or five stagesto arisk as-
sessment (Hayes 1998). Thefirst stageisoftento identify
all potential hazards associated with a particular event;
the second to quantify the risk associated with each haz-
ard. Hazard identification serves an important role itself
by providing a checklist of the hazards that need to be
considered and (potentially) their relative importance.
Thereisawidevariety of hazard identification techniques.
Most of these involve ‘workshops' with persons well ac-
quainted with the area or system where the hazards are to
be identified. There was insufficient time (or established
protocols) to use a workshop approach in this case. In-
stead, scientistsfrom the CSIRO Centrefor Research Into
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Table 2 Potential vectors for Mytilopsis sp. in Cullen Bay.

Larvae Adults
Vector

Ballast Other External Internal

Water Water Fouling Fouling
International and domestic yachts (long & short term residents) X X X X
Quarantine vessdl, dive boats, naval vessels, X X X
Fisheries Protection vessel*
Ferries X X X X
Recreational craft (e.g. dinghies, jet-skis, outboards, etc.) X X X
Fishing gear & nets X
Buoys/traps/floats? X X
Loch water X
Bay water or substrate samples (e.g. for aguaria, bait) X
Flotsam and jetsam X X
Fauna (e.g. birds, crustacea) X
Pipe reverseflow (e.g. stormwater overflow, sewage) X X X

1These vessels do not hold substantial quantities of ballast water because they don’t load and unload large quantities of cargo (some

naval vessels might but not the ones in Darwin at the time).

2 Damaged buoys may hold small quantities of water. Floats are usually porous to some degree hence they may hold water but this

is not a viable vector for larvae.

Marine Pests (K. H., R. T., N. B. and Chad Hewitt) con-
ducted aninitial hazard analysisfor Mytilopsissp. in Cullen
Bay Marina.

Egg/sperm and larvae were treated as larvae, while juve-
nilesand adultsweretreated as adultsto reduce the number
of hazard analyses required with no perceived loss of haz-
ard identification. A lack of information on larval settle-
ment preferences led us to assume that larvae would act
passively in the water column with no settlement prefer-
ences, and that juveniles and adults would settle perma-
nently and maturerapidly. These assumptionstend to over-
estimate potential hazards and are therefore conservative.

Four main waysinwhich mussels could leave the marinas
were identified: in ballast water; other water (e.g. bilge
water, anchor well water, etc.); external fouling on the ex-
posed hull, and internal fouling in pipes; and inlets lead-
ing off the hull (Table 2). Simple ‘fault trees’ were con-
structed for adults carried as external or internal fouling
and for larvae carried in ballast or other water (Tables 3
and 4). Hazard management options were then devel oped
(Table 5).

A hazard analysiswas al so carried out on vesselsthat had
potentially been in an infested area. Four risk categories
were identified for areas, and vessels were assigned the
risk level of the areathey had entered. The hazard analy-
sissuggeststhat the pelagic larval life-stages of Mytilopsis
sp. arethemost “infectious’ and therefore the most likely
means of transmission of the organism beyond theinfesta-
tion. A simple qualitative risk assessment was therefore
implemented aong the following lines:
Confirmed high risk areas: those areas where spawning
had been shown to have occurred; Cullen Bay and
Tipperary Waters Estate marinas only.

High risk areas: those areas exposed to an extant popu-
lation of Mytilopsissp. (i.e. onaninfected vessel) and
where there had been insufficient in-water surveysor
larval/post larval collections (see below) to determine
whether spawning had occurred.

Medium risk areas: those areas where a reproductive
population of Mytilopsis sp. was known to have been
(ieon aninfected vessal) but, either the source of in-
fection posed amedium risk (i.e. avessel exposed in
aanother medium risk area), or extensive and weekly
in-water surveys or surveys using larval settlement
plates detected no indications of larval settlement.

Low risk areas: those areas that had either been treated
or had had two in-water surveys one month apart with
no detection of juvenile or adult Mytilopsis sp., were
subsequently monitored monthly for post larval set-
tlement, and had not received untreated vessels from
medium or high risk areas since treatment or comple-
tion of surveys.

These categories were used to set priorities for interdict-
ing and treating potentially infested vessels.

Surveys

Twenty-eight divers, supported by surface teamsto with-
stand the strong currents and to keep watch for crocodiles,
conducted systematic surveys of all apparently suitable
habitats for Mytilopsis sp. in the three marinas, around
Darwin Harbour and asfar afield as Gove Harbour; ahar-
bour with a1 mtidal range, frequented by visiting interna-
tional yachts, served by ferry from Cullen Bay Marina,
and therefore deemed to be a high risk area (Ferguson
2000). Barges, oil rigs, wharf piles, the naval base and
saewage and storm water drains in the three marinas were
among the habitats inspected.
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Table 3 Hazard analysis for Mytilopsis sp. adults in external and internal fouling.

ENDPOINT

NECESSARY EVENTS

Escape of adult Mytilopsison external 1. Adultsremain viableon
exit from Cullen Bay. limit

and internal fouling vectors

a. Oxygen remainswithintolerable

b. Sufficient moistureto prevent
desiccation

2a Vector infected with adults ~ a. Vector in Cullen Bay during

in Cullen Bay

OR

settlement of larvae following
period of spawning
b. Larvae settle on vector

2b Vector picks up dislodged a. Adultsdislodged

adults

b. Adultsre-attach to vector

3. Vector leaves Cullen Bay a. Vessel movement out of the bay

(international and domestic
yachts, quarantine vessel, dive
boats, ferries, naval vessels,
fisheries protection vessel,
recreational craft)

b. Movement of gear out of bay
(outboard motors, buoys/ pots/
floats, fishing gear and nets)

c. Other material movement out of the
bay (bay substrate, flotsam, other
fauna)

Table 4 Hazard analysis for Mytilopsis sp. larvae in ballast and other water.

ENDPOINT

NECESSARY EVENTS

Escape of larvae Mytilopsisin -~ 1. Larvaeremain viableon a Salinity remainswithin tolerablelimits

ballast water and other water exit from Cullen Bay

2. Vector infected with

larvae

3. Vector leaves Cullen

Bay

b. Temperature remains within tolerable limits
¢. Oxygen remainswithin tolerable limits

d. Sufficient food sources

e. Sufficient moisture to prevent desiccation

a. Vector in Cullen Bay during period of spawning
and prior to settlement

a. Ballast water exit from Cullen Bay
(international and domestic yachts, ferries)

b. Other vessel water exit from Cullen Bay (bilges
and other seawater systems of yachts,
guarantine vessel, dive boats, ferries, naval
vessals, fishing protection vessel and
recreational craft)

c. Other water exit from bay (leakage from lock,
samples of bay water, outboard motors, flotsam)
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Table 5 Hazard management options for Mytilopsis sp. in Cullen Bay Marina.

POTENTIAL VECTOR

SUGGESTED MANAGEMENT

International and domestic yachts (long &
short term residents)

Quarantine vessdl, dive boats, naval vessels,
Fisheries protection vessel

Ferries

Recreational craft (e.g. dinghies, jet-skis,
outboard motors, etc.)

Fishing gear & nets

Buoys/pots/floats

Clean external submerged surfaces

Treat internal seawater systems

Treat ballast (or residual ballast in empty tanks)
Remove domestic yachts from Cullen Bay once cleaned

Clean external submerged surfaces
Treat internal seawater systems

Clean external submerged surfaces
Treat internal sea-water systems
Treat ballast (or residual ballast in empty tanks)

Clean external submerged surfaces
Clean and dry internal seawater systems
Educate users and repairers on risks

Clean and dry on removal from bay
Educate users on risks

Clean and dry

Ban removal from bay
Educate users on risks

Loch water

Maintain positive pressure into bay

Treat or prevent escape of lock water

Bay water or substrate (e.g. for aquaria, bait)

Flotsam and jetsam

Educate users on risks

Dry prior to onshore disposal

Prevent escape vialock

Fauna (e.g. birds, crustacea)

Pipe reverseflow (e.g. stormwater overflow,
sawage)

Verify the importance of this vector prior to management

Clean
Ensure positive pressure into bay

Marina operators record vessels entering and leaving the
marinas as they pass through the lock gates. All vessels
found to have been in the marinas during the time that
Mytilopsis sp. was present and capabl e of spawning (taken
to be one month after the August 1998 survey when no
mussels were detected) were tracked and located. Survey
protocols to inspect vessels were developed in conjunc-
tion with boatyard operators and the fishing industry. Par-
ticular attention was given to the hull surface, ropes, chains,
anchors, seawater inlets and internal water systems. Ap-
proximately 250 vessels were inspected by divers
(Ferguson 2000). Divers used 3 m and 22 m long
endoscopes to survey the interior spaces (e.g. water in-
takes and outlets).

Laboratory trials of treatment options
Chlorine and chlorine dioxide are frequently used to re-

move D. polymorpha from water-based infrastructure in
the US (Boelman et al. 1997), and it seemed likely that

they would be suitable to remove Mytilopsis sp. from the
marinas. The relatively easy availability of chlorine (as
hypochlorite), which is used to clean swimming pools,
made this an attractive option. Chlorine dioxide was also
available, and in theory should have been more effective
than hypochlorite, so thiswas a second option. However,
D. polymorpha is a freshwater species, and there was no
guaranteethat chlorinewould be equally effective against
the marine Mytilopsis sp. Therefore four additional treat-
mentsweretested: copper sulphate; apatented organic cop-
per complex; hot water; and detergent. Non-oxidising
chemicals (e.g. quaternary ammonium compounds), re-
ported to kill the zebramussel in the U.S, were not tested
as sufficient quantities for treatment could not be located
inAustralia

All tests were conducted in triplicate on Cullen Bay Ma-
rinamussels held in 2 | glass beakers of Cullen Bay Ma
rinawater at the Northern Territory University. Thesalin-
ity was 18 parts per thousand (ppt), pH 8.1, turbidity 2-3
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nephelometric turbidity units; dissolved oxygen 90-100%;
temperature 29-33°C (ambient). Salinity was lower than
seawater as it was at the end of the wet season and the
locked marinas had significant freshwater inflow. Beakers
were covered with awatch glass cover to reduce evapora-
tion. Mussels were obtained fresh from the marinas and
were not fed. Approximately 30 individuals with maxi-
mum shell length of 1 to 1.5 cm were used in each beaker.
Thel T, (timeto achieve 100% mortality) was determined
for each treatment. Death was determined as gaping shells
unresponsive to touch. The LT, was used in preference
to the LT, more commonly used in toxicity trias, aswe
required a treatment that would kill all of the mussels.
Chemical concentrations were checked twice a day
(colorimetric method for chlorine; | CP Mass spectrometry
for copper), and additional chemicals added if the con-
centration had dropped below the test level. Laboratory
conditionswere not ideal standardised conditions because
they were hastily set up to identify an effective treatment
within days, however they were thought to more closely
represent the conditions that would occur when treating a
marina.

Calcium hypochlorite

At least twice-daily measurement of chlorine concentra-
tion showed that the nominal concentration in the beakers
were difficult to maintain —in fact 12 hours after adjust-
ment of concentrations to 12 or 24 mg/l, concentrations
weer approaching <1 in the day and 5 mg/l at night. This
was expected as chlorine is unstable in water and expo-
sureto light and elevated temperatures accel eratesthe re-
duction in chlorine concentration. Chlorine concentrations
were adjusted after each measurement to maintain the test
concentration. Thetimeto 100% death (LT, ) ranged from
>290 hoursat anominal concentration of 0.0, 0.6, 1.2 and
6.0 (mg/l) to 111 hours at anominal concentration of 12.0
(mg/l) and 90 hours at a nominal concentration of 24.0
(mg/l). From our experiments, wethought it likely to prove
difficult to maintain these concentrations in the infested
marinas.

Chlorine dioxide

From literature reports for zebra mussels, we expected
chlorine dioxide to be more effective at killing the mus-
sels than hypochlorite. However the protocols provided
by the manufacturer for activating the stabilised chlorine
dioxide solution did not work — hydrochloric acid active
tion resulted in the complete loss of chlorine dioxide in
<15 hours and citric acid activation did not activate the
chlorine dioxide at all. All further tests with chlorine di-
oxidewere abandoned aswedid not havethetimetowork
out the correct activation procedure.

Copper sulphate

Copper sulphate was tested on the basis of its common
use to kill invertebrates in aguaculture operations. Cop-
per was added as copper sulphate to give a nominal (and
subsequently measured) concentration of 1 mg of copper/
I. Inseawater (35ppt) the concentration of Cuisalso con-
trolled by copper hydroxide solubility and the saturated

concentration in seawater is2 UM (0.126 mg/l). However
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duetothelow salinity water in the marinaaconcentration
of 1 mg/l could be maintained. The LT, for copper sul-
phate was 38 hours.

Copper organic complex

Organic complexes of copper are generally considered to
be non-toxic or have lower toxicity than free copper ions.
Thiswas confirmed in our trials, which were ended after
48 hours when mussels were till alive in the two treat-
ments (0.5 and 1.0 mg/l).

Combined calcium hypochlorite/copper sulphate
This experiment, designed to simulate possible field tri-
als, used anominal chlorine concentration of 12mg/lI chlo-
rine (see notes under calcium hypochlorite experiments)
for either 24 or 48 hours followed by addition of 1 mg/|
Cu. Both treatmentsresulted inaLT, of 96 hours.

Detergents

Detergent was tested following observations of its lethal
effect onmarinelifein aguaria, and with aview to using it
toclear theinternal plumbing of vessels. Domestic deter-
gent (1% v/v) in seawater of 13 and 33 ppt salinity gave
LT, sof 24 hours. Industrial detergent (Conquest, 1% v/
V) in19 and 33 ppt sdinity seawater gaveL T, sof 7 hours.

Temperature

Mussel sweretested in beakers placed in temperature con-
trolled water bathsand held at 40, 50 and 60°C. ThelT s
were >120, 30 and 30 minutes, respectively.

THE RESPONSE

Legislative powers and coordination

TheNorthern Territory Government took a*whole of gov-
ernment’ approach involving all departments, coordinated
by the Assistant Chief for Police, Fire and Emergency
Services and overseen by the relevant minister. The Min-
ister and the Chief Executive Officer of the Department of
Primary Industry and Fisherieswere briefed on 29 March
1999, two days after the mussel wasfirst observed (Table
1). The Northern Territory cabinet was informed at the
sametime. The following day, a special meeting of cabi-
net was held to amend the Northern Territory Fisheries
Act 1988 to list Mytilopsis (=Congeria) sp. as an aquatic
pest; to give aquatic pests the same status as diseases and
contaminated fish; to decree that restricted areas apply to
aguatic pests; and to declare the marinas to be restricted
areasand prohibit the movement of aquatic lifefrom these
areas (Ferguson 2000). The amendments to the Fisheries
Act 1988 were gazetted the following day (31 March 1999)
and the three marinas quarantined using a combination of
this act and the Quarantine Act 1908.

A Northern Territory Taskforce was set up with units re-
sponsible for media, vessel tracking, emergency services,
health, diving/survey, eradication, biology and treatment.
Seven Northern Territory and two national organisations
wereinvolved in thelocal eradication (see acknowledge-
ments for full listing); a further seven national organisa-
tionsand the Stateswereinvolved in the national response.
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Twice daily meetings of the Taskforce kept all members
informed and enabled the rapid identification of priorities
and the necessary resources to meet them.

Media issues and community response

A mediateam was established at the start of the response,
using expertsfrom the Northern Territory Police, Fireand
Emergency Services accustomed to dealing with disaster
response. Immediately the marinaswere quarantined, there
was pressure from concerned residents, vessel owners,
tourism operators and marina businesses to limit the re-
sponse, especially as the quarantine went into effect just
before the Easter holidays. Conversely, local aguaculture
businesses and conservation groups wanted assurance that
the quarantine and treatments be sufficient to ensure that
the eradication was successful. The mediagroup kept the
local community, the nation, and international interests
informed with daily pressrel eases; regular community fli-
ers, community meetingsat Cullen Bay Marinainvolving
the Northern Territory Primary Industry and FisheriesMin-
ister and senior Taskforce members; a public telephone
hotline; and aweb site.

The work of the media team was critical in gaining com-
munity and stakeholder support. The team ensured that
consistent and informative messages were provided on
Taskforce activities. Pressreleases and mediaeventswere
managed so that a new topic was presented each day by
authoritative figures and informed scientists, reducing the
need for the media to look elsewhere for the day’s story.
Theinvolvement of national (CSIRO’s Centrefor Research
on Introduced Marine Pests) aswell aslocal scientistsin
the eradication programme and media interviews, facili-
tated community and stakeholder engagement in theissue
by emphasising that all available resources were being
accessed.

Quarantine

Colonised marinaswere quarantined on 1 April 1999; five
days after the mussels were first observed in Cullen Bay
Marina and three days after their identification was con-
firmed. No vesselsinside colonised marinas were permit-
ted to leave until the marinas were declared free from the
mussel. Once the three marinas had been quarantined, lo-
cally available sodium hypochl orite was added to the short
(<40 m) channel between the two lock gates separating
each marinafrom the ocean. This quarantine was used to
prevent larval Mytilopsissp. from leaving the marinasédlive
and to kill any Mytilopsis sp. occurring in the channel.

Chemical eradication

Marinas

Treatments for the marinas proper needed careful con-
sideration, due to both their size and usage. The largest,
Cullen Bay Marina, had the highest densities of the mus-
sel, up to 23,650/m? (Willan et al. 2000), compared to
6/m? (Ferguson 2000) in Tipperary Waters Estate Marina.
None were sighted in Frances Bay Mooring Basin (al-
though an infested yacht that had recently beenin Cullen

Bay Marinawasfound in the Basin). Treatment wasthere-
fore focused on the Cullen Bay Marina and the vessels
still moored there. The smaller Tipperary Waters Estate
Marinawas used as afield experimental site.

Based on US experience with the freshwater D.
polymorpha (Boelman et al. 1997), chlorine was the pre-
ferred option for chemical eradication. It was estimated
that several hundred tonnes of chlorine, intheform of lig-
uid sodium hypochlorite, would be needed to raise the
larger 600 ML Cullen Bay Marinato 10 ppm free chlo-
rine, and hundreds of tonnes of sodium hypochloritewere
shipped to Darwin from chemical plantsaround Australia.
Estimates were of necessity imprecise as we could not
accurately estimate the likely loss of chlorine through
evaporation and being bound to organic matter. Large
pumps were used to aerate the 12 hectares of water in
Cullen Bay to raisethe oxygen levels, break up the strati-
fication of the salt and freshwater layers, and dispersethe
chlorine. Thefirst load of sodium hypochloritewas added
to Cullen Bay Marinaon 4 April 1999, three days after it
was guarantined. Concentrations were tested daily there-
after and additional sodium hypochlorite added as neces-
sary to keep concentrations at about 10 mgy/I.

Following early laboratory data showing the efficacy of
copper sulphate, 0.5 tonne was added to 150 ML Tipper-
ary Waters Estate Marinaon 3 April 1999 — producing a
maximum final 0.45 pum filtered, concentration of 0.8 mg/I
and atotal copper concentration of 1.5 mg/l (Parry et al.
1999). Measurements at top and bottom of the water col-
umn at five sites throughout the marina showed the cop-
per waswell mixed with uniform concentrations through-
out. The concentration dropped rapidly after significant
freshwater inflow to the marina on 8 April with the fil-
tered and total Cu concentrations stabilising between 0.2
and 0.3 mg/I for the following two months. No sodium
hypochlorite was added to thismarina. A complete census
of Tipperary Waters Estate Marina conducted by divers
on 6 April 1999, found only dead Mytilopsis sp. —thiswas
three days after the addition of copper sulphate. All mus-
sels attached underneath foam panels floating on the sur-
face were dead.

Meanwhile, daily, non-quantitative observations of the
musselsin Cullen Bay Marina, and quantitative monitor-
ing of caged mussels, showed that many mussel swere sur-
viving the chlorine treatment. Additionally, death ratesin
thelaboratory were not as high as had been hoped for (see
section on laboratory results). Laboratory testsand thetrial
of copper sulphate in Tipperary Waters Estate Marinain-
dicated that copper sulphate was amore effective method
to kill Mytilopsis sp. than chlorine in these marinas. Cop-
per sulphate was subsequently used in conjunction with
chlorine at Cullen Bay and Frances Bay marinas; chlo-
rine' srolewas seen as primarily to reducethe organicload
so that more free copper would be available in the water
column. Powdered copper sulphate was added to the wa-
ter at the aeration pumpsto aid its dissolution.

Intotal, 187 tonnes of liquid sodium hypochlorite and 7.5
tonnes of copper sulphate were added to the three marinas
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over two weeks (cited in Willan 2000). Sodium hypochlo-
rite was added to Cullen Bay Marina and Frances Bay
Mooring Basin prior to addition of copper sulphate. There
was no similar pre-treatment of the Tipperary Waters Es-
tate Marina. A maximum final, dissolved (<0.45 pm) con-
centration of copper of 0.8 mg/l wasreached in Tipperary
Waters Estate and Frances Bay Mooring Basin, while the
concentration in Cullen Bay reached 0.5 mg/I (Parry et al.
1999). The copper concentrationsin all three marinas re-
mained uniform throughout the water column, with no
stratification observed due to the mixing with aeration
pumps and the running of vessels' enginesin the marinas
during thetreatment. The maximum concentrations were
only maintained for approximately two days before the
levels began to decline due to various precipitation, ad-
sorption and complexation processesin thewater column.

Local vessels

Vesselsinside the marinaweretreated at the sametime as
the marina— external hulls were treated by the surround-
ing water. Interior plumbing on all vesselswas treated by
running the relevant pumps or engines and adding copper
sulphate solution or detergent to pipes with standing wa-
ter. Where the owner was unavailable, Fisheries Officers
entered the vessels and performed the necessary tasks.

Colonised vessels outside the marinas were either hauled
out and cleaned at the nearest facility that had been ap-
proved to clean vessels and dispose of the mussels with-
out risking further colonisation, or taken into one of the
three col onised marinasfor treatment. Two moorages out-
sidethemarinas, but still inthe Darwin area, had received
atotal of six colonised vessels. Diver surveys detected no
mussel populations at these moorages.

National taskforce

A national taskforce was set up and coordinated by the
Commonwealth Department of Agriculture, Forestry and
Fisheries— Australia. A scientific sub-committee was set
up to develop national protocols for treatment of vessels
and for anchorages at potential risk of secondary infesta-
tion, which included all those across northern Australia
between Fremantle, Western Australiaand Sydney, NSW.
The sub-committee took an epidemiological approach in
developing the protocols. Mytilopsissp. wastreated asan
infectious disease with an incubation period of 30 days—
this period being the minimum reported timefor thismus-
sel to become reproductive post-settlement (Karande and
Menon 1975; Morton 1989). Any area or vessel which
came into contact with an infested vessel after the 30-day
incubation period was assigned the same level of infesta-
tionrisk asthe original vessel. An exposed vessel or area
was considered infested until proven otherwise.

All told, 223 vessels were within the three marinas and
another 197 had | eft the contaminated areas and put to sea
during the time that the marinas were exposed to the mus-
sel (Ferguson 2000). It was therefore urgent that exposed
vessels and the areas that they had visited be identified,
surveyed and, if necessary, treated to prevent the further
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spread of thismussal. A database was established by North-
ern Territory Police and the Australian Quarantine and
Import Service to track vessels that had been exposed to
Mytilopsis sp. but had left the marinas. Thisdatabase grew
toincludeinformation on theinfection status and wherea-
bouts of 743 potentially-exposed and exposed vessels.

Invoking this emergency action exposed numerous prob-
lemsintracking small vessels, and especially recreational
yachts, which has since been addressed by anational ma-
rine pest task force (SCC/SCFA 1999). When located, the
vesselswere either examined in the water by diversor re-
moved from the water for examination under a mixture of
State and Commonwealth | egislation, that was sometimes
found insufficient to allow the preferred treatment options.
Where there were no safe local facilities to inspect a po-
tentially-contaminated vessel (e.g. the Cocos Kedling Is-
lands off Western Australia), the contaminated vessel was
kept away from shore and freshwater influence.

Fifty seven fishing vessels had | eft the Frances Bay M oor-
ing Basin shortly beforeit was quarantined. These 57 ves-
sels were part of the 137-vessel Northern Prawn Trawl
fleet that would disperse throughout northern Australiaat
the end of the fishing season. The vessels comeinto con-
tact around motherships, providing a serious risk of sec-
ondary exposure to Mytilopsis sp.. Recalling all exposed
vessels to port for treatment (in the 30 days incubation
period) was not acceptable to industry during the limited
prawn season. Instead the Australian Fisheries Manage-
ment Authority contacted all vessels at searequiring that
they stay at sea until all the 57 exposed vessels had been
determined to be clean. Divers surveyed the exposed ves-
sels at sea and declared them clean. Individual cases of
exposed vesseal sreturning to shore for mechanical or medi-
cal emergencies were dealt with on a case by case basis
that minimised further exposure of the coastline to the
mussel.

Monitoring

Mytilopsis sp. was only found in two marinas — Cullen
Bay Marinaand Tipperary Waters Estate Marina—and on
vessels originating from Cullen Bay Marina. Three sepa-
ratediver surveysof FrancesBay Mooring Basinfailedto
find Mytilopsis sp. on either wharf pilings or on vessel
hulls. This marinawastreated as a precautionary measure
because avessel with mature Mytilopsis sp. had been found
there and was cleaned on the hard standing area.

Divers, trained to dive in industrial situations, monitored
20 locations within Cullen Bay Marina to assess the effi-
cacy of the chemical treatmentsaspart of the marinaclear-
ance and re-opening process. All available habitat was
searched in these 20 areas, including storm drains, the in-
side of debris, etc.

In addition, mussel swere suspended in cagesat up to three
depths(1, 2and 3 masavailable) at 10 locationsin Cullen
Bay Marina to monitor quantitatively the efficacy of the
chemical treatments. Each cage contained approximately
100 mussels. The cageswereremoved twicedaily and the
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Table 6 Total number of live, and percentage dead, Mytilopsis sp. held in 19 baskets at 10 loca-
tions and three depths (1, 2 and 3 m below surface as available) in Cullen Bay Marina. The first
addition of chlorine to the marina was on 4 April (Day 0). Copper sulphate was first added on 7

April (Day 3).
Day
-2 -1 0 1 2 3 4 5 6
Number 2149 2149 2149 2146 1767 1297 863 351 0
Average % dead 0 0 0 0 17 38 59 84 100
Min % dead 0 0 0 0 0 4 9 68 100
Max % dead 0 0 0 1 44 68 85 95 100
condition of the mussels assayed for responsivenessto  DISCUSSION

physical probing.

Thefirst deathsinthe mussel cages occurred oneday after
the addition of hypochlorite, but mortality rates varied
widely between cages (Table 6). On average, 38% of
caged mussel swere dead three days after thefirst addition
of hypochlorite, at which time copper sulphate was added.
Six days after the first addition of hypochlorite, and three
days after the addition of copper sulphate, all musselsin
all cages were dead.

Diver surveysin Cullen Bay Marina found no live mus-
selson 12 April, eight days after thefirst addition of chlo-
rine and five days after the addition of copper sulphate.
However, on 16 April, four daysafter no livemusselswere
found at the monitoring sites, live mussel s were observed
on avessel dipped for maintenance after leaving Cullen
Bay Marina. Subsequent diver surveys(17-19 April) found
two live and two recently dead (shell open but flesh not
decomposed) mussels among the several hundred thou-
sand dead mussels collected from the 20 locations around
the marina and inspected by hand. The areas where the
two live musselswere found were treated with additional
copper sulphate. No further live mussel swere subsequently
found in any marinaor on any vessel.

CONFIRMING THE ERADICATION

The area immediately outside the infected marinas, and
moorages and ports to which high risk vessels had been
tracked (sometimes in other states), were monitored for
settling musselsusing larval settlement platesfor upto 12
months after the chemical treatment of Darwin’s marinas.
Larval settlement plateswere used because the planktonic
larval distribution of the mussel would distribute the lar-
val musselsbroadly, increasing the chances any reproduc-
tive population would be detected.

Nojuvenile Mytilopsissp. werefound on larval settlement
platesinside or outside of the marinasin Darwin or at the
major ports catering for recreational yachtsin Queensland
or northern Western Australia. After 12 monthsthe eradi-
cation of this invasion of Mytilopsis sp. was considered
complete.

The rapid response to, and subsequent eradication of,
Mytilopsis sp. by the Northern Territory Government as-
sisted by national agencieswas not only asalutary lesson
for Australia on the dangers of invasive marine alien spe-
cies entering tropical Australia, but also the first demon-
stration that successful action against invasive marine al-
ien specieswas possible. The eradication operation directly
involved over 280 personnel and cost in excess of A$2.2
million, excluding personnel costs. The cost was consid-
ered cheap in the light of potential damage by Mytilopsis
sp. to tropical Australian marine industries and the envi-
ronment. The chemically-treated marinas were artificial
environmentsalready polluted from maritime activitiesand
thetemporary loss of their faunawas seen asinconsequen-
tial in comparison to the threat to the northern Australian
coast.

There are severa lessonsto belearned from this exercise.
Planning

There may be little time to respond to the invasion of a
marine alien species; options availableto eradicate or con-
trol amarineinvader rapidly diminish over timeif thein-
vader spreads to additional areas. In a maximum of six
months (sincethefirst survey of themarinas, at whichtime
Mytilopsis sp. was not present in detectable numbers)
Mytilopsis sp. went from apresumed single population on
avisiting vessel to colonising two marinas and reaching
densities of up to 23,650 individualsm?. If the invasion
had not been detected quickly, it islikely that Mytilopsis
sp. would have established viable popul ations outside the
closed marinaenvironment; our observationsat other tropi-
cal yacht anchoragesindicate many appear to bewell suited
to the species. Underwater gas arc welders, temporary
covering with gravel or sand, and temporary covering with
plastic (containing biocides) were proposed as methodsto
heat, smother, or poison the Mytilopsissp., respectively, if
they were discovered outside a closed marina. However,
none of these techniques would have been suitable for a
dispersed population in an open environment. This prob-
lem was understood very early in the programme, which
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prompted action to ensure that any spread of Mytilopsis
sp. was detected early, that invaded areas were quaran-
tined immediately, and that eradication proceeded soon
thereafter.

Local and national coordination was essential for acom-
prehensive response, but in practice had to be established
quickly and in an ad hoc fashion. The system worked
because everyone understood the scale of the problem,
and an effort was made to ensure that all relevant groups
had the option of participating. There were difficulties
finding appropriate State (Territory) or Commonwedth leg-
islation to support the quarantine and treatment of privately
owned marinas and vessels. The Northern Territory Gov-
ernment had to amend their legislation to give them the
power to respond. Amendments occurred within three days
of the outbreak being detected — even so there was confu-
sion over the legislative powers avail able, who could ex-
ercise them and who they could be delegated to. Theis-
suesof liability coveragefor officersand compensation to
ownerswere never completely resolved.

Subsequent to Mytilopsis, two national ministerial coun-
cilsjointly established a National Taskforce on the Pre-
vention of Marine Pest Invasions (SCC/SCFA 1999) to
address the structural inadequacies of the ad hoc system.
Immedi ate recommendations that have since been enacted
include: establishment of a National Introduced Marine
Pests Coordination Group to oversee development of in-
terim arrangements and to develop long-term response
options; establishment of a Consultative Committee on
Introduced Marine Pest Emergencies to provide coordi-
nation of rapid responsesin the event of anew alieninva-
sive marine species emergency; development of informa-
tion systems to speed response to new invasions; clarifi-
cation and updating of legal powersfor responding to al-
ien invasive marine species; and establishment of cost-
sharing arrangements between the States and the Common-
wealth to fund emergency response to future alien inva-
sive marine species. More complex issues, such as the
development of a system to track small vessels, are till
being considered.

Risk assessment, when implemented properly, isrigorous
and systematic but also time-consuming. In thisinstance
of rapid response, there was insufficient time for a com-
plete risk assessment, but the hazard assessment proved
useful inidentifying major threatsto asuccessful response.
An approach, termed ‘ Infection Modesand Effects Analy-
sis (IMEA)' has been specifically developed to identify
and rank the hazards associated with small craft as poten-
tial vectors of alien invasive marine species (Hayes in
press). A similar process is needed to identify and rank
the hazards associated with the outbreak of an alieninva-
sivemarine speciesin anew area. Inthisinstancethe haz-
ard assessment identified particular habitats (e.g. storm
water drains and internal plumbing on vessels) that were
subsequently targeted by the Northern Territory Govern-
ment during the chemical eradication.
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Rapid access to information is a necessity in responding
rapidly. Thisistrue both for the scientists and managers
involved, and for the community, to ensure their support
for the action. With regard to technical details, we were
able to access and distribute information relevant to
Mytilopsissp. by querying the Sea Grants National Aqueatic
Nuisance Species Clearinghouse for information on eradi-
cation optionsfor thezebramussel. Therapid responseto
our query was extraordinarily valuablein rapidly assess-
ing practical options. Subsequently, Australia has recog-
nised the need for easy accessto information on avariety
of potential invasive marine species, andisabout to launch
an online Nationa Introduced Marine Pests Information
System to provide similar information for alien invasive
marine species currently in, or likely to arrive in, Aus-
tralia. A web-based toolbox of control options has already
been developed. Thistoolbox providesareadily available
sourcefor all documented control optionsfor thedifferent
taxa, contacts, suppliersand legal restrictionson their use
(Bax and McEnnulty 2001).

The success of the eradication programmewas duein part
to strong community support for the effort. Thiswas fa-
cilitated by having a full-time public relations team as-
signed to the problem, which ensured that mediaand rel-
evant stakeholders were provided updated information
daily and by ensuring that public statementsregarding the
infestation and eradication effort were handled by only a
few designated spokespeople. Public acceptance of the
effort was also facilitated by having the response action
well embedded in science. Although therapid and in some
respects non-rigorous nature of the experimentsto develop
effective chemical treatmentswas clearly explained to the
public, the fact that this effort was guided by asubstantial
literature on zebra mussel control efforts and was under-
taken by ateam consisting of both local (NT University
and government) and national (CSIRO’s Centre for Re-
search on Introduced Marine Pests) expertslent the effort
essential credibility.

Thispublic credibility also depended, in part, on good luck
— the detection of the mussels in closed marinas where
chemical treatments were an option. If we are to extend
the success of this eradication to include future invasions
of alien marine species in more open environments, we
will need to expand available treatment optionstoinclude:
more specific biocides (e.g. ones that would only affect
molluscs); engineering developments that would restrict
the action of chosen control optionsto thetarget area; and
failing that, highly-specific biological control agents that
can act over awide area

Secondary Exposure

The potential for the Darwin eradication attempt to spiral
out of control was the greatest through secondary expo-
sure—one contaminated vessel entering an uncontaminated
marina (or fishery) and contaminating tens of other ves-
selsthat subsequently dispersed to contaminate new ves-
sels and areas. Secondary contamination of a vessel (in
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this case a submarine) exposed to spawning mussels
(Mytilus galloprovincialis) on an unsuccessfully cleaned
vessel (the battleship USS Missouri) has been observed
(Carlton 2001). Secondary contamination was areal risk
inthe Darwin exercise.

The 57 potentially-exposed fishing vessel sthat | eft Frances
Bay Mooring Basin days before the quarantine was an-
nounced, joined the 137-vessel Northern Prawn Fleet, serv-
iced by motherships, round which the vessels congregate
to unload their catch. The 137 vessels disperse to ports
throughout northern Australia once the season is over. If
these vesselshad carried Mytilopsis sp. to their home ports,
thegoal to eradicate thismussel from Australiawould have
been made much harder — probably impossibly so. Be-
causethefishing vesselscarry satellite-linked vessel moni-
toring systemsand can be contacted by the Australian Fish-
eries Management Authority, the 57 vessel s could be con-
tacted and surveyed. Fortunately, no contaminated vessels
were found and the risk was never realised. Tracking do-
mestic and international recreational vesselsthrough ports
throughout mainland Australia and Australia's offshore
islands was not as easy. Again we were fortunate that the
vessels that were tracked and surveyed were found to be
uncontaminated.

Effective quarantine is a prerequisite for an eradication
exercise. If Mytilopis sp. had colonised a marina without
lock gates, where vessel nameswere not recorded asthey
passed out of the marina, then tracking and locating ex-
posed vessels would have been impossible.

Prevention

The tidal regime in Darwin is extreme, with 8 m spring
tides. Extremetidal variation does not easily allow stable
marinaplatformsfor mooring boatsand so all marinasare
closed off to some extent from the seaby doublelock gates,
that are opened for boat passage as necessary, and to flush
entrained water on an irregular basis. Depending on the
degree of flushing, there can be strong stratificationin the
marinas during summer monsoonal rainswith a1l mthick
lens of freshwater overlying marine water. Many marine
organismsthat have colonised the upper few metres of un-
derwater structures during the dry season will die when
exposed to continuous freshwater during the wet season,
unlessthereisadequate flushing of the marina. New habi-
tat will be exposed to recolonisation by local organisms
and new colonisation by exotic organisms brought in on
(or in) boats passing through on their way from exotic ports.

Marinas, especially closed marinas such asthosein Dar-
win, can act as marine habitat islands. They provide novel
habitat and are situated in the middle of increasingly ac-
tive transport corridors for marine organisms. In 1967,
MacArthur and Wil sonintroduced the still influential equi-
librium theory of island biogeography. This addressesthe
guestion of whether the number of new invasions to an
areaisprimarily afunction of the size of the island (habi-
tat) or the extent of immigration. To rephrase thisin the

context of marine habitat islands such as marinas, the ques-
tion becomeswhether the number of new invasionsispri-
marily afunction of the size or types of habitat or afunc-
tion of the frequency of inoculation. Programmes aimed
at reducing the risk of marine invasions have in genera
not taken account of this ongoing debate. Instead it is as-
sumed that reducing the number of new invasions to an
area is of paramount importance, and major efforts both
nationally and internationally have been directed at reduc-
ing the entry of alien invasive marine species—especially
in ballast water. Mytilopsis sp. has been detected on three
foreign fishing vessels and two visiting international rec-
reational vessels since the eradication was completed. It
seemsinconceivablethat the Cullen Bay invasion wasthe
first instance of Mytilopsis sp. arriving in Darwin, yet the
most likely scenario for thisinvasion is that it devel oped
from asingleinoculation in aclosed marina. It subsequently
spread to a second closed marina, but repeated diver sur-
veysfailed to find any populations outside of these mari-
nas. This suggests that reducing the risk of marine inva-
sions may require management of the receiving environ-
ment in addition to reducing the frequency of inocul ation.

Reducing the risk of future invasions

Australiawaslucky that thisfirst successful establishment
of Mytilopsis sp. in Australian waterswasin closed mari-
nas. If it had occurred in the open waters of Darwin Har-
bour or other Australian ports, containment would have
been much more difficult, perhapsimpossible, depending
on the extent of its spread when detected. But “chance
favours only the prepared mind” (Pasteur), and we were
fortunate that the Northern Territory Government was ex-
perienced in the rapid and vigorous eradication of terres-
trial pests and was able to transfer that experience to the
marine environment.

In preparation for future events, the Aquatic Pest Man-
agement (APM) unit was established within the Northern
Territory Government. APM completed the 12 month
monitoring programme for Mytilopsis sp. and devel oped
and implemented protocols that will reduce the risk of a
second establishment of an invasive alien marine species
in Northern Territory waters.

Consultation with local stakeholders recognised the four
Darwin marinas as high-risk areas, and visiting interna-
tional vesselsas high-risk vectors. Sincethe eradication,
all international vesselswishing to enter Darwin marinas
are now inspected and treated prior to being issued clear-
ance certificates. Entry to the marinasis prohibited with-
out a clearance certificate.

Between May 1999 and June 2001, atotal of 437 vessels
including 364 yachts, 38 commercial fishing trawlersand
35 apprehended illegal vessels have been inspected by
APM. The 35 apprehended vessels were identified as a
high-risk category of vesselsfollowing thefinding of sig-
nificant black striped mussel fouling on the hulls of appre-
hended vessel s moored within Darwin Harbour at aquar-
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antine areaduring an APM monthly survey of high traffic
areas in Darwin Harbour. Apprehended vessels typically
travel from Southeast Asia, whichisrenowned for itsbio-
logical diversity, including several undesirable marine spe-
cies such as the black striped mussel and Asian green
mussel. New protocols have been developed for appre-
hended vessels, and the Australian vessels that come into
contact with them, to reduce the chance of them being
moored close onshore before inspection. A planto scuttle
fouled apprehended vessels at sea, in areas wherethe risk
of larvae reaching the coast are minimal, is under consid-
erationin light of legal obligations.

The vessel inspection programme has intercepted at least
four undesirable taxa: a variety of bryozoans (not identi-
fied to species), and three molluscs: Musculista senhousia,
Perna viridis and Mytilopsis sp. However, monthly pho-
tographs of designated underwater surfaces and concur-
rent monthly checking of settlement collectorsfor the ap-
pearance of exotic fouling organisms have determined that
the high traffic areas of Darwin Harbour, its marinas and
Gove Harbour remain free of alien marine speciesthat are
known to beinvasive.
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The eradication of alien mammals from five offshore islands,
Mauritius, Indian Ocean

B. D. Bdl
WiIdlife Management International Limited, P.O. Box 14-492, Wellington, New Zealand.
E-mail: wmil @clear.net.nz

Abstract Following the removal of rabbits from Round Island in 1979 and the publication of a management planin
1989, the Mauritius Government contracted Wildlife Management International Limited in 1993 to fulfil one of the
plan’s recommendations to survey the offshore islands of Mauritius and Rodrigues and to prepare an offshore islands
management plan. This plan made a number of recommendations and priorities in relation to the removal of alien
species. 1n 1995 work on the priorities began with the removal of Norway rats (Rattus norvegicus) and hares (Lepus
nigricollis) from Gunner’s Quoin, ship rats (R. rattus) from Gabriel 1sland and mice (Mus musculus) from Ile Cocos
and lleaux Sables. In 1998 cats (Feliscatus), ship ratsand micewereremoved from Flat | land and rabbits (Oryctolagus
sp.), which had been illegally released following the earlier eradications, from Gunner’s Quoin. These programmes
were hand-laid operations. In all casesthe main bait was grain-based pellets containing 0.02gm/kg brodifacoum. The
bait was set out on at least half of the maximum grid recommended for the rodent speciestargeted. The exception was
cats, which were trapped in leg-hold traps. Plans are being considered for the re-introduction of reptiles and birds.
Some planting of native trees has begun. This paper covers the eradication sector of the management plan.

Keywords Ship rat; Rattus rattus, Norway rat; Rattus norvegicus, mouse, Mus musculus; black-naped hare; Lepus
nigricollis; feral cat; Felis catus; brodifacoum.

INTRODUCTION
(Merton 1985) and in 1986 the eradication was carried

The islands of Mauritius have been heavily modified by
man and there have been a number of extinctions (Cheke
1987). Conservationwork began with effortsto save some
highly endangered species, notably the Mauritius kestrel,
Falco punctatus (Jones et al. 1994) and pink pigeon,
Columba mayeri (Jones and Hartley 1995). It wasrecog-
nised early that the preservation of what remained of natu-
ral habitats was extremely important if the long-term vi-
ability of many species was to be assured. Thisbegan in
two distinct areas, on the offshoreislands and in the high-
lands indigenous forest that still remained.  In this paper
we consider the first of these habitats— the islands.

Efforts began primarily on Round Island and Ile aux Ai-
grettes, the first to save the last remnant of the palm sa-
vannah of northern lowland Mauritius and the latter, the
lowland hardwood forest. Both habitatswerein very poor
condition.

Round Island was affected by the presence of two brows-
ing species—goats (Capra hircus) and rabbits. The goats
wereremoved finally in 1979 by shooting. An unsuccess-
ful rabbit eradication attempt involving shooting was
mounted in 1976 (Bullock 1977). Theremoval of rabbits
was delayed for several years due to an organised objec-
tion by the Universities Federation for Animal Rights.
They pressured the British Government who was to fund
the eradication. They objected to the use of the poison
strychnine and the funds were withhel d.

In 1982 the Jersey Wildlife Preservation Trust raised the
possibility of rabbit removal with the New Zealand Wild-
life Service. Thefeasibility study was undertakenin 1984

out (Merton 1987). A management plan for the island
was prepared in 1989 (Merton et al. 1989). Thisincluded
a recommendation that the other offshore islands of
Mauritiusbe surveyed with aview to protecting their natu-
ral values.

Wildlife Management International Ltd (WMIL) wascon-
tracted by the Mauritius Government with funding being

[57°4343"E
Serpent s |
S Round Is
Flat Is*" Gabriel Is

IND AN DCEAMwt
Mauritius
§ ofRodiigues
O M 2000

0 Kms 3200

= .
Gunner's Quoin

] Miles 10
S —1

0 Kilometres 20

e,
Maorth

MAURITIUS

* lle aux

[ 20°25'00"5 -
Aigrettes

Fig. 1 Location of islands around Mauritius.

Pages 40-45 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. lUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.



Bell: Eradication of mammals from Mauritian Islands

lle aux Sables

Pte la Fouche
lle Cocos

Rodrigues

Pte Mapou
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provided by Overseas Devel opment Agency, (now Depart-
ment for International Devel opment) United Kingdom. All
of the islands off Mauritius and Rodrigues were visited.
In addition to recording the floraand fauna, recommenda-
tionswere made for both the long and short-term manage-
ment. Most of the short-term management involved the
removal of introduced mammals (Bell et al. 1994).

The more valuable islands, both for their biological val-
uesand for public use, weregiven priority. Theseincluded
Gunner’s Quoin, Flat and Gabriel Islands to the north of
Mauritius (Fig. 1), lle aux Aigrettes (Fig. 1), lle aux
Fouquets and lle de la Passe to the south-east and on
Rodrigues, Ile Cocos, |le aux Sables (Fig. 2) and Crab.
Some finance was available to action the recommenda-
tions, but thiswas very limited.

METHODS

The eradication programmes occurred in 1995 and 1998.
Four islands, Gunner’s Quoin, Gabriel, Ile Cocos and lle
aux Sables, weretreated in 1995 and two islands, Flat and
Gunner’s Quoin, wereinvolved in 1998. Eachiscovered
separately below. Table 1 lists the islands involved and
the details of the eradications.

1995 Programme

In 1995 WMIL sent ateam to carry out eradications on
Gunner’s Quoin, lle Cocosand lle aux Sablesand to trial
bait for Indian house shrews (Suncus murinus) on Ile aux
Aigrettes. These had been selected as the highest priori-
ties during the island survey project.

Gunner’s Quoin

The eradication programme began on Gunner’sQuoin (65
ha). Much of the island was covered in low thorn scrub
and it was necessary to cut grid lines. Thiswasdoneon a
25 m grid even though we were removing Norway rat; the
usual grid size for eradicating Norway ratsis 100 m. The
smaller grid enabled the ratsto gain accessto thebait more
quickly and reduced the overall time of the programme.
The cutting party consisted of five WMIL staff, two Mau-
ritiusWildlife Foundation (MWF) volunteersand two Gov-
ernment of Mauritius National Parks Conservation Serv-
ice (NPCYS) staff plus a contingent from the Special Mo-
bile Force (Mauritian Army). Bait was laid as the grid
lineswere cut over ablock. Themain bait used was Pestoff
Rodent Bait 20R (a grain-based pellet made to the
Wanganui No. 7 formula containing 0.02g/kg of
brodifacoum and dyed green). This was supplemented
with Rentokil Rid Rat (awax block with grain containing
0.05g/kg bromadiolone and dyed green) asaback up. The
sowing rate was approximately 15 kg per hectare.

There were no formal bait stations as such, the bait was
just laid on the ground and the position marked with a
numbered plastic tag. Laying directly on the ground is
practical if the weather and soil are dry enough so that the
bait maintainsits shape and attractiveness. Itisaso only
practical when there are no important non-target species.

The black-naped hare (Lepus nigricollis) was not origi-
nally targeted, as we did not expect them to take the bait.
Once it became obvious that hares were taking the bait,
thiswas laid wherever we found hare sign.

lle Cocos and lle aux Sables

Cocos and Sables Islands are two small coral sand islets
(15 and 8 harespectively), which wereinfested with mice.
The vegetation was primarily grassland (Stenotaphrum
dimidiatum) with patches of Pisonia grandis and
Casuarina equisetifoliatrees. Ile Cocosisatourist desti-
nation and has high numbers of breeding noddies, Anous
stolidusand A. tenuirostris. Thereisawarden station on
Ile Cocos.

Herewe used a10 m grid and 25 mm plastic tubes as bait
stationswhereland crabswere dense. Thesamebait ason
Gunner’s Quoin was used.

lle aux Aigrettes

To determine whether it was possible to eradicate Indian
house shrew from Ile aux Aigrettes some trials were un-
dertaken using newly-developed bait. A fish meal and
vegetable il pastewith 0.05 mg brodifacoum per kg were
laid at 14 sites around theisland. The bait stations were
laid in the late afternoon and | eft overnight. The stations
were observed during the evening and any shrew activity
washoted. Thestationswereremoved thefollowing morn-
ing and checked for shrew sign.
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Table 1 Eradication timing, method, target species and island involved during the eradication

programmes in Mauritius.

ISLAND SIZE (ha) TARGET SPECIES

METHOD

TIMING

Gunner’'sQuoin 65 Norway rat

Rattus norvegicus

Gunner’'sQuoin 65 Black-naped hare

Lepusnigricollis

Hand-laid 25 m grid Pestoff 20R &
Rid Rat. 15 kg/ha

Hand-laid. Isolated bait stations
(areas of hare activity)

26/9 - 26/10/95

26/9 - 26/10/95

Pestoff 20R. 15 kg/ha

Gunner’'sQuoin 65 Domestic rabbit Hand-laid. Isolated bait stations Undertaken by

Oryctolagus sp. (areas of rabbit activity) NPCSin late
Pestoff 20R. 10 kg/ha 1998

Ile Cocos 15 Mouse Hand-laid 10 m grid 1/11 - 21/11/95
Mus musculus Pestoff 20R. 10 kg/ha

Ile aux Sables 8 Mouse Hand-laid 10 m grid 1/11 - 21/11/95
Mus musculus Pestoff 20R. 10 kg/ha

Gabriel Island 42 Ship rat Hand-broadcast Pestoff 20R & 27/11 - 29/11/95
Rattus rattus Rid Rat. 20 kg/ha

Flat Island 253 Shiprat Hand-laid 25 m grid 1/9 - 28/10/98
Rattus rattus Pestoff 20R 15 kg/ha

Flat Island 253 Mouse Hand-laid 25 m grid 1/9 - 28/10/98
Mus musculus Pestoff 20R 15 kg/ha

Flat Island 253 Feral cat Leg-hold traps 1/9 - 28/10/98
Felis catus Secondary poisoning

Gabriel Island

Before departing from Mauritius we decided to lay left
over bait on Gabriel Island (42 ha) in an effort to remove
thevery high incidence of shiprat. Gabriel Island iscov-
ered mainly with alow endemic shrub (Psiadia arguta)
with some Lantana camara. About 50% of theisland was
grassland. The bait waslaid in aday using ateam of 12
persons spread out in aline broadcasting the bait as they
went. Both Pestoff Rodent Bait 20R and Rentokil Rid Rat
were used. The sowing rate was approximately 20 kg per
hectare.

Astheidand is very close to Flat Island it was recom-
mended that eradication be carried out there within 12 to
18 months to prevent re-colonisation of Gabriel 1sland.

1998 Programme

The Outer 1slets Advisory Committee recognised that the
recently cleared Gabriel 1sland was at risk from re-infes-
tation as long as rats were still present on neighbouring
Flat Island. A lagoon separatestheislandsby some 500 m
but at low water the distance is minimal because of the
exposed reef. WMIL was contracted by the Government
of Mauritiusto eradicate all alien mammalson Flat 1sland
—ship rat, mouse and feral cat.
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Flat Island

About half of Flat 1sland (253 ha) is covered with trees
and scrub. This meant that establishing a grid required
lines to be cut before bait waslaid.

The grid was set at 25 m because of the presence of mice.
Thegrid took four weeksto establish and there were 3500
bait stations. The party consisted of six WMIL, two NPCS
and two MWF staff. The bait was laid directly on the
ground despite the high level of crabs (Coenobita sp. and
Cardisoma sp.), apart from nine stations where bait was
placed in round tubes raised off the ground.

The only bait used was Pestoff Rodent Bait 20R. This
was laid in five pulses, with a break of two to three days
between each lay.

Catswere only targeted toward the end of the programme
as we expected a number to succumb to secondary poi-
soning. Leg-hold traps were used and were placed where
acat had been sighted or fresh cat sign was present.

Gunner’s Quoin

Before weleft New Zealand for the Flat I sland project we
were advised that although earlier reports had indicated
hares had been removed from Gunner’s Quoin, this now
appeared to be an error as heavy browsing and sign had
been seen on one of the monitoring trips. Extra bait was
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taken so that another attempt to remove the hares could be
made. Aninspection prior to starting Flat Island revealed
that the cul pritswere not hares but rabbitswhich must have
been released subsequent to the removal of hares. Some
of the hunting fraternity was suspected asthey used to visit
the island to shoot hares. WMIL did not have time after
completion of Flat Island to lay the bait but advised NPCS
who undertook to spread the bait.

Problems

The work was without any serious problems. The only
complication was the high numbers of crabs. On parts of
Ile Cocos and lle aux Sables high concentrations of large
land crabs occurred where there were low-lying
embayments, which flood in extreme high tides. In such
sites we set out bait in plastic tubes as described earlier.
This did not deter the crabs, which took both the bait sta-
tion, complete with bait, down into their holes. After two
days the empty bait station would be pushed out of the
burrow. In addition to using bait stations, some bait was
broadcast in these areasto ensure there was some bait still
available to miceif they were present.

Crabs (both land and hermit) were also present in large
numbers on Gabriel Island. It was thought these might
cause a possible failure of the eradication. To overcome
thiswe laid a heavier than usual amounts of bait (20 kg/
ha).

On Flat 1sland both crabs were present in a section of the
island but it was found necessary to raise only nine bait
stations about 15 cm above the ground to exclude them.
However earlier experience showed that the best way to
overcome crabs (at least where there are no non-target
speciesat risk) wasto increase the amount of bait applied.

RESULTS

Post eradication monitoring has been carried out mainly
by NPCS. They haveregularly reported on the success of
the eradications and are discussing options for the future
use of the islands, many of which had been suggested in
the report on the Survey and Management Plan for the
Outer Islands (Bell et al. 1994). Some recovery of the
vegetation had been noted even before weleft theislands.

Gunner’s Quoin

During the eradication, rats began to die within two days
and bait take had ceased within aweek, apart from areas
whereharesweretaking bait. A few dead hareswerefound
but at |east one harewas still alive when weleft theisland.
Bait was still available to any survivors. A check before
we departed from Mauritius showed no evidence of any
hares present. This was confirmed later during visits by
NPCS.

Thereturnvisit and bait lay for rabbitsin 1998 resulted in
their removal. It appeared that these animals were the

domestic strain as most were coloured either black, black
and white or fawn. It is a good example of the need to
ensure that no immigration, either accidental or deliber-
ate, occurs after eradication.

Thefirst changes were noted before the eradication team
left theisland. The vegetation was responding to the lack
of browsing but the most interesting observation was the
increased visibility of the skinks (Scelotes bojerii and
Cryptoblepharusboutonii). Theselizards seemed to have
responded to the removal of their main predator, the rat,
and spent more time in the open rather than in rock crev-
ices.

The NPCS monitoring trips recorded a strong seedling
growth of Dracaena concinna, Latania loddigesii and
Pandanus vandermeerschii. Previously rats destroyed
mogt, if not al, the seeds. The other major find was the
rediscovery of the night gecko (Nactus coindemirensis)
whichwas only known from two previous specimens. Itis
now regularly seen.

The revegetation was heavily browsed as a result of the
introduction of rabbitsbut isnow improving again. Along
with the indigenous plants, the weed species were aso
flourishing and some, such as a creeper (Cissus sp.), may
becomeaproblem. A systematic control programme may
be necessary.

Cocos and Sables Islands

The only areawhere mice were noticeable was at thewar-
den station. These soon disappeared as the eradication
programme continued. To date there have been no spec-
tacular changes on Cocos and Sables Islands.

Gabriel Island

The WMIL team had departed Mauritius beforethis eradi-
cation could be confirmed. Later checksby NPCS proved
the eradication had been successful. The most noticeable
change on Gabriel Island has been the regeneration of
Pandanus and Latania, which had not occurred for many
years. There also appears to have been an increase in
wedge-tailed shearwaters (Puffinus pacificus) and red-
tailed tropichird (Phaethon rubricauda) but there has been
no formal assessment.

Flat Island

During the eradication bait take was heavy after the first
baiting (80-90%). On the second and third pulses, only
about 10% of stations had been visited and after thefourth,
bait was taken only from less than 10 stations. The final
baiting was untouched apart from that taken by insects,
crabs and lizards. One cat was seen and this animal was
successfully trapped the same night, using aleg hold trap
and was destroyed. Only one other cat was found, dead,
and this had almost certainly been a victim of secondary
poisoning. It isprobablethat the cat population wasvery
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small although sign showed they were roaming thewhole
island. They most likely originated from animals left be-
hind either deliberately, to keep rats down around camps
(camp areas used by day trippers) or accidentally, when
pets were brought on to the island and they could not be
found before leaving.

lle aux Aigrettes

The tria baiting for shrews on lle aux Aigrettes was not
successful. It wasthought that they could detect the* bitrex’
— an additive used in some brodifacoum-based poisons
and this put them off taking the bait. Brodifacoum had
been proved asuitable poison for shrews (Morrisand Mor-
ris 1991). However bait trials they carried out showed
that there had to be avery high consumption of bait if the
shrews were to ingest a fatal dose at 50 ppm. This may
mean that to be effective in the field, higher concentra-
tions are needed and chemical companies have expressed
reluctance to supply these doses.

More trials to find attractive bait should be undertaken
before any further attempt is made to poison the shrews.

CONCLUSIONS

The removal of rats and subsequent improvement in the
vegetation on Gunner’'s Quoin opens the opportunity to
re-establish or translocate some threatened species. Be-
cause of the limited range of trees and shrubs, it islikely
that some of the restricted lizards (e.g. Guenther’s gecko
(Phelsuma guentheri) and Telfair's skink (Leiolopisma
telfairii)) could bethefirst choice. Later when thevegeta-
tion hasrecovered further (after 10yrs?) some of thethreat-
ened smaller insectivorous passerines could beintroduced
(e.g. Mauritiusfody (Foudiarubra) and Paradiseflycatcher
(Tersiphone bourbonensis desol ata)).

Unfortunately there have been no spectacular changes on
Ile Cocos and Ile aux Sables. Theseislandsare too small
to provide habitat for some of the Rodrigues threatened
species. A larger island, such as Crab, would need to be
restored if new habitat was to be provided for the local
endemic warbler (Acrocephalus rodericanus) and fody
(Foudia flavicans). At 15 halle Cocos may be asuitable
sitefor the re-introduction of these birds asthey can exist
at very high densities if food supply is adequate. Inten-
sive planting of native plants would have to occur before
this can happen to ensure food availability.

Asthelargest offshoreisland, Flat Island has the greatest
potential for usein threatened species management. The
island’svegetationis primarily introduced treesand shrubs
but some planting of native specieshasbegun. Evenwith-
out further planting theisland could be used at present for
some of the threatened species, such as Mauritius fody,
flycatcher and perhaps olive white-eye (Zosterops
chloronthos). The introduction of the Mauritius cuckoo

shrike (Coracinatypica) and bulbul (Hypsipetesolivaceus)
couldfollow later astheforest cover improvesandismade
more diverse.

Flat Isand isapopular tourist and picnic site. Thisaspect
hasto betaken into account when planning the continuous
rodent-free state of theisland and futuretranslocationsand
monitoring. The development of a management plan for
thisisland and Gunner’s Quoin will addressthese aspects.
Thisis scheduled for the near future.

The Mauritius Government and its NGO collaborator,
MWEF, areto be commended for their far-sighted vision to
not only remove alien mammals from their important is-
lands, but also for establishing formal management plans
and following these through with active management.
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Abstract The Australian marsupial the brushtail possum Trichosurus vulpecula was introduced to Kapiti I1sland, a
nature reserve off the south-west coast of New Zealand, in 1893. Various attempts were made to control possums on
Kapiti because of their negative impacts on forest ecosystems. Possums can kill individual trees, potentially alter forest
succession and regeneration processes, suppress flowering and fruiting, and prey upon native birds and other native
animals. Possum control wasinitiated in 1980 and approximately 21,000 possumswere removed by 1985. Eradication
was achieved using traps, dogs and guns. Dogslocated 32 of the 80 possumsthat were removed during 1985-1986. This
programme has shown that dogs and intensive trapping are effective tools for eradicating possums from large areas of
land where re-invasion is prevented. Eradication attempts are inherently risky and require a bold commitment from
those bureaucracies with the responsibility to succeed. Thorough planning and highly skilled and motivated teams are
essential ingredients to the success of eradication attempts.

Keywords Leg-hold traps; trained dogs.

INTRODUCTION

The Australian brushtail possum (Trichosur us vulpecul a)
wasintroduced to New Zealand in 1840 and subsequently
released at many different sitesthroughout the country by
Acclimatisation Societies and private individuals to es-
tablish afur industry (Pracy 1974). The possum has been
avery successful colonist, reaching high densitiesin fa-
voured habitats (>30 possums/ha), and occupying awide
range of habitats throughout New Zealand (Clout and
Ericksen 2000). Possums are peststhat have had dramatic
impactson native plant and animal communities, and eco-
logical processes, and they impact on agricultural produc-
tion through the spread of bovine tuberculosis.

Possumswere controlled on Kapiti Island by trapping be-
tween 1920 and 1968 to protect conservation values. The
value of this control was disputed and a moratorium was
placed on trapping in 1969, when research commenced to
better quantify the importance and nature of possum im-
pacts (Cowan 1992).

Atkinson (1992) studied possum impacts on native veg-
etation on Kapiti Island between 1969 and 1980. He ob-
served “increasing defoliation, and sometimes mortality,
of speciesvulnerableto possums’ and he concluded, “ had
thiscontinued, major changesin the structure and compo-
sition of the island’s forests would have followed”. Pos-
sumscompetewith birdsand insectsfor food (foliage, flow-
ersand fruit). They arealso known to prey on eggs, chicks
and adult birds (Brown et al. 1993), and have contributed
tothelocal extinction of North Island kokako (Inneset al.
1999). However, at the time that research was carried out
on Kapiti Island little was known of their impactson birds.
Phil Cowan was supported by arange of other scientists
and Lands and Survey staff when he proposed eradication

of possums following the success of possum control be-
tween 1980 and 1982 (Cowan 1982).

Four government departments with overlapping responsi-
bilities were involved in the debate over the justification
and feasibility of eradication. The eradication of catsfrom
Little Barrier Iland in 1980 (Veitch 2001) offered psy-
chological weight in favour of eradication (B. Bell pers.
comm.). The New Zealand Forest Service was the one
department that favoured sustained control over eradica-
tion but still contributed significantly to the eradication
programme, primarily due to political pressure. This de-
bate was not fully resolved at the time but a commercial
operation turned into intensive control that eventually
evolved into an eradication programme (at least in the
minds and hearts of those on the ground). Possums were
eradicated from Kapiti Island in October 1986.

The eradication of possums from Kapiti Island has been
described elsewhere by Cowan (1992) in a scientific pa-
per and some of the methods by Sherley (1992) in a pub-
lished report. This paper differs from Cowan (1992) by
describing more fully the methods used and from Sherley
(1992) by expanding on the lessons learned. We describe
in detail the methods used and their relative importance,
and outline the key ingredients for successthat can be ap-
plied el sewhereto eradicate possums and other introduced
pests.

KAPITI ISLAND

Kapiti is a rugged island lying 5 km off the south-west
coast of the North Island of New Zealand. It has precipi-
touswestern cliffsthat run along afault line and numerous
streamsand gullies dissect itseastern slopes. Tall podocarp
forest once covered Kapiti but it was largely deforested
by Maori and European fires and farming in the 19" and
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early 20" century (Maclean 1999). The island's vegeta-
tion has regenerated (assisted by plantings and introduc-
tions by caretakers) in the 20" century and the island is
now a mosaic of forest and shrubland with some grass-
land. Tawa (Beilschmiedia tawa) and kohekohe
(Dysoxylum spectabile) are the dominant canopy species
but shrublands dominated by kanuka (Kunzea ericoides)
and fivefinger (Pseudopanax arboreus) arethe most com-
mon vegetation type (Atkinson 1992). K apiti was gazetted
anaturereservein 1897.

Kapiti is one of New Zealand’'s most exciting restoration
stories. At 1965 ha, it is New Zealand's second largest
offshore nature reserve and the largest single area of low-
land coastal forest that is free from introduced mamma:
lian herbivores and predators. It providesahomefor vari-
ous endangered bird species including little spotted kiwi
(Apteryx owenii), saddleback (Philesturnus carunculatus),
kokako (Callaeas cinerea), hihi (Notiomystis cincta) and
takahe (Porphyrio mantelli). Cattle (Bos taurus), sheep
(Ovis aries), goats (Capra hircus), pigs (Sus scrofa) and
feral cats (Felis catus) were eradicated from Kapiti be-
tween 1916 and 1934 (Veitch and Bell 1990; Maclean
1999). Possumswereintroduced to Kapiti Island in 1893,
just four years before Kapiti became anature reserve, and
were eradicated in 1986. Norway rats (Rattus norvegicus)
and Pecific rats (R. exulans) were eradicated in 1996
(Empson & Miskelly 1999). With its prolific birdlife and
healthy forest, Kapiti Island offers up to 18,000 visitorsa
year awindow into how New Zealand used to be.

METHODS

Three phase operation

Therewerethree distinct phasesto the eradication of pos-

sums from Kapiti Island:

m Phasel. Feb1980-Oct 1982. Seven trappers commer-
cially harvesting possum skins. Peter Daniel, the Kapiti
Island ranger, supervised trappersto minimise the risk
to birds and strongly discouraged normal harvesting
practices such asrelease of small possums. Trackswere
cut by the trappers along major ridges, spurs and val-
leys, mainly in the centre of theisland.

m Phase 2. Feb 1983-Jan 1985. Four trappers worked for
wages as opposed to selling skins and were assisted by
Wildlife Service trainees. The complex network of
tracks was completed during this phase and trapping
intensified from 800 to 1500 traps set each night.

m Phase 3. Mar 1985-Mar 1987. Two trappers working
up to 1800 traps, and three dog handlers with teams of
up to three dogsintensively searched theisland for the
remaining possums.

Tracks, traps, sets and lures

An extensive network of tracks totalling more than 450
km covered Kapiti by the end of the intensive trapping
phase. Tracks were cut 50-80 metres apart so that al pos-
sums had access to traps placed along tracks within their
home ranges (Cowan 1992). Tracks on the western cliffs

were the exception at up to 400 m apart because of the
difficulty of the terrain. Tracks were cut so as to create
minimal disturbance to the native vegetation but allow a
trapper with sets protruding above their heads to have
unimpeded access.

Lanes Aceleg-hold traps were set at approximately 50 m
intervals along al tracks. Traps were checked daily and
regularly maintained to minimise the risk of possums es-
caping and potentially becoming trap shy. Traps were
sprung approximately once a week and the mechanism
checked and CRC lubricant applied when required. Most
importantly, traps were left in place for up to six months.
It was believed that individual animalsthat were aware of
the traps (potentially trap shy possums) would eventually
make a mistake. Traps were not “fine set”, instead they
were set firm enough to minimise the risk of small birds
(e.g. robins (Petroica australis)) being caught.

Traps were moved from the south to the north end of the
isandina“rolling front” (i.e. the southern-most trapswere
placed in front of the northern-most traps). Trappers took
approximately two yearsto traverse theisland and did so
twice between February 1983 and December 1986. Karaka
(Corynocar puslaevigatus) groveswere a so trapped each
February to target possumsthat would travel long distances
to feed on ripe fruit.

Wooden sets (Fig. 1) were used to minimise the risk to
flightless birds (little spotted kiwi and weka (Gallirallus
australis)) by raising trapsout of their reach. The setswere
designed to be effective at catching possums and this set
design evolved through time. Thefinal design provided a
cradle in which traps were inset flush with the lower part
of the set and offset so that the paws of the possum used to
cling to the sides of the set when climbing would beinline
with thetrap. Trapswere firmly held to minimise the risk
of being knocked off by possums but traps still jumped
when sprung, which increased efficacy.

Traps were tied to staples in trees with a self-tightening
knot (to prevent possums escaping with traps) and at a
height that allowed possumsto sit on the ground to mini-
mise their distress and desire to escape. Sets were placed
on pal atable tree species with the base of the set onandin
line with a possum run to increase the likelihood of use.
Concentrated liquid cinnamon essence was the most com-
monly used lure because it was believed to be effective
and attractive to possums but not to birds (Sherley 1992).
Subsequent trials have confirmed that cinnamon is an ef-
fective and safe lure (Morgan et al. 1995). Cinnamon es-
sencewas placed on thetree above thetop of the set (every
fivedaysand after heavy rain) sothat apossum smelling it
would place its paws on or near the trap.

Huts, helicopters and boats

Trappers and dog handlers used a combination of port-
able and permanent huts to facilitate quick access to all
parts of theisland. Multiple camps saved time and money
and enabled the staff to achieve more. This was particu-
larly important to dog handlersworking at night. Helicop-
ters and boats were essentia tools for the movement of
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Fig. 1 Kapiti Island possum trap set, designed
by Geoff Alexandra (from Sherley 1992).

huts, equipment and personnel. The extensive track sys-
tem also greatly reduced travel time.

Dogs, handlers and guns

Dogs were used in the eradication phase only (Phase 3).
The island was divided into blocks of approximately 40
ha and these blocks were worked for about 10 days and
threefine nights. Initially all tracks were walked and then
the ground between trackswaswalked in anintensivegrid
pattern. Dogs and handlers worked closely, in constant
contact, as a team. The dogs were trained to respond to
possum scent, and to ignore the scent of non-target spe-
ciessuchashirdsandrats. Thisskill wasachieved by teach-
ing the dogsto associate positive behaviour with theword
‘yes (e.g. eating food and killing possums) and negative
behaviour with the word ‘no’. Kiwi, weka and rats were
placed in front of the dogs and theword ‘ no’ was repeated
in harsh tones. Non-target training was reinforced regu-
larly in the field when non-targets were encountered and
by the exposure of dogs to non-targets captured for that
purpose. Dogs and handlers | eft theisland periodically to
reinforce dog/handler possum hunting skillson the Kapiti
coast and inthe Wairarapa. Thisreinforcement regimewas
especially important when possum encounters on Kapiti
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Idand wereextremely low, aswasthe casein thelate stages
of the eradication phase.

Thedogswalked quietly ahead of handlers but within view.
Dog behaviour changed dramatically once possum scent
was detected. As the dog actively followed the scent it
was the dog handler’s job to stay with it and call the dog
back if required. Once the possum was located the dog
and handler worked asateam to place the possum at maxi-
mum risk from gun or dog (e.g. the dog could be directed
to where the possum was seen to break out of cover or
move through vegetation above ground). Guns (mostly
shotguns) were used to kill possums up trees and the dogs
weretrained to kill possumsthey caught on the ground.

Three dog handlers generally worked with teams of two
dogseach inthefield (though each handler had up to four
dogsavailable). Dogswere of mixed breeds but small ter-
rierswerefavoured because of their tenacity and ability to
move quickly through tight scrub. Handlers swapped
blocks on completion so that each handler checked each
block and therefore the whole island. Dogs and handlers
generally worked behind the rolling front of traps. They
were alowed to search for possums ahead of their blocks
when scent led from the block. The dogs caught most pos-
sumsin areas that had not previously been systematically
hunted with dogs while travelling north for dinner at the
ranger’shouseor to leavetheisland. No possum was caught
in a block that had previously been worked by another
handler. Night hunting was by torchlight along tracks until
scent was located and then it was a matter of the hunter
keeping up with the dogs. Not all dogs ‘trail barked’
(barked asthey ran following fresh possum scent) but trail
barking dogs were an advantage. A spotlight was used to
locate the possum once it was forced to hide in atree by
the pursuing dog(s).

Following the first complete sweep of the island by dog
hunting teams, all three handlerswalked all tracks on the
island with their dogs and no possums were scented. One
trained dog remained after the eradication and was used to
repeatedly search the island while track markers and sets
were removed.

Aerial and bait station application of
1080

Approximately 330 ha at the northern end of the western
cliffswere sown by helicopter in August 1984 with 15 kg/
haof sieved carrot baitsthat were dyed green and impreg-
nated with 0.15% 1080 (mono sodium fluoroacetate) poi-
son. Because Global Positioning Systems were not avail-
ablein 1984, visual markerswere used to guide the appli-
cation of baits. One pre-feed of non-lured carrot baits (dyed
green) was spread on the cliffs by helicopter one week
before the poison drop.

Originaly it was planned to follow phase two of trapping
with poisoning. Bird-proof poison bait stations containing
1080 paste were tested for approximately six months dur-
ing phase two. However poisoning was abandoned because
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so few baits were taken relative to the effort involved
(Sherley 1992). With hindsight, the low bait take is not
surprising given that possums were then at such low den-
sity (1 per 25 ha).

Result monitoring

Mark-recapture of possumswas used during all phases of
the control and eradi cation to estimate the success of vari-
ous phases of the operation (Cowan 1992). Two cagetrap
lines were used that were previously established and run
by DSIR during 1975-1980. Faecal pellet analysisand trap
catch datawere al so used to estimate the numbers of pos-
sums remaining in the eradication phase. These methods
were not highly sensitive (far more sampling effort would
have been required to give more accurate measures of abun-
dance) but gave approximate measures of possum abun-
dance. Also, non-target kills were monitored throughout
the control and eradication operation (Cowan 1992).

Dogs provided an excellent tool for detecting possums at
low density and they had the added advantage of being
able to determine when no possums remained.

RESULTS

Gintrapping wasavery effectivetool for possum removal
when set at the density and for the duration of time used
on Kapiti (Cowan 1992). Gin traps removed over 19,500
possums over the duration of thisprogramme (Table 1). In
addition, based on pellet counts, an estimated 1500 pos-
sumswerekilled in the aerial 1080 operation at the north-
ern end of the western cliffs. A further 32 possums were
caught by dogs. Many possums caught by the dogs were
old and showed signs of having escaped from atrap and
were probably trap shy (K. Brown pers. obs.).

Non-targets

A total of 181 birds were caught in traps (Cowan 1992).
Not al birdswerekilled and many were rel eased with minor
injuries. The most common species caught were New Zea-
land pigeon (Hemi phaga novaeseel andiae) (70), morepork

Table 1 Possums caught and trapping effort on
Kapiti Island between February 1980 and
October 1986 (adapted from Cowan 1992).

Number Number  Percent

Date and phase traps  possums trap
set caught  success

1. Feb1980-Oct 1982 65,866 15,631 23.7
(Commercial trappers)

2. Feb 1983-Jan 1985 589,336 3933 0.667
(Intensive control)

3. Mar 1985-Dec 1986 743,538 48 0.007
(Eradication)

Total 1,398,740 19,612 0.014

(Ninox novaeseelandiae) (47), weka (29) and kaka (Nestor
meridionalis) (16). An unknown number of birds were
killedinthe aerial 1080 operation but searchersfound only
three.

DISCUSSION

Three basic criteriahave been identified that must be met
if eradication isto be successful; the rate of removal ex-
ceedstherate of increase, thereisno immigration, and all
animals must be at risk (Cowan 1992; Bomford and
O’ Brian 1995; Parkes 1996). However there are many other
strategic and operational factors that will determine the
feasibility and efficiency of any particular eradication at-
tempt and whether the above criteriacan be met. Strategic
and operational factors that are important to the success
of the Kapiti operation are relevant to other eradication
attempts and are discussed below.

Is eradication a viable option?

Pest managers need to decide between eradication, con-
trol and doing nothing to effectively manage a pest spe-
cies (Bomford & O’ Brian 1995; Parkes 1996). The deci-
sion to eradicate a pest will be dependent on people’s as-
sessment of the feasibility and justification of eradication.
Lands and Survey (which administered the island), De-
partment of Industrial and Scientific Research — Ecology
Division and Botany Divisions (which researched Kapiti
possums and their impacts), and Internal Affairs—Wild-
life Service (protected species management) werethe key
agencies involved that believed possum eradication was
feasible and justifiable. Their arguments were that the is-
land flora and fauna were of nationa significance; that
possums competed for food with, and preyed on, native
birds, and that forest structure and individual species of
plants were under threat. They also believed that eradica
tion was feasible and was far more cost-effective (in the
long-term) than sustained control. Cats were eradicated
from Little Barrier Iland (2817 ha) in 1980 (Veitch 2001)
and this provided psychological support for the attempted
eradication of possums from Kapiti Island (B. Bell pers.
comm.).

The New Zealand Forest Service (responsible for wild
animal control) argued that local possum eradication had
never been achieved on the mainland and therefore was
not feasible on Kapiti 1sland. Thewestern cliffswere con-
sidered to be too steep to allow hunters accessto all indi-
vidual possums. The Forest Service also did not believe
that the scientific evidence on possum impacts on ecosys-
tem health was sufficient to justify eradication and it there-
fore supported sustained control as the most viable op-
tion. They also argued that the opportunity cost was high
(i.e. valuable resources would be taken from other wild
animal control operations elsewhere). Both points of view
were reasonable but the lack of consensus did impact on
the Kapiti possum eradication operation by fuelling inter-
departmental frictions and slowing logistical support.
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Iwi (indigenous people) own 12 hectares at Waiorua Bay
at the northern end of Kapiti Iland. These ownersallowed
accessto their land and provided support and encourage-
ment for the eradication effort. Hence thefirst lesson from
this project isthat “ buy-in of all key stakeholdersis very
desirableif not essential” .

Institutional involvement and logistic
support

Despite the Forest Service resistance to eradication, the
inter-departmental working party fought hard to ensure
ongoing funding. Logistical support was provided by the
Forest Service based in Masterton and Lands and Survey
through Peter Daniel, the Ranger on Kapiti. Peter wastire-
lessin hiseffortsto ensure resources were available when
reguired. Peter and his wife Linda also provided much
psychological support over evening meals, once a week.
The DSIR provided scientific advice, eval uation processes
through monitoring and moral support. The Wildlife Serv-
ice provided trainees aslabour early in the operation, and
Landsand Survey provided one staff, and Forest Servicea
further four staff. Hencethe second | esson from this project
isthat “ an ongoing commitment of staff and resourcesis
essential” .

No immigration and access to all animals

Possums are poor swimmers and Kapiti isfive kilometres
from the mainland so immigration was not feasible short
of possums being carried to the island as amalicious act.
Only permitted boats are allowed to land on Kapiti. Anti-
coagulant poison islaid on boats that carry visitorsto the
island and visitors' luggageis searched prior to departure
from the mainland to K apiti. These precautionsare prima-
rily designed to prevent rat invasion but also reduce the
risk of the accidental transport of possumsto Kapiti. Hence
thethird lesson from this project isto “ ensure further im-
migration does not occur through stringent quarantine
procedures”’ .

The extensive network of tracks and placement of traps
every 50 — 80 metres meant that all animals had accessto
traps. Tracking of the western cliffswasinitially thought
to be impossible but was achieved and was supported by
aerid poisoning. The spacing of tracksand trapswasbased
on research of possum home range sizes (Cowan 1992).
Trapping at seasonal food supplies (such as karaka fruit-
ing) further increased therisk to possums. Intensive search-
ing with dogs a so ensured that all animals were accessi-
ble. The use of multiple camps was also important in al-
lowing traps to be serviced and dogs to be worked at the
intensity and frequency required. Regular discussionswere
held among trappers and progresswas reviewed with pos-
sum experts. Hence the fourth lesson from this project is
to “ know your target animal and place all individuals at
risk”.
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The right tools to do the job

Aninitial “knockdown” followed by “mop-up” isastrate-
gically sound approach to eradication. The aerial applica-
tion of 1080 is a potentially useful knockdown tool but
was unacceptable on Kapiti due to the perceived risk to
rare and endangered bird species. Traps placed on sets off
the ground were the chosen tool sfor knockdown and they
proved to be very effective. The efficacy of trapping was
placed at risk by experimentation with set designs (and
trap types) that resulted in ahigh proportion of escapesin
the early design stage. Some escaped possums becametrap
shy that increased the risk of eradication failure. A very
effective set was eventually designed (Fig. 1) and traps
were maintained to a very high standard. Hence the fifth
lesson from this project isthat “ eradication tools should
be developed off-site to minimise the risk that target spe-
cieswill become shy and avoid the eradication tools’ .

Highly-trained dogs (to minimise non-target risksand max-
imise search and destroy capabilities) proved ideal for lo-
cating the few remaining possums that had avoided traps.
The dogs killed many possums in areas of high possum
density on the mainland whiletraining but it is not known
if dogswould have been more successful thantrapsat high
possum density, early in the operation on Kapiti. Part of
the dogs' success as “mop-up tools’ lay in the fact that
they were tracking individual possums. This enabled in-
formation to be gathered on an individual (over a two-
week period in one case) that inevitably ended in it being
located and killed. The dogs provided the ultimate moni-
toring tool because not only could they detect the pres-
ence of possums at low density, they could also confirm
the absence of possums. Hence the sixth lesson from this
project isthat “ well tested tool s should be used intheright
sequence to achieve the knockdown and subsequent mop-
up phases of the operation” . The seventh lesson from this
project isthat “ the tool s chosen should minimise non-tar-
getrisks’ . Theeighthlesson fromthisproject isthat “ moni-
toring allows progress to be tracked and provides valu-
able information to sustain support” .

Team attitude

The core team on Kapiti was small, highly motivated,
highly committed, physically and mentdly fit, skilled, com-
patible and hard working. The work was physically and
mentally demanding and involved carrying heavy loads
(200 gin traps equal s approximately 50 kg) up and down
steep dippery terrain, long periods of repetitive work with
few returns (especially when possums were scarce) and
living and working in close confinement. Key skills in-
cluded the design and building of sets, building of huts,
dog training to a high standard, meticul ous care of equip-
ment, organisation of logistics and keeping accurate
records. The team often worked 12-14 hour days and dog
handlers regularly worked during the day and after dark.
Every team member believed that eradication wasinevita-
ble. This was particularly clear to the dog handlers who
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understood the effectiveness of their dogs. Hencethe ninth
lesson from this project isthat “ team skills (personal and
technical) and attitude are essential ingredients in effec-
tive eradication” .

Eradication of possums from other
islands and areas of mainland New
Zealand

Possums have been eradicated from Codfish Island (1336
ha), Rangitoto (2333 ha) and Motutapu I slands (1510 ha),
and Allports Island (16 ha) and a number of other small
islands since the eradication of possums from Kapiti Is-
land (Clout and Ericksen 2000).

Traps, cyanide poison and dogs were used to eradicate
possums from Codfish Island and aK apiti Island dog han-
dler removed thelast possum. The eradication of possums
on Codfish |dand wasthought to be completein early 1987.
A dog handler from Kapiti |sland went to Codfish to con-
firm that eradication had been achieved in May 1987 for
two weeks soon after possumswere eradicated from Kapiti.
He systematically worked theisland, saving thetall forest
habitat in the centre of theisland for last. He detected and
killed a female possum on day one of entering her terri-
tory and no other possums have been detected on Codfish
Island since (R. Cairns pers. comm.).

Possums were eradicated from Rangitoto and Motutapu
Islands in 1997 and 1996 respectively, using traps, dogs
and gunsand following the advicefrom K apiti 1and eradi-
cation staff (Mowbray 2002). Possums were also eradi-
cated from Allports Island in conjunction with a mouse
eradication programme (Brown 1993). Brodifacoum in
Talon 50WB baitswasthe sole method used. Brown (1993)
stated that the use of dogswould probably have been more
cost-effectiveif possumswerethe only target animals (K.
P. Brown had provided an estimated cost for the use of a
dog to eradicate possumsfrom Allportsisiand). A combi-
nation of traps and poisons was used to remove possums
from most idandsidentified by Clout and Ericksen (2000).

It isour opinion that eradication of possumsinside preda-
tor-proof fences on very large areas of the New Zealand
mainland isfeasible. Possums have been eradicated within
a predator-proof fence protecting 250 ha of regenerating
forest at Karori Reservoir using a combination of poison
and trained dogs (R. Empson pers. comm.). Traps or poi-
sons could be used astheinitial knockdown tool and dogs
could then be used to locate and kill the remaining indi-
vidual possums and/or as monitoring tools to ensure that
no possums remain. Hence the tenth lesson from this
project isthat “ tools and knowledge can betransferred to
other eradication operations but new techniques can also
prove successful” .
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Abstract Round Island (169 ha) holds the only populations of several reptiles and plants that formerly occurred on
Mauritius. Eradication of introduced goats (Capra hircus) by 1978 and rabbits (Oryctolagus cuniculus) by 1986 was
predicted to allow increasesin abundance of threatened species. Subsequent surveys have revealed thefirst substantial
recruitment of three main tree speciesfor over 100 years. The extent of ground vegetation increased slightly but isnow
dominated by non-native species and large unvegetated areas remain. Of three reptiles confined to Round Island, two
showed no sustained increases but one increased dramatically. In the short term the general, predicted effects of eradi-
cation (increasesin plant biomass and tree recruitment) were upheld. However unpredicted effects (differential popula-
tion responses of reptiles and increasing rates of establishment and influence of non-native plants) have occurred. Asa

result new ecological communities are likely to develop on Round Island.

Keywords Impacts of eradication; rabbits; goats; plants; reptiles.

INTRODUCTION

Round Island (169 ha), 20 km NE of Mauritius, supports
theonly populations of several plantsand reptilesthat used
to occur on the mainland. It isrodent-free, and one of the
most important seabird islands in the western central In-
dian Ocean. Early reports indicate that a giant tortoise
(Cylindraspsis sp.) was present. This native ‘large her-
bivore’ was replaced by rabbits (Oryctolagus cuniculus)
and goats (Capra hircus) introduced in the early 19" cen-
tury (Cheke 1987). The mammalian herbivores prevented
treerecruitment, destroyed ahardwood forest, encouraged
the open character of the vegetation and promoted the pro-
gressive ecol ogical degradation described by many authors
(e.g. Vinson 1964; North and Bullock 1986).

In terms of vegetation and non-avian species the signifi-
cance of Round Island haslargely been because of its rela-
tive ‘naturalness’ and as a refuge for threatened species.
Despite the mammalian herbivoresit hasretained the last
significant remnant of an open pam-rich forest, which
supports 14 threatened plant taxa. The herpetofauna is
similarly outstanding: Eight species (nine including
Cylindraspsis sp.) are recorded, of which seven are
M ascarene endemics and four are now confined to Round
Island. However, within the last few decades the adverse
impact of the rabbits and goats has caused the probable
extinction of the snake, Bolyeria multocarinata last seen
in 1975, reduced a hurricane palm Dictyosperma album
var conjugatum endemic to Round Island to one indi-
vidual, and reduced several other speciesto very low num-
bers (Bullock 1986; North et al. 1994).

In 1975/76 there were between 10 and 20 goats and the
combination of a shooting expedition and a cyclone had
temporarily reduced the rabbit population. By 1978 the
few remaining goats (<5) had been shot out but by 1982
the rabbit population had recovered and the response of
the vegetation was limited (North and Bullock 1986). In
1986 rabbits were eradicated (Merton 1987) and in 1989
the following short term changes were being observed or
anticipated (North et al. 1994) increases in: ground veg-
etation (i.e. vegetation other than maturetrees); the number
and abundance of non-native plant species; regeneration
and recruitment of palmsand other trees; invertebrate abun-
dance; habitat availability for, and population sizes of, ar-
boreal Phelsuma geckos and the saurivorous snake
Casarea dussumieri. After an initial pulse of tree regen-
eration, decreasesin recruitment rate were expected asthe
availability of open seed bed habitats declined. Decreases
were also observed or anticipated in the abundance of
plants favoured by the presence of rabbits, goats or open
ground. The projected loss of open ground was also ex-
pected to reduce optimum habitat availability for skink by
reducing open basking areas, |eading to their local decline.

After rabbit and goat eradication, and anticipated increases
in two of the largest reptiles, Casarea and Phelsuma
guentheri, reptile biomasswas expected toincrease. Rep-
tile biomass is often exceptionally high on other seabird
islands where food availability is enhanced by nutrient
inputs from guano, plus carcasses and eggs. For example,
on Cousin Island (Seychelles), the combined biomass of

Pages 53-63 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. [lUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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threelizard species has been reported as at |east 96 kg/ha,
closeto the maximum recorded for reptiles (Cheke 1984).
In the short term, at least, there was no reason to expect
fluctuations in the breeding populations of seabirdsto be
influenced by eradication of rabbitsand goats. Anincrease
in reptile biomass on Round I sland after eradi cation would
be expected only if habitat or food availability had been
limiting when the mammalian herbivores were present.

In this paper, predicted and observed changes are com-
pared using the results of surveys before and after the re-
moval of rabbits and goats. Much valuable restoration
management work has been conducted on Round Island
since 1986, including the planting of Mauritian endemic
trees. In this paper the focus is on describing unaided re-
sponses of threatened species and their habitats to eradi-
cation. The eradications are therefore regarded as an op-
portunity to gain understanding of ecological processes
on Round Island (as suggested in Myers et al. 2000) and
to place them in the context of the overall ecosystem
(Zavaleta et al. 2001). Particular attention is paid to the
influence of unpredicted processesinthe short term (i.e. a
decade after eradication of mammalian herbivores) on the
long-term restoration of the island.

Scientific names and the status (non-native/native) of all
plant speciesfrom 1975 to 2000 are given in Appendix 1.
Itisfrequently difficult to separate long established intro-
duced speciesfrom thosethat are native. Thisisespecially
so for pan-tropical species such as Portulaca oleracea,
which hereis considered to be native.

METHODS

Vegetation

In 1975 the most vegetated slopes of Round Island were
divided into 12 study Areas (totalling ¢.102 ha) within
which vegetation and reptile populations were recorded.
These Areas formed the basis of comparable surveysin
subsequent expeditions (1978 - partial surveysonly, 1982,
1989 and 1996). Survey methods have been described pre-
viously (Bullock 1986; North and Bullock 1986). Indi-
vidual Latanialoddigesii and Pandanus vander meer schii
trees were assigned to one of seven and five size classes
respectively wherethelargest (and presumably ol dest) were
Class1 (seeFig. 1 and 2). Treeswere counted and ground
vegetation measured using cover estimates along transects
in two Areas, 3 (8.7 ha) and 11 (11.2 ha). These Areas
were chosen to represent trends on the western and south-
eastern slopes respectively but it should noted that they
were amongst the most vegetated parts of the island. In
addition, the frequency and percentage cover of plant spe-
cies in 15 permanent quadrats distributed across the is-
land was recorded. Particular attention was also paid to
tracking trendsin the status of threatened species, includ-
ing the palm Hyophorbelageni caulis, and non-native spe-
cies.
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Reptiles

For reptiles, direct standardised daytime counts of at |east
two Areas (Area Counts) in each sample year, plustimed
searches at night (to give Encounter Rates) and transects
(one each in Areas 3 and 12 - west and south-east slopes
respectively - walked during the day and at night) were
used. Visual counts provided indices of population den-
sity and were always underestimates. |n 1996 mark-recap-
ture sessions (10 in each of Areas 3 and 11) used to esti-
mate population sizes indicated that in Area Counts be-
tween 5% and 55% of individualswere recorded, depend-
ing on the species. Reptile biomass was estimated from
popul ation estimates and mean weights of caught samples
of al species.

Invertebrates

In 1989 and 1996, the relative abundance and taxonomic
diversity of invertebrates was sampled in two gullies on
the south-eastern slopes and two sitesin Area 3 using pit-
fall traps (10 set for 24 h) and sweep nets (150 sweeps)
during daylight. Catches were sorted to Order and the
proportions of soft-bodied taxa preferred as prey by liz-
ards (Arachnida, Dermaptera, Dictyoptera, Orthoptera,
Lepidoptera, Diptera, Phasmida, Coleoptera) separated
from non-preferred prey (such as Hymenoptera (mainly
ants) and | sopoda).
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Fig. 1 Size structure of Latania loddigesii in Areas
3 and 11 of Round Island in 1975 (black bars)
before browsing mammal eradication and 1996
(white bars) after browsing mammal eradication.
Size class categories: 7, seedling; 6, >0.1 m - 0.6
m;5, >06m-12m;4,>1.2m-1.8m; 3, >1.8m
-3.0m; 2, >3.0 m, <2.0 m of trunk; 1, usually >3
m of trunk and 90 yrs. old. N = number of indi-
viduals.
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RESULTS

Tree populations

Between 1975 and 1996 the number of Class 1 or equiva
lent individuals of the three main species declined. How-
ever, removal of themammalian herbivoresallowed large
pulses of recruitment that are now beginning to replace
losses of adult trees.

Latania loddigesii

Lataniaisby far the most abundant tree specieson Round
Island. After rabbit/goat eradication, the numbers of
Lataniain six smallest size classesdramatically increased.
Eradication resulted in the first major recruitment phase
to occur for at least 100 yrs. Between 1975 and 1996 the
numbers of Class 1 Latania declined by 62% (Fig. 1).
Assuming no changein therate of decline, thiscohort was
estimated to disappear by 2009. If the mammalian herbiv-
ores had not been removed, by 2010 Latania would prob-
ably have disappeared, along with key habitats of several
reptile speciesand amajor component of theisland’secol-

ogy.

In permanent quadrats, the density of Latania seedlings
(Class 7) in the lower western, upper western and south-
eastern slopeswas similar within years but declined from
amean density of 8.2/m?in1975to 1.1/m? and 1.6/m?in
1989 and 1996 respectively. For quadrats on the lower
western slopes, the decline between 1975 and 1989/1996
was significant (F ,, = 11.08, P < 0.01 on log ,, (x+1)
transformed data). Asthe quadrats were located in the ar-
eas of highest tree density, these results may therefore re-
flect localised self thinning.

Hyophorbe lagenicaulis.
In 1975 there were 15 mature palms on the island, only
two of which were alive by 1996. However, recruitment
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Fig. 2 Size structure of Pandanus
vandermeerschii in Area 11 of Round Island in
1975 (black bars) before browsing mammal
eradication and 1996 (white bars) after brows-
ing mammal eradication. Size class categories:
5 >01m-0.6m;4,>06m-1.8m; 3, >1.8m
-3.0m; 2, >3.0 m and vigorous; 1, >3.0 m
showing signs of dieback. N = number of
individuals.

increased markedly after 1986 with six newly-mature in-
dividuals in 1996, together with at least 42 young plants
(over 1 m tall) and abundant seedlings in several loca
tions. All theseweretheresult of natural regeneration rather
than planting as part of restoration programmes. Were
mammalian herbivoresstill present, Hyophorbewould be
closeto extinction in the wild.

Pandanus vandermeerschii

On the south-eastern slopes, where Pandanusis most fre-
guent, regeneration and recruitment increased after rab-
bit/goat eradication with, however, a decline in the num-
bers of treesin the oldest cohort (Fig. 2).

Table 1 Changes in the ground vegetation cover in Areas 3 and 11 of Round Island between 1975 and
1996 based on point samples along transects. Goats were eradicated by 1978; rabbits were eradicated

in 1986.
Vegetation/substrate type % Cover Area3 % Cover Area 1l

1975 1982 1989 1996 1975 1982 1989 1996
Boulder, gravel,sand 211 5.9 3.0 4.5 3.7 28 55 7.1
Rock slab 62.8 73.3 63.3 56.9 41.8 37.3 37.2 338
Creeper 4.2 6.4 7.1 9.9 455 48.8 44.2 28.2
Exotic grasses 0.1 0.1 9.8 12.3 0.1 0 16 111
Native grasses 3.8 9.3 5.8 35 25 5.1 12 24
Tall herbs 0.1 0.1 18 28 6.6 5.1 8.5 9.8
Boerhavia spp. 0 0 0.9 1.0 0 0.1 14 2.8
Achyranthes 0 0 0 0.9 0 0 0 25
Latania 7.7 3.9 7.8 7.6 0.3 05 0.4 13
Pandanus 0.2 0.5 0.6 0.7 0.4 0.6 0.1 1.0
N point samples 3637 2942
Total vegetation cover  16.1 20.3 33.8 38.7 55.4 60.2 57.4 59.1
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Table 2 The frequency and abundance of “important” plant species (species with >10% cover in
any quadrat in any year) in 15 permanent quadrats on Round Island between 1975 and 1996. The
number of quadrats in which the species was recorded (frequency) is followed, in parentheses, by
the number of quadrats in which it was >10% cover (a measure of abundance). Species in bold
are introduced (non-native). Responses in bold are major changes in frequency and/or abun-
dance.

1975 1982 1989 1996 Responses to eradication
Goat Rabbit
Passiflora 15 (8) 15 (3) 13 (7) 12 (6) Unclear Unclear
Tylophora 13 (5) 14 (11) 15 (11) 9 (5 Increase Decrease
\Etiveria 7 (5 8 (5 8 (4 5 (0) ?Increase Decrease
Portulaca 7 3 9 (0 10 (0) 3 (0) Unclear Decrease
I pomea 7 (00 8 (2 8 (5 10 (7) Increase Increase
Ageratum 6 (2 13 (0) 11 (1) 5 (1) Unclear Decrease
Nicotiana 6 0 7 (2 0 0 ?Increase Decrease
Commelina 5 (1) 7 (1 11 (3) 11 (2) Unclear Increase
Withania 2 (0 0 0 1 (1 Unclear Unclear
Boerhavia 10 o 13 (0) 13 (2) Unclear Increase
Digitaria 10 o 6 (0) 7 (1 Unclear Increase
Chlorisfiliformis 1 1 (1 1 (1 1 (1 Unclear Unclear
Latania 0 1 6 (1 7 (6) ?Increase Increase
Abutilon 0 1 (0) 1 (0) 9 (7) Unclear Increase
Chloris barbata 0 0 10 (6) 13 (4) None Increase
Lycopersicon 0 0 1 (1 0 None Increase*
Amaranthus 0 0 2 (0 5 (2 None Increase
Cenchrus 0 0 1 (0) 9 4 None Increase
Achyranthes 0 0 0 13 (4) None Increase
Desmodium 0 0 0 2 (1 None Increase

* Subsequently decreased

Ground vegetation

In Area3, total vegetation cover along transectsincreased
between 1975 and 1996, particularly between 1982 and
1989. In Area 11, where vegetation cover was much highe,
there have been no substantial changes. In both Areas, a
high percentage of the ground remains unvegetated adec-
ade after rabbit eradication. In terms of changes in pro-
portional abundancethemost striking hasbeentheincrease
in exotic grasses (Chloris barbata, Cenchrus echinatus,
Dactyloctenium ctenoides, Digitaria horizontalis) and
young Latania. Since the removal of rabbits/goats, veg-
etation dominated by Boerhavia spp., Abutilon indicum
and Achyranthes aspera has increased, whilst native
grasses (predominantly \etiveria arguta) have declined.
Creeper (Tylophora coriacea, |pomea pes-caprae,
Passiflora suberosa) cover increased inthemoreopen Area
3 but declined in the more vegetated Area 11 (Table 1).

Non-native plant species

Of 72 vascular plant species recorded on Round Island
since 1975, 37 (51.4%) are non-native (Appendix 1). The
cumul ative number of non-native speciesisincreasing, but
because of (re)discoveriesof native speciesthe native:non-
native ratio has changed little. However, non-native spe-
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cies have had an increasing influence on the composition
and structure of the ground vegetation. Thiseffect ismost
marked for the present post-eradication period (Table 2).

The percentage of “important” species (see Table 2 for
definition) which were non-native rose from 43%in 1975
to 75%in 1996. These non-native“important” speciesare
thosewhich arelikely to be significant agents of changein
the devel oping vegetation of Round Island.

Thefate of individual non-native specieson Round Island
ishard to predict as shown in the breakdown of 37 species
tracked to date:

Twelve species have become “important” components
of thevegetation in one or more 15 permanent quadrats.

Four species have been “important” (Lycopersicon
esculentum and Nicotiana tabacum) or common
(Tetragonia tetragonioides and Chenopodiummurale)
but are now rare or have disappeared.

Six speciesare considered to be “ potentially important”
components. Three (Cymbopogon excavatus, Sola-
num nigrum and Dactylotenium) are common or fre-
guent but have not yet reached >10% cover in any per-
manent quadrat. A further three (Desmanthusvirgatus,
Heteropogon contortus and Chromolaena odor ata)
have the potential to be invasive but to date have not
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Fig. 3 The cumulative increase in non-native
plant species recorded on Round Island be-
tween 1975 and 2000 based on Merton et al.
1989, North et al. 1994, Strahm 1994, pers. obs.
The regression equations for all species (cir-
cles), and the subset of “potentially important”
plus “important” species (triangles) are, re-
spectively: y = 0.8165 - 1594.5, F | ; = 284.10, p
<0.001;y = 0.3867 - 753.04, F, . = 111.74, p
<0.001. N = number of species.

been recorded in permanent quadrats and are control -
led by weeding or spraying.

Eight species have become (and remain) common but
their influence on vegetation cover appearsto be mini-
mal and they are not believed to be significant agents
of change.

Seven specieswhich were never common have died out.

The number of non-native species recorded on Round Is-
land increased linearly between 1975 and 2000. The rate
of establishment increased after rabbit/goat eradication
(Fig. 3) but not significantly so (F, , = 0.83, p>0.05). For
“important” speciestheratedid not change. Between 1975
and 2000 anew non-native specieswas recorded approxi-
mately every 1.4 years; anew “important” or “potentially
important” specieswas recorded every 2.8 years.
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Fig. 4 Changes in the mean densities (n/ha) of
the reptile species Casarea dussumieri (black
diamonds, right axis), Gongylomorphus bojerii
(white squares) and Leiolopisma telfairii (black
squares), Phelsuma guentheri (black circles,
right axis), P. ornata (white circles) recorded in
daytime Area Counts on Round Island. Arrow
denotes the year of rabbit eradication.

Native plant species

Two native species, Phymatodes scolopendriaand Lobelia
serpens, have not been recorded since 1975. Changesin
the populations of 15 further species which are largely or
wholly confined to Round Island (A ppendix 1) have been
as follows: Five, Latania, Hyophorbe, Pandanus,
Gagnebina pterocarpa and possibly Lomatophyllum
tormentorii, increased in response to eradication of the
mammalian herbivores. Four, Dictyosperma, Fernelia
buxifolia, Asparagus umbellulatus and Phyllanthus
revaughanii, have not responded and their popul ationsre-
main critically low. Two, Selaginella barklyi and
Dichondra repens, arelow-growing and shadetolerant and
remai n widespread showing no obvioustrend. Two, Chloris
filiformis and Aerva congesta, remain confined to open
and exposed habitats and their status has not changed. Two,
\etiveria and Phyllanthus mauritianus, appear to have
declined since eradication.

Table 3. Comparisons of population indices of reptiles on Round Island. Comparison of Area
Counts (day) and Encounter Rates (night) for before (1975, 1978, 1982) and after (1989, 1996)
rabbit eradication. t tests used on log , transformed counts. Transects, trends from counts in 1988
(from Merton et al. 1989), 1989 and 1996 are given for Area 3/Area 12 transects. ‘—* denotes

species inactive.

Area Encounter rate Transect

Count (day) (night) Day Night
Phelsuma guentheri No change Increase P<0.01  Nochange/nochange  No change/no change
Phelsuma ornata No change — No change/decrease  —
Nactus serpensinsula — No change — Decrease/decrease
Leiolopismatelfairii Increase P<0.01 Increase P<0.01  Nochangel/increase No change/increase
Gongylomorphus bojerii  No change — Decrease/nochange  —
Casarea dussumieri — No change — Increase/decrease
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Fig. 5 Changes in the Encounter Rate (n/per-
son/h) at night of reptiles on Round Island.
Symbols as Fig. 4 but including Nactus
serpensinsula (white diamonds). Arrow de-
notes the year of rabbit eradication.

Reptiles

Geckos

The large Phelsuma guentheri is now confined to Round
Island where it has always been recorded as uncommon
with atotal population of <5000. Comparison of popula-
tion indices from 1975 to 1996 indicates that overall this
species has probably not increased in abundance, except
at night when the Encounter Rate was significantly higher
after rabbit eradication. Population indices of the noctur-
nal Nactus serpensinsula at night and the diurnal Phelsuma
ornata during the day showed no evidence of sustained
increases following eradication of rabbits (Table 3, Fig. 4
and 5).

Skinks

In contrast to the geckos, thelarge omnivorous Leiol opisma
telfairii increased spectacularly after rabbits were eradi-
cated. The small skink, Gongylomor phus bojerii, showed
the same trend but the mean Area Counts from before and
after rabbit eradication had high associated variances and
thedifferencewasnot statistically significant (Table 3, Fig.
4 and 5). A third skink Cryptoblepharus boutonii, which
has a wide tropical distribution, is largely confined to
coastal rocks where its abundance does not appeared to
have changed between 1975 and 1996.

Snakes

Thereis no evidence of a sustained increase in the abun-
dance of Casarea as aresult of rabbit eradication (Table
3, Fig. 4 and 5). However, the percentage of immatures
found increased significantly from 22.0% in 1975 — 1982
t050.5%in 1989-1996 (Chi square=15.72, p <0.001, df
=1) suggesting increased recruitment.

Relationships between vegetation and reptile
abundance in 1996

The density of all Latania >1.8 m tall (Classes 5, 4, 3, 2
and 1) was a strong determinant of density of P. ornata
(r2=90.2%). Similar regressionsfor other reptile species
showed much weaker relationships. Interestingly, the re-
gression for treesand the arboreal P. guentheri explained
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less of the variation (r 2= 41.4%) than did the one for the
terrestrial Leiolopisma  (r 2=51.4%). The latter isaso
strongly dependant on cover of litter, much of which was
fallen Latania leaves (r 2 = 55.3%).

Changes in reptile biomass

Popul ation estimates from between 1970 and 1975, based
on tree:gecko ratios, mark- recapture and extrapolation
from transects (Bullock and North 1976; Vinson 1975),
indicate that reptile biomass on Round Island was rela-
tively low at c. 4 kg/haprior to goat/rabbit eradication. In
1996, using the same range of methods to estimate popu-
|ation sizes, biomass was approximately an order of mag-
nitude higher at >40 kg/ha. Mean masses of reptile spe-
cieshad not changed (unpub. data), and the differencewas
principally dueto anincreasein Leiolopisma, together with
increases in P. guentherii and Nactus serpensinsula. In
1996, Leiolopisma contributed 82.1% to the estimated rep-
tile biomass.

Invertebrates

Comparison of catches in standardised pitfall and sweep
net catches on Round Island in 1989 and 1996 showed no
significant differences in either the diversity of inverte-
brate taxa sampled or number of soft-bodied “prey” spe-
cies. Compared with other islands off Mauritius, such as
Gunner’s Quoin, samples from Round Island contained
proportionately more soft-bodied prey. The unusua ly-high
abundance of Dictyoptera on Round Island does not ap-
pear to have changed dramatically since 1975.

DISCUSSION

Responses of the tree populations

The imminent extinction of the oldest cohorts of Latania
and Hyophorbe (and the decline in Pandanus) combined
with negligiblerecruitment had mammalian herbivores still
been present, indicates how close the palm-rich forest and
its associated specieshad cometo disappearing atogether.
Increased regeneration and recruitment of woody species
isawell-documented responseto removal of grazing pres-
sure. Despite the apparent adaptations of the three main
tree species to deter herbivory, such as spiny seedlings
and heterophylly, all were grazed by rabbits and/or goats.
The recovery of the populations of Latania, Hyophorbe
and Pandanusisthe basisfor restoring key processes such
as accumulation of organic matter, soil retention and
interspecific interactions. However, by 1996, recruitment
of Latania seedlings in permanent quadrats had declined
due to reduced seed bed availability, self thinning or
interspecific competition. One or more of these factorsis
limiting future recruitment potential as predicted in North
et al. (1994).
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Responses of the ground layer
vegetation

Three processes appear to be involved in changing the
character of the ground vegetation post eradication, some
of which were expected: 1. Observed declinesin species
of open, disturbed habitats that benefited from grazing
pressure were expected. Such species are avoided by rab-
bits (e.g. Nicotiana), intolerant of competition (e.g.
Portulaca) or tolerant of grazing (e.g. Brachiariasp.). 2.
The expected colonisation of bare areas has occurred but
has been slow, because of the degreeto whichtheidand is
subject towind and the natural processes of sheet and gully
erosion. 3. Where vegetation cover ishigh and the substrate
stable, successiona changes have occurred as expected.
Annual species intolerant of shading (e.g. \Wetiveria,
Portulaca, Nicotiana) have declined whilst tall annuals/
biennial s/perennials(e.g. Abutilon, Solanum, Achyranthes,
Boerhavia) have increased. Non-native species have be-
comean increasingly important influence on the structure
and composition of the vegetation. This pattern has been
described for other islands where introduced rabbits or
goats have been eradicated (reviewed in Usher 1989;
Zavaletaet al. 2001).

Observations suggest thefollowing successiona stagesand

their key constituent species (non- native speciesin bold):

a. Open vegetation, shade intolerant, grazing tolerant.
Mainly annuals. Vetiveria, Portulaca, Nicotiana,
Ageratum conyzoides, Passiflora, Brachiaria, P.
mauritianus.

b. Closed vegetation, shade intolerant, grazing intoler-
ant. Mainly annuals. Cenchrus, C. barbata, Digitaria.
Potentially Dactyloctenium, Heteropogon.

c. Closed vegetation, grazing intolerant. Low perennials
including creepers. Boerhavia spp., Commelina
benghalensis, Desmodium incanum, Tylophora.

d. Closed vegetation of low scrub. Tall annuals, perenni-
als, woody herbsg/shrubs. Abutilon, Achyranthes, Sola-
num, Withania somnifera, Desmanthus, Gagnebina.

e. Palm/Pandanus thicket. Mature trees with thickets of
younger trees. Latania, Hyophorbe, Pandanus,
Dictyosperma.

Community type ‘a was extensivein 1975 but scarce by
1996 as ground cover and plant biomass increased. By
1996, ‘b, ‘c’ and ‘d’ were widespread in vegetated areas
but it isnot yet clear how these changes will affect regen-
eration and recruitment of native tree species, especially
Latania, which make up the characteristic landscape of
Round Island and hold key habitats for the reptiles. The
increasing influence of non-native woody herbaceous spe-
cies has occurred on other Mauritian islands such as lle
aux Aigrettes (Dulloo et al. 1997) and was expected. How-
ever, only onewoody shrub, Desmanthus, hasbecome es-
tablished on Round Island and that has been controlled by
weeding. The effectiveness of control of Desmanthus, or
other woody species, will be an important factor in the
future development of the island’s vegetation.

Between 1975 and 2000 the cumulative increases in the
numbers of new non-native species recorded on Round
Island and the subset of “ potentially important” plus”im-
portant” specieswerelinear (Fig. 3). Thiswas despitewide
fluctuations in mammalian herbivore density (in the case
of rabbits from c. 2000 in 1985 to 0 in 1986), the number
of human visitors (generally increasing over time) and the
introduction of phytosanitary measuresin 1986 (Merton
et al. 1989).

Effects of eradication on populations of
threatened native plant species

Five of the 15 native plant specieswhich were threatened
because of their induced restricted distribution and/or graz-
ing, increased in response to the eradication of mamma-
lian herbivores. Thesewereall perennialsand mostly trees.
The remaining 10 showed no response. Either their
populations were so low and they need a longer time to
recover (and are perhaps genetically impoverished), or
present conditions are unsuitable. Two species, Vetiveria
and P. mauritianus, declined after rabbit eradication. Both
are constituents of open vegetation community type ‘a.
In the absence of grazing, their persistence, along with
that of two other species that thrive in open, salt-sprayed
habitats, C. filiformisand Aerva, reliesupon theintrinsic
and natural instability of substrates, and exposure.

On Round Island there have been projected declines and
losses of some key native plant species that can be di-
rectly attributed to the impact of mammalian herbivores.
These, together with an apparent absence of impact on the
rate of colonisation of non-native plant speciesindicatesa
differential “top down” control of vegetation. Goats, and
especialy rabbits, had much more overall influence on
the presence or absence of native than non-native plant
Species.

Effects of eradication on populations of
threatened reptile species

Except for Cylindraspsis sp. and Bolyeria, which were
extinct or effectively extinct by 1975, no species appear
to have declined. Of the threatened reptiles confined to
Round Island, two types of responseto theremoval of rab-
bitswere observed: Two species (P. guentheri and Casarea)
do not appear to haveincreased. A third, Leiolopisma, has
increased dramatically. Thus predictions of increases in
arboreal reptiles (especially Phelsuma geckos) and possi-
ble declines in terrestrial reptiles have not been upheld.
The estimated popul ation sizes of P. guentheri and Casarea
are in the low thousands and low hundreds, respectively,
and these species remain vulnerable to extinction. Both
are large, specialist reptiles with low reproductive rates;
they are wholly or partly saurivorous, forage at night on
the ground and also use above-ground vegetation.
Leiolopismaisomnivorousandisseenwith increasing fre-
guency foraging at night. During the hottest part of the
day it hides amongst litter. Its popul ation appearsto have
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benefited from theincreased availability of litter produced
as more Latania palms mature.

Reptile biomass is estimated to have increased ten-fold
between 1975 and 1996 and is now approaching that of
other seabird islands in the Indian Ocean such as Cousin
Island, Seychelles. This change is mostly due to the in-
creased population density of Leiol opisma between 1989
and 1996. In the absence of any known changes in the
seabird populations the increase in Leiolopisma is attrib-
uted to increasesin food or habitat availability after rabbit
eradication. The abundance of invertebratesin 1989 and
1996 was similar, but neither pitfall traps nor sweep nets
adequately sampled cockroaches (Dictyoptera), which are
probably a major prey item for lizards that hunt at night,
including Leiol opisma.

In the short term two skink species have responded posi-
tively to the ecological changes on Round Island induced
by rabbit eradication. The high and apparently increasing
population of Leiolopisma may serveto dampenincreases
in the other reptile species by way of predation and com-
petition. Thisresponse of one native vertebrate speciesto
the possible (short-term?) detriment of others has not been
properly documented. It may represent an additional ad-
versetrophicinteraction to those a ready described for post
eradication events (Zavaletaet al. 2001). Inthelonger term,
density dependent factorsmay limit Leiolopisma. Increased
availability of mature palms and Pandanus will provide
more key habitat for Phel suma geckos, and we expect the
population of P. guentheri to respond positively to these
changes.

Short-term and long-term conse-
quences of eradication

Rabbits and goats were on Round Island for at least 150
years and their removal profoundly altered its ecology.
Theeradication of one of themammalian herbivores (goat)
ledtoalimited recovery (North and Bullock 1986). Whilst
there are demonstrabl e benefits arising some 10 years af -
ter eradication of both goats and rabbits, we have also
documented an increasing influence of non-native plant
species. Of particular concern in the long term is the po-
tential impact of non-native species on regeneration of tree
species. In the context of Mauritius, Round Island is con-
sidered to have three key features: It is the best example
of palm-rich forest (i.e. with a high proportion of native
species); it has a large area of native vegetation; it is a
refuge for species that now do not occur elsewhere. Not-
withstanding eradication of goats and rabbits theincreas-
ing importance of non-native plantsis reducing the value
of the first two attributes. Furthermore, if tree regenera-
tion is inhibited by non-native species then the value of
the palm-rich forest as arefuge for threatened plants and
reptiles may also decline.

60

All the data indicate that Round Island is experiencing a
period of rapid changes. Some are successional, and the
process is predictable; others, such as the rapid increase
intheskink Leiolopisma, were not anticipated. Both types
of response emphasi se the value of continuing to measure
the changes taking place on Round Island into the long
term. Without further measurements of this* experiment”
the ecologica processes will not be understood in suffi-
cient detail to inform management decisions on Round
Island and similar islands el sewhere.
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Appendix 1.

Turning the tide: the eradication of invasive species

Plant species list for Round Island. Observed abundance levels in 1975, 1982, 1989

and 1996. Common C, locally common L, frequent F, rare R, not recorded 0. *= Non-native spe-

cies. # = Native species for which Round Island is of particular conservation importance (based
on Merton et al. 1989; Strahm 1994; pers. obs.). Native/non-native status and nomenclature from
Antoine et al. 1976

FAMILY
Polypodaceae
Pteridaceae

Nephrolepidaceae

Selaginellaceae
Thelypteridaceae

Psilotaceae
Aizoceae
Amaranthaceae

Asclepediaceae
Campanulaceae
Caricaceae
Chenopodiaceae
Commelinaceae
Compositae

Convolvulaceae
Cyperaceae

Euphorbiaceae

Gramineae

TAXON
Phymatodes scolopendria (Burm.f.) Ching
Adiantum rhizophorum Sw.
Pityrogramma calomelanos (L.) Link*
Pterisvitatta L.
Acrostichum aureum L.
Nephrolepis sp. ?*
Selaginellabarklyi Baker #
Christella dentata (Forsk.) Brownsey and Jermy
Thelypteris sp.?
Psilotum nudum (L.) Beav.
Tetragonia tetragonioides (Pallas) O.Kuntze*
Aerva congesta Balf .f. #
Achyranthes aspera L. var. aspera L.*
Amaranthus viridis L.*
Tylophora coriacea Marais
Lobelia serpensLam.
Carica papaya L.*
Chenopodium murale L. *
Commelina benghalensisL.*
Ageratum conyzoidesL. *
Bidenspilosa L. *
Chromolaena odorata (L.) King and Robinson*
Conyza canadensis (L.) Crong. *
Crassocephalum rubens (Juss. ex Jacq.) S. Moore*
Eupatoriumsp. *
Gamochaeta purpurea (L.) Cabrera*

(formerly Gnaphalium pensylvanicum Willd.)
Sonchus asper (L.) Hill *
S oleraceuslL. *
Tridax procumbens L. *
Dichondra repens J.R. and G.Forster #
Ipomea pes-caprae (L.) R.Br.
Cyperus rubicundus Vahl.
Fimbristyliscymosa R.Br.
Euphorbia prostrata Aiton *
E. thymifolia L.
Phyllanthus amarus Schum. and Thonn *
P. mauritianus H.H. Johnston #
P. revaughanii Coode #
Brachiaria sp. (possibly serpens (Kunth) Hubbard)
Cenchrus echinatus L. *
Chlorisbarbata Swartz *
C. filiformis (Vahl.) Poir.#
Cymbopogon excavatus (Hochst.) Stapf *
Cynodon sp (probably dactylon (L.) Pers.)*
Dactyloctenium ctenoides (Steud.) Lorch ex Bosser*
Digitaria horizontalis Willd.

var porrantha (Steud.) Henrard *
Heteropogon contortus (L.)

P.Beauv. ex Roem.& Schult. *
Lepturus repens (G. Forster) R. Br.
Sorobolus virginicus (L.) Kunth.
Senotaphrum micranthum (Desv.) C.E.Hubbard
\ktiveria arguta (Steud.) Hubbard #

ABUNDANCE COMMENTS

ROOO
FFFF
RROO
OORR
RRRR
0000
FFFF
OORR
ORRR
OORR
CROO
LLLL
oooc
OOFL
cccc
0000
RRRO
CFFR
cccc
cccc
0000
0000
oocc
0000
0000
RROO

OOFF
FFRF
OOOF
FFFF
cccc
LFFF
LLLL
2200
FFFF
ORFF
CCFR
OORR
CCRR
ooLcC
RFCC
LLLL
RRRF
ROOO
OOOF
RRRF

OOOR

OORR
RRRR
RORR
CCccCcCcC

Last seen 1975

Last seen 1986
First found 1986

Only seen in1986

First found 1986

First found 1987
Last seen 1993

First found 1992
First found 1986

Only seenin 1978

First found 2000
First found 2000
First found 1986

Only seen 1990

Only seenin1991
Last seen 1982

First found 1984

First found 1991

Found 1978 and 1986
First found 1982
First found 1986

First found 1987.

Last seen 1975
First found in 1994/5

First found 1994

First found 1989
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Appendix 1. continued
Leguminosae Desmanthus virgatus (L.) Willd. * ORLL  Firstfound 1982
(Mimosoideae)
Gagnebina pterocarpa (Lam.) Baillon # ORRR  Firstfound 1978
L eguminoseae Desmodium incannum DC. * OOLF  Firstfound 1987
(Papilionoideae)
Liliaceae Asparagus umbellulatus Bresler # OORR Firstfound 1978
Lomatophyllum tomentorii Marais # LLLL
Malvaceae Sda pusilla Cav. OORR First found 1986
Abutilon indicum (L.) Sweet * RFFC
Nyctaginaceae Boerhavia coccinea Mill. FCCC
B. diffusaL. * ( = B. repens) ROFF
Palmae Dictyosperma album (Bory) H.Wendl. and Drude RRRR
var conjugatum H.E.Maoore and L.J.Guého#
Hyophorbe lagenicaulis (Bailey) Moore # RRRL
Latania loddigesii Mart. # CCcCC
Pandanaceae Pandanus vandermeerschii Balf.f. # FFFF
Passifloraceae Passiflora suberosa L. * CCcCcC
Portulacaceae Portulaca oleracea L. CCFF
Rubiaceae Fernelia buxifolia Lam. # ORRR  First found 1982
Solanaceae Nicotiana tabacum L. * CCCR
Physalis peruviana L. * CFFF
Lycopersicon esculentum Mill. * OLCR  Firstfound 1982
Solanumnigrum L. * CFCC
Withania somnifera DC* RFFF

Number of speciesin each year of survey

1975 1982 1989 1996 Total 1975-2000
Total 43 46 56 59 72
Native 24 26 33 33 35
Non-native* 19 20 23 26 37
Index of introduction 44.2 435 41.1 44,1 Overal =514
(Usher 1988)

Deliberately (re)introduced species (e.g. Dracaena concinna, Argusia argentea, Scaevola taccada,
Tarenna borbonica) have not been included.
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Introduced mammal eradications for nature conservation on
Western Australian islands: a review

A. A. Burbidge and K. D. Morris
Department of Conservation and Land Management, P.O. Box 51, Wanneroo, WA 6946,
Australia

Abstract Thereareabout 3400 idands off the Western Australian coast, many of which have high nature conservation
values. Eleven species of introduced mammals occur or occurred on 124 islands, including three domestic animals
(horse, camel and sheep) that have not becomeferal. In addition, Aboriginesintroduced dingoesto at least four islands
before European settlement. Six exotic mammals (red fox, feral cat, goat, rabbit, black rat and house mouse) have now
been eradicated from more than 45 islandsin a series of projects since the 1960s. M ost effort has been directed at black
rats with more than 31 islands now clear of this species. Pindone, vacuum-impregnated into oats, was used until the
1990s, when bran pellets with brodifacoum were used in the Montebello Islands. Rabbits have been eradicated using
carrots soaked in sodium monofluoroacetate (1080), red foxes with dried meat baits impregnated with 1080 and cats
with acombination of baiting and trapping. After aperiod of 20 years of ground shooting, goats werefinally eradicated
from Bernier 1sland using an experienced shooter operating from a helicopter. The house mouse has been eradicated
from Barrow Island four times after introductionsin food and equipment, and from Varanus and adjacent islands after
introduction in food containers. Both islands are utilised by the petroleum industry. Difficulties and how they were
overcome, and future eradication priorities, are discussed.

Keywords Exotic mammal eradications; rabbit; Oryctolagus cuniculus; goat; Capra hircus;, house mouse; Mus

domesticus; black rat; Rattus rattus; red fox; Vulpes vulpes; feral cat; Felis catus; sodium monofluoroacetate (1080);
brodifacoum.

INTRODUCTION
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Western Australia (WA) covers about one-third of Aus-
tralia and has a correspondingly long coastline of about
12,500 km (Fig. 1). Most stretches of the coast are abun-
dantly provided with offshoreidands, idetsand rocks, with s
only three long stretches of coast being island-free — the racepeds 13
Great Australian Bight where the Nullarbor Plain meets
the Southern Ocean, an area on the west coast adjacent to
the Zuytdorp Cliffs between Kabarri and Shark Bay and
the Eighty Mile Beach between Cape Keraudren and
Broome. If an island is defined as any feature above high
water mark shown on a 1:100,000 map, there are 3424
isands in all (Department of Land Administration data,
see Burbidge 1989). Most of these‘idlands’ aresmall with
only 254 islands being larger than 100 ha; 90% of these
areintropical seas (Abbott 2000).
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Most WA islands have very high nature conservation val-

ues (Burbidge 1989). These values include: A

m the persistence of species of mammals now extinct or Houtman Aorolfos 15
threatened on mainland Australia(Burbidgeet al. 1997;
Burbidge 1999); N

m the presence of endemic taxa of mammals (Burbidge sy
1999), birds (Schodde and Mason 1999; Garnett and
Crowley 2000) and reptiles (Cogger et al. 1993), many
of which are listed as threatened, and of genetically
unique populations of mainland species;

m theexistence of examples of mainland ecosystemsiso-

Western
Australia

Great Australian
Bight

R'echerché Archipelago

lated by rising sealevels 14,000 to 6000 years ago that
have evolved in isolation and that have not been af-
fected by the exotics now widespread on mainland
Augtralia;

Fig. 1 Western Australian coastline showing
islands where eradications have been under-
taken. Detail of some islands provided in Figs.
2to 4.

Pages 64-70 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. [UCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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Table 1 Introduced mammals and eradications

on Western Australian islands

Feral Number of  Number of Number

mammal islands islands naturally extinct
recorded eradicated (or domestics

removed)

Black rat* 40 31 -

Polynesianrat 2 - -

Housemouse 21 4 -

Dingo 4 - -

Fox 8 4 -

Feral cat 17 2 5

Rabbit 14 6 2

Horse 2 - 2

Pig 1 - -

Camel 1 - 1

Goat 6 1 1

Sheep 8 - 6

TOTAL 124 48 17

* Black rat also occurred on and was eradicated from 30-50
small islands (<15 ha) in the Montebello Islands.

m breeding sitesfor about 30 speciesof seabirds—in April
2001 the Department of Conservation and Land Man-
agement (CALM) Seabird Breeding |slands Database
(Burbidge and Fuller 1996) contained 4821 breeding
records of 42 species of ‘seabirds’ (as well as true
seabirdsthe database includes other birdsthat breed on
islands and depend on the ocean for their living) on
553 islands, and:

m nesting rookeries of four speciesof marineturtles(green
turtle (Chelonia mydas), flatback turtle (Natator
depressus), loggerhead turtle (Caretta caretta) and
hawksbhill turtle (Eretmochelysimbricata)) — most WA
rookeriesare onidandsand many rookeriesonthemain-
land are threatened by predation of eggs by the red fox
(Vulpes vulpes) (Environment Australia 1998).

RESULTS

Islands with mammals

The Mammalson Australian | lands Database (Abbott and
Burbidge 1995) demonstratesthat at |east 124 WA islands
have or had introductions of 11 species of exotic mam-
mals(Table1). Most recordsare of black (ship) rats (Rat-
tus rattus) (>40 islands), followed by the house mouse
(Mus domesticus) (21), and feral cat (Felis catus) (17).
Other recorded introductions are of Polynesian rat (Rat-
tus exulans), red fox, European rabbit (Oryctolagus cu-
niculus), horse (Equus caballus), pig (Sus scrofa), one-
humped camel (Camelus dromedarius), goat (Capra
hircus), and sheep (Ovis aries).

In addition, dingoes (Canis lupus dingo) have been re-
corded on four islands (Augustus, Bigge, Middle Osborne

and Wollaston) off the Kimberley coast. Dingoeswerein-
troduced to Australiaabout 3500 to 4000 years BP (Corbett
1995), well after island separation; therefore Aborigines,
who in this part of Australia possessed limited seagoing
capacity, presumably introduced dingoesto theseislands.

Most idlands off the WA coast south of the Kimberley have
been reserved for nature conservation and are vested in
the Conservation Commission of Western Australia and
managed by the WA Department of Conservationand Land
Management. The detrimental effects of exotic mammals
on nature conservation values of islands are well docu-
mented (e.g., Atkinson 1985; Burbidge 1989, 1999,
Burbidge et al. 1997) and the eradication of exotics from
islands is an important Departmental role.

Case Studies

The eradication of exotic mammals for nature conserva-
tion purposes on WA islands commenced in the 1960swith
afailed attempt to eradicate rabbits on Carnac Island near
Perth using sodium monofluoroacetate (‘1080’) in oats.
The first successful eradication was on the same island
when, in May 1969, rabbitswere eradicated using 1080in
fresh carrots (Morris 1989). Morris (1989) reported
eradications from 1968 to 1985. All WA island
eradications are summarised in Table 2 and eradication
methods are summarised in Table 3.
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Fig. 2 Shark Bay area, showing Bernier, Dorre
and Dirk Hartog Islands.
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Table 2 Successful exotic mammal eradications on Western Australian islands 1969 to 2000

Island Area(ha) Year Conservation values protected Reference

Rabbit (Oryctolagus cuniculus)

Carnac 19 1969 Breeding seabirds, vegetation Morris 1989
Wooded 14 Breeding seabirds, vegetation Morris 1989
Morley 7 Breeding seabirds, vegetation Morris 1989
Leo 21 Breeding seabirds, vegetation Morris 1989
Green Islets 6 Breeding seabirds, vegetation Morris 1989
Goat (Capra hircus)

Bernier 4267 1984 Threatened mammals, vegetation Morris 1989
Black rat (Rattus rattus)

Bedout 24 1981 Breeding seabirds Morris 1989
Prince 4 1983 Adjacent to Barrow | Morris 1989
Double 12+ 23 1983 Breeding seabirds, adjacent to Barrow | Morris 1989
Boomerang 5 1985 Adjacent to Barrow | Morris 1989
Pasco 2 1985 Adjacent to Barrow | Morris 1989
Boodie 170 1985 Threatened mammal, adjacent to Barrow |  Morris 1989
West, Middle and 82,42,6 1986 Breeding seabirds, turtle rookeries R.I.T. Prince,
Sandy, L acepede |slands pers. comm.

Barrow* 23 000* 1990/91 Threatened mammals Morris (2002)
Middle (near Barrow) 350 1991 Threatened mammal, adjacent to Barrow |~ Morris (2002)
Rat and adjacent islands 56 1993 None onisland, possible invasion of Burbidge et al.
(Houtman Abrolhos) nearby seabird breeding islands unpublished

Montebello Islands total >2000 1996, 1999 Breeding seabirds, turtlerookeries, islands  Burbidge 1997
(c. 180islands, islets and rocks)'. Largest island (520 ha) to be used for mammal re-introduction/introduction

House mouse (Mus domesticus)

Barrow?* 23 000* 1965, 1972, Threatened mammals, many other values ~ Butler 1970, 1985
1994, 1998 CALM records

Varanus, Bridled, 80 + 22 + 1.2 1994-97 Breeding seabirds, vegetation |. Stejskal, and

Beacon (Lowendal 1slands) J. Angus, pers.

comm.

Red fox (Mulpes vulpes)

Dolphin 3281 1980-1985 Nativemammals CALM records

Angel 927 1980 nature reserve CALM records

Gidley 798 1980 nature reserve CALM records

Legendre 1286 1980 adjacent to nature reserve CALM records

Feral cat (Felis catus)

Hermite 1020 1999 Will alow reconstruction of vertebrate fauna Algar et al.

(Montebello Islands) (2002)

* Eradication necessary over only 270 ha
" Eradication achieved on all but the largest island (Hermite 1020 ha)
* Introduced in food or equipment, eradicated before establishment

WA eradication operations present examples of the diffi-
cultiesthat arise and the waysthat these are solved. Some
examples are:

m Goats on Bernier Island. Goats were introduced to

Bernier Iland (4267 ha; Fig. 2) in 1899, whenitwasa m

pastoral lease. Initial attempts to eradicate goats dur-
ing 1962-1972 involved shooters on the ground. Over
550 goats were removed during this period, but by the
mid-1970s it became clear that the technique would
never succeed as some goats could escape shooters by
hiding in vegetation or in cavesin cliffs. In 1984 fund-
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ing became available to conduct helicopter shooting,
utilising an experienced pilot-shooter team who had
been involved in donkey control on the mainland. This
proved a successful strategy (Morris 1989).

Black ratson Barrow and MiddleIslands (Fig. 3). Bar-
row Island (c. 23,000 ha) harbours many species of na-
tivemammals, including several that arelisted asthreat-
ened, while the adjacent Middle Island (Fig. 3) hasthe
threatened gol den bandicoot (Isoodon auratus). Eradi-
cation required the development of a suitable bait sta-
tion that excluded native species (Morris 2002).
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Table 3 Eradication methods

Rabbit: 1080 in fresh carrots, three days of pre-
baiting
Black rat: Prior to 1996: Oats vacuum-

impregnated with pindone on 25 m grid
Post-1996: bran pellets with
brodifacoum on 50 m grid, bran pellets
with brodifacoum laid by helicopter

Housemouse: Varanus and adjacent islands: pindone-

impregnated wheat and wax blocks with
brodifacoum laid in bait stations on

20 m grid

Barrow: bran pellets with brodifacoum

Red fox: 1080 in dried meat baits
Feral cat: 1080inferal cat ‘sausage’ baits,

followed by leg hold trapping

Goat: Helicopter shooting

m Foxesonidandsinthe Dampier Archipelago. Red foxes

self-introduced to Dolphin (3281 ha), Angel (927 ha),
Gidley (798 ha) and Legendre (1286 ha; Fig. 1) some-
time between 1930 and 1950 (Morris 1989). On Dol-
phin a population of Rothschild’s rock-wallaby
(Petrogal erothschildi) was near extinction by the 1970s,
but remained abundant on nearby Enderby and Rose-
mary |slands, which did not have any foxes. Dolphin
also has a population of the marsupial carnivore the
northern quoll (Dasyurus hallucatus). In 1980, the use
of dried meat baits with 1080 allowed the eradication
of foxes without affecting the native carnivore, which
has asignificantly higher LD (6.0-7.5 mg/kg cf. 0.13
mg/kg), even though theindigénous species hasalower
body weight (fox c. 6 kg; quoll c. 250 g) (King et al.
1989). As well, dried meat baits are not attractive to
the quoll. Re-invasion of foxes to Dolphin Island oc-
curredin 1985 necessitating re-baiting. Sincethen Dol-
phin has been baited annually and the adjacent Burrup
Peninsula has been baited four times per year. Moni-
toring of Dolphin has continued. The rock-wallaby
population has recovered.

House mouseon Varanus|dand (Lowendal Idlands; Fig.
3). In May 1993, the house mouse was introduced to
Varanus Island (80 ha) in food containers supplied to
an oil and gas base operated by Apache Energy. From
there it spread naturally to nearby Bridled (22 ha) and
Beacon (1.2 ha) Islands. Initia attempts by the com-
pany to eradicate near their facilities and then across
al of Varanus|dand using wheat with 1080 failed, prob-
ably dueto insufficient bait being laid in bait stations
that weretoo far apart and lack of follow up. After con-
sultation with experts and better planning, eradication
was achieved using wheat vacuum-impregnated with
Pindone and wax blocks with brodifacoum laid in bait
stationson a20 m grid and maintained over aperiod of
months. Eradication was achieved in 1997 (l. Stejskal,
Apache Energy and John Angus, CALM, pers. comm.)
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m Ratson the Montebello Islands. Black rats were intro-
duced to the Montebellos (an archipel ago of about 180
islands, islets and rockg totalling >2000 ha; Fig. 4) in
thesecond half of the19 century (Burbidgeet al. 2000).
The presence of two granivorous birds (bar-shouldered
dove Geopelia humeralis and brown quail Coturnix
ypsilophora) required the development of abait station
that excluded these species and allowed access by rats.
Experimentation on one island in 1995 showed that a
bait station comprising aplastic bottle with two 43 mm
holes cut inits sides provided a suitable method and in
1996 over 12,000 bait stations wereinstalled and serv-
iced on a 50 m grid on all islands. Eradication was
achieved on all islands except the largest, Hermite at
1020 ha and two adjacent smaller islands, where rats
were not detected until 1999 (Burbidge et al. 2000).
No effects on the granivorousbirds or on any other spe-
cies, including raptors, were detected. A further eradi-
cation attempt, utilising bait laid from a helicopter
spreader bucket, will take place.

DISCUSSION

The above operations provide a useful background to a
discussion of eradication technology and issues.

Eradication, as opposed to contral, is the desirable and
possible outcome of operations against exotic mammals
on idands. Parkes (1990, 1993), Bomford and O’ Brien
(1995) and Myers et al. (2000) have discussed eradica
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tion design and practice. Eradication on islands can be

achievedif:

m the method used is capable of affecting all of the target
animals over ashort time,

m the method used kills or captures animalsthe first time
they comeinto contact with the control method, so that
bait or trap shyness does not occur,

m those carrying out the eradication have planned the
operation to overcome all foreseeable obstacles,

m themethodisapplied until eradicationisachieved, even
if problemsarise—financial planning needsto take ac-
count of possible initial failures and funding must be
committed for the period needed,

m post-operational monitoring is carried out over an ap-
propriate period of time, and

m programmes are in place to minimise the chance of re-
invasion.

All the above are equally important. If awell-planned and
implemented project failsachangeintacticsmay beneeded
—thereislittle point in repeating the same technique.

In addition, operations on islands with nature conserva-
tion values must take place with zero or acceptableimpact
on those values. Thus, the method used must be specific
to the target species. Most operations on islands involve
the use of poison in bait that is attractive to the target spe-
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cies. If there are no at-risk, non-target species present the
technique can be used freely. If there are at-risk non-tar-
gets, the poison must either have no significant impact on
them, or be presented in away that makesit unavailableto
them. In the latter case, experimentation may be required
to develop bait stationsthat prevent access by non-targets.
In some cases, where avery high conservation value spe-
cies or community is being protected, some negative im-
pacts may be acceptableif other alternatives are unaccept-
able. A further method, with limited application, isto re-
move the non-target animals, maintain them in captivity
and return them after the bait isno longer effective. Where
the possible effect of atechniqueisunknown, to where an
established technique is proposed for use in a new envi-
ronment, a pilot project/study may be required to ensure
that non-targetsare not significantly affected. That thiscan
be the case is when brodifacoum was used in the Queen
Charlotte Islands, Canada (Howald et al. 1999).

Variouseradication operationsin WA demonstratethewide
variety of problems presented and the ways that they can
be overcome.

m TheBernier Island goat operation initially used atech-
nigque that was not capable of affecting all target ani-
mals in a short time — natural reproduction eventually
equalled or became greater than the rate of population

Table 4 Future island eradication challenges for
Western Australia

Red fox:
Feral cat:

Depuch (1120 ha)

Faure Island (5000 ha), Dirk Hartog
Island (60,000 ha), Cocos-Keeling
Islands (Home Island 100 ha, West
Island 660 ha, South Island 390 ha)
Completion of Montebello Islands
eradication, rats remain on Hermite
1020 ha, 140 km coastline)
Eradication on two islands from which
it isknown, survey of other Kimberley
islands

Pig: Sir Graham Moore Island (2770 ha)

Black rat:

Polynesianrat:

Table 5 Largest islands where eradication
achieved for six feral mammals

Feral mammal Largest Island.

Rabbit Leo (Houtman Abrolhos) (21 ha)

Black rat Trimouille (Montebellos) (520 ha) #
Housemouse Varanus (Lowendal Islands) (80 ha)
Fox Dolphin (Dampier Arch.) (3280 ha)

Cat Hermite (Montebellos) (1020 ha)
Goat Bernier (4267 ha)

# Eradication necessary over only 270 ha of 23,000 ha Barrow
Island
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reduction. Only when a better technique — helicopter
shooting —became avail able, was eradication achieved.

m The Dampier Archipelago fox eradication shows that
careful bait formulation can lead to eradication in the
presence of anative mammal withasimilar diet. It al'so
shows that monitoring of re-invasion is needed, espe-
cially where the exotic remains nearby, and that a con-
trol or eradication operation may aso be needed on
nearby land.

m The Barrow Island/Middle Island rat eradication pro-
vides an example where the devel opment of an appro-
priate bait station ensured that non-target mammalswere
not affected by eradication projects.

m The Varanus Island mouse operation provides an ex-
ample where initial attempts to eradicate were poorly
conceived, but where better design and along-term com-
mitment did result in eradication.

m The Montebello Islands rat operation is an example of
the need to monitor post-baiting and to persist until
eradication is achieved, despite a significant financial
cost.

FUTURE NEEDS

Exotic mammals remain on several Western Australian
offshore islands of nature conservation significance and
further eradication operations will be needed. Table 4
shows some of the challenges that lie ahead. With the re-
cent eradication of cats on Hermite Island (Algar et al.
2002), the technology to eradicate the exotic mammals
concerned isavailable and tested in Western Australiafor
all exotic species except the pigs on Sir Graham Moore
Idand. However, someof theidandsare significantly larger
than the largest where eradication has so far been achieved
(Table 5). In particular the eradication of goats and feral
cats from the 60,000 ha Dirk Hartog Island will be asig-
nificant challenge.

WA islands are increasingly being used by the petroleum
and aquaculture industries and for recreation. Quarantine
procedures devel oped for Barrow Island by West Austral -
ian Petroleum Pty Ltd (now incorporated into Chevron
Australia) have demonstrated that quarantine can be suc-
cessful (Butler 1989). However, it has failed on at least
four occasions when house mice have entered the island
viafood containers or in equipment. Even with the best
will and efforts, quarantine can never be 100% successful
and use of islandswith high nature conservation values by
industry should be minimised.

With boat ownership rapidly increasing, visits to islands
for recreational purposes by Western Australians are also
increasing. Monitoring of islands by conservation agency
staff and others is needed to maximise the chance of de-
tecting introductions as early as possible and response

manuals are needed to allow staff to take appropriate and
timely action.

CONCLUSIONS

Eradication of exotic mammals on WA islands of nature
conservation significance has been achieved through a
series of successful operations. Eradications are still re-
quired on several islands and steps are needed to prevent
introductions continuing. There is an urgent need to de-
velop monitoring protocolsand aresponse manual for WA
islands.
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Habitat refuges as alternatives to predator control for the
conservation of endangered Mauritian birds
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Abstract Mammalian predators introduced to the island of Mauritius threaten the survival of several species of
endemic birds. Long-term lethal predator control is achieving limited success against some predators but cannot be
used against crab-eating macagues (Macaca fascicularis). Macaques are major nest predators on Mauritius, as con-
firmed by cameratraps. Previous research suggested that plantations of non-invasive Japanese red cedar (Cryptomeria
japonica) provide a refuge from nest predation. Using surrogate nests we show that nest predation by macaques is
significantly lower in cedar thanin nativeforest, including cedar plantations not currently occupied by rare native birds
but which might be used for reintroductions. We present asimple habitat model showing how the careful planting and
management of this non-invasive exotic, in conjunction with existing conservation efforts, could provide a sustainable
solution to high predation rates by macaques.

Keywords nest predation; introduced predators; island ecosystems; predator control; refuges; invasive species; spa-

tially explicit model.

INTRODUCTION

Itiswell known that animals that evolved in isolation on
oceanic islands are hugely vulnerable to introduced, non-
native, predators (King 1980; Atkinson 1985; Johnson and
Stattersfield 1990; Moorset al. 1992). Thisisparticularly
evident on Mauritius, where predation by introduced mam-
mals, in synergy with habitat destruction, has led to the
extinction of at least nine endemic species of birds and
reptiles (Cheke 1987). Predation of eggs, chicksand incu-
bating adult birds (nest predation) isthought to bethe great-
est threat, posed chiefly by black rats (Rattus rattus) and
crab-eating macagues (Safford and Jones 1998). In addi-
tion, feral cats (Felis catus) and lesser Indian mongooses
(Herpestes javanicus) prey on adult birds (Roy 2001; C.
G. Jones, pers. comm.). Consequently, black rats, feral cats
and mongooses have for the last decade been controlled
in areaswhere threatened endemic birds nest (Swinnerton
et al. 1993). However, it isnot clear whether control effort
increases in direct proportion with the impact of a preda-
tory species, and thuswhether it is effective (cf. Cété and
Sutherland 1997). Furthermore, eradication of most preda-
torsfrom Mauritiusisnot currently feasibleduetoitssize,
steep mountainous terrain and limited resources. Lethal
control of macaques is anyway considered unacceptable,
due to the socio-religious sensitivity of killing primates
on Mauritius.

Predator control isnow concentrated in conservation man-
agement areas (CMASs): fenced forest plots (1-23 ha; 2m
high galvanised steel fence) from which non-native rusa
deer (Cervustimorensis) and wild boar (Sus scrofa) have
been excluded and invasive non-native arboresent flora
removed, permitting the regeneration of nativeforest trees
(Strahm 1993). The latter are likely to provide more food
for native birds (Safford and Jones 1998). On-going
reintroductions of two endangered bird species, the pink
pigeon (Columba mayeri) and echo parakeet (Psittacula

eques) are centred around CMAS, where released birds
are also provided with supplementary food. Despite all
these measures nest predation continuesto limit growth of
native bird populations (C. G. Jones, pers. comm).

Thereislittle quantified information on theimpacts of dif-
ferent nest predators on Mauritius. Impacts of introduced
rats have been well documented in temperate forests in
New Zealand (Innes 1990; Moorset al. 1992), but littleis
known about them in insular tropical forestslike those on
Mauritius where rat density may be very high. Macaques
are also numerous on Mauritius, with an estimated popu-
lation of 40,000 (Bertram and Ginsberg 1994). They have
long been suspected as important nest predators (Grant
1801), a suspicion reinforced by more recent authors
(McKelvey 1976; Jones 1987; Safford 1991), athough
some have questioned their importance (Sussman and
Tattersall 1986). Thusit isnot clear which predators have
most impact on native birds.

Inarecent study of nesting success of the critically endan-
gered Mauritius fody (Foudia rubra), black rats and
macagues were suspected as the main predators from in-
direct evidence such as nest damage and eggshell frag-
ments, although their relative impact remains unresolved
(Safford 1997a). Importantly, Safford’s study reveal ed that
nesting successin introduced, but non-invasive, Japanese
red cedar was significantly higher (46%) than in other trees
(6%). Furthermore, the last remaining wild pink pigeons
nested only in acedar plantation (“ Pigeon Wood"), one of
the four mainland sites used for their reintroduction. This
raisesaparadoxical opportunity for conservation manage-
ment: if introduced cedar provides a refuge, should it be
more widely planted to reduce predation pressure even
though it isnon-native? Cedar plantationscould providea
sustainable, strategic, alternative to lethal predator con-
trol and ameans of reducing theimpact of macaques, which
cannot be controlled.

Pages 71-78 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. [UCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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In this paper we report on the value of automatic cameras
and surrogate bird nests in identifying nest predators on
Mauritius. We examine the relative impacts of different
predators in potential refuge (cedar plantation) and other
habitat types. We seek to extend Safford’s (1997a) study
by identifying the mechanism (e.g. relative predator den-
sity, habitat structure) that leads to some habitats experi-
encing lower rates of predation. Wethen develop asimple
spatial model to suggest where new habitat refuges (cedar
plantations) could be established to maximise benefitsto
endangered birds, without adversely affecting native veg-
etation. Our findings show that natural refuges from pre-
dation merit much more attention from conservationists
attempting to combat the vast global impact of introduced
predators.

METHODS

Study areas

We conducted fieldwork in the Black River Gorges Na-
tional Park, Mauritius (Fig. 1). The National Park, estab-
lished in 1995, covers 6574 haand encompasses the larg-
est tract of nativeforest on Mauritius (Page and D’ Argent
1997). Work was concentrated in four areas: (i) Pigeon
Wood and other nearby cedar plantations; (ii) Brise Fer;
(iii) Bel Ombre; (iv) Combo (Fig. 1). The vegetation in
the park ranges from heath and scrub to super humid up-
land cloud forest. Pigeon Wood (altitude 650-700 m) isin
the latter zone and isthe largest (6 ha) plantation of cedar
that issurrounded by native forest. Brise Fer (300-650 m)
islower montane wet forest, dominated by Diospyrosand
contains a number of exceptionally rare endemic trees
(Strahm 1993). Bel Ombre and Combo (200-400 m) are
also lower montane wet forest. Bel Ombre is dominated
by nativetrees such as Labourdonnaisia glauca (Page and
D’ Argent 1997), but has extensive plantations of exotic
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pine (Pinus spp.). Combo consists of lower-canopied na-
tiveforest, heavily invaded by the exotic Syzygiumjambos,
and plantations of exotics including cedar. Brise Fer and
Bel Ombre contain several CMAs.

Surrogate nests

We used disused nests of the introduced village weaver
Ploceus cucullatus, secured with wirein trees with suffi-
cient vegetation to conceal them. We fixed nests at 1.5-
4.0m above ground (mean 2.23, SE 0.05), and baited each
with asingle domestic quail (Coturnix coturnix) egg and a
similar sized model egg made of clay. Clay eggs regis-
tered the imprints of predators' teeth and so enabled the
identification of predators that removed quail eggs with-
out leaving other field signs. They also enable identifica-
tion of smaller nest predators such as house mice (Mus
domesticus) that are unableto open quail eggs (Roper 1992;
Haskell 1995; Bayne et al. 1997) which average 30 x 25
mm (S. P. Carter, pers. obs.), but are probably capable of
opening the slightly smaller eggs of some Mauritian
passerines(e.g. Mauritiusfody 18.4-19.9 X 13.0-14.6 mm)
(Cheke and Jones 1987).

We minimised human scent left on nestsand eggs by wear-
ing rubber gloves during nest collection and preparation,
and by rubbing our hands with mud and leaf litter during
nest placement and checking (Reitsma et al. 1990). We
prepared the clay eggs several weeks before use, thereby
reducing any odour they might give off. Nestswere classi-
fied as predated when one or both eggswere missing, bro-
ken, or tooth marked. We collected all nests at the end of
the trial and opened remaining quail eggs to determine if
they were still fresh.

Predator identification

We placed cameras fitted with a remote trigger mecha-
nism modified from Major (1991) around 20 surrogate
nestsat the Fixon plot, aCMA at Bel Ombre. Photographic
evidencethus obtai ned was used to confirm predator iden-
tity inferred from field signs (Fig. 2). Ratsfrequently con-
sume eggs in or at nests, leaving characteristic ‘boat
shaped’ eggshell halveswith tooth marks around the shell
edge (Fig. 3), and relatively large fragments embedded in
thenest lining (Moors 1978; Safford 1994). They may aso
make small holesin the side of domed nests (Frith 1976).
Macagues consume eggswhole, scattering afew small shell
fragments in the vicinity of the nest (Safford 1994), and
often tear domed fody nests apart (Jones 1987; Safford
1994). There are no published descriptions of mongoose
nest predation, although they may occasionally climbtrees
and rob nests (S. Roy, pers. comm.). To take account of
thiswe carried out feeding trials on captive mongooses.

Experimental design

A preliminary experiment conducted in 1997 outside the
bird breeding season enabled usto assess how many nests
would be needed and how long eggs should be left ex-
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posed in order to reliably measure predation rates. This
experiment al so provided auseful seasonal comparison of
predation rates, although severa of the CMAs were sub-
ject to varying intensities of rat control at this time. We
placed up to 10 nests (mean 9.08, SE 0.53) at 25 minter-
vals, and at |least 50 m from avegetation type boundary, in
three-seven replicate plots of three different vegetation
types: (i) cedar; (i) weeded native forest (CMAS); and
(i) unweeded native forest. Nests were left exposed for
nine days and checked at intervals of three days.

Werepeated the experiment during the 1998 breeding sea-
son (November-February) placing 10 nestsin four repli-
cate plots of the three vegetation types. During both ex-
periments we ensured that no nest was visible to us from
any of its neighbouring nests, and nest density (9/ha) was
well below the recommended maximum for artificia nests
(100/ha; Reitsma 1992).

Fig. 2 Photographs of nest predators taken
with a nearby remote camera. Upper, crab-
eating macaque; Lower, black rat. For trip
cameras to function nests were placed in
exposed positions and results from these nests
were not included in the analysis.

Data analysis

Generalised linear models with binomial errors and logit
link (GENSTATLI; Payne et al. 1997) were used to com-
pare the proportion of nests predated in different vegeta-
tion types during the breeding season (S. P. Carter and P.
W. Bright, pers. abs.). Statistical analysiswasrestricted to
data collected during the breeding season at which time
rat control was not being carried out in any of the native
plotsunder study and only at low levelsof intensity in one
of the cedar groves. Separate model swere derived for nests
predated by rats and macaques. Minimum adeguate mod-
els (Crawley 1993) were selected by first fitting all ex-
planatory variables and first order interactions, and then
testing the significance of each (using a X?-test statistic)
by successive deletion.

Modelling the impact of habitat
manipulation

A map of vegetation typesin the National Park (Page and
D’ Argent 1997) was digitised into a geographical infor-
mation system. Wefollowed Page and D’ Argent’svegeta
tion classification, viz. grade 1: high quality forest, >70%
indigenous vegetation; grade 2: moderate quality forest,
50-70% indigenous vegetation; grade 3: degraded forest,
20-50% indigenous vegetation; grade 4: highly degraded
forest, <20% indigenous vegetation; non-native:
monospecific or mixed species plantations of non-native
trees. We then modelled the number of new fody territo-
ries that new cedar plantations could support, subject to
the following constraints: (i) new cedar plantations could
only replace non-native vegetation; (ii) new planting would
only take place within the National Park and within the
most recently documented range of the Mauritius fody
(Safford 1998). We assumed that cedar plantationswould
support 100 pairs per km?, asin and around Pigeon Wood,
and that nesting success (i.e. the percentage of nestsfledg-
ing at least one chick) was 46 % in cedar and 6% in al
other vegetation grades (Safford 1997a, 1998).

Fig. 3 Nest contents from a rat-depredated
nest. Eggshell fragment shown reveals that the
quail egg was bitten along the longitudinal axis
highly typical of rodent predation (Moors 1978).
Rat incisor marks are clearly visible on the
surface of the clay egg.
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Mauritiusfodiesfeed in native vegetation and nest in non-
nativetreesonly when thereisnativeforest nearby (Safford
1998). Consequently cedar plantations remote from na-
tive forest might not be used due to the energetic costs of
commuting flights between the two vegetation types, which
we estimated asfollows. We cal cul ated total daily energy
expenditure (DEE) for a passerine with the body weight
of afody (17.5 g; Cheke and Jones 1987), using the equa-
tion given by Walsberg (1983). Approximately half of DEE
is required for general maintenance and at least 20% is
directly expended in finding food (Walsberg 1983). We
conservatively assumed that up to 25% of DEE was avail-
ableto meet the costs of commuting flights during the nes-
tling provisioning period. Flight costs per unit distance
(kCal/km) were cal culated using the equation for passerines
derived by Kendeigh et al. (1977). We were thus able to
determine the maximum total distancethat could beflown
by fodies expending 25% of DEE on commuting flights.
Mauritiusfodieshave arelatively low provisioning rate of
2.8 feeds per nest per hour (Safford 1997b) as compared
to other passerines of a similar size which make approxi-
mately eight feeds per hour (Williams 1987; Gill 1989).
Allowing for twelve hours of daylight thisamountsto 33.6
return nest visits per bird per day. Dividing total flight dis-
tance by the number of nest visits yielded the maximum
distance between cedar plantations and native forest over
which fodies could commute to forage.

Predation rates arelikely to be higher where predatorsare
more abundant, irrespective of potential habitat refuges.
Macague density is estimated to range from 0.33/ha in
grade 1-2 forest to 1.3/hain grade 4 forest and the mean
troop home range size is 0.8 km? (Sussman and Tattersall
1986). We therefore incorporated a fourth constraint in
our model: new cedar plantations must be >0.5 km from
grade 4 forest, this distance being the radius of amacague
troops range in such forest. Black rat density appears to
be high throughout the National Park, except where rats
are controlled, and wasthus not incorporated in the model .

RESULTS

Predator identification

The camera traps confirmed the validity of using previ-
ously-documented field signs to distinguish between dif-
ferent predators. In addition, rodent and macaque tooth
marksin clay eggs enabled us to unambiguously identify
the predatory speciesinvolved in 110 out of 122 cases of
nest predation. Feeding trials confirmed that mongooses
tended to carry eggs away from nests and broke eggshells
into several large fragmentsand distinctive puncture marks
from their canine teeth were often visible, however no nests
were found to have been predated by mongooses in this

study.

Black rats and crab-eating macaques were the only nest
predators identified from photographs and field signs. At
the end of the preliminary experiment 46 nests (34%) had
been predated. Of theseratswereresponsiblefor 25 (54%),
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macaquesfor 17 (37%), and four (9%) could not be attrib-
uted to either predator. During the breeding season 76 nests
(63%) were predated; rats were responsiblefor 37 (49%),
macaques for 31 (41%) and eight (10%) could not be at-
tributed to particular predators.

Predation rate and vegetation type

In a generalised linear model of the proportion of nests
predated by rats during the breeding season, vegetation
type was not included; predation rate did not differ be-
tween vegetation types (Fig. 4A). In amodel of macagque
predation, vegetation type explained 43% of the deviance;
macaque predation was significantly higher in weeded
(35%) and unweeded native forest (35%) than in cedar
plantations (7.5%; GENSTAT, binomial errors P <0.001).

Outside the breeding season, vegetation type again affected
predation by macagues. Predation by macaqueswas high-
est in unweeded native vegetation (37%), low in native
weeded vegetation (9.2%), and absent from cedar planta-
tions(Fig. 4B). Predation by ratswas highest in cedar plan-
tations (42%; similar to the rate during the breeding sea-
son) and low in both weeded and unweeded native vegeta-
tion (9.2% and 14.8% respectively). Figures4A-B are not
strictly comparable as several of theweeded plotsand one
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15 A
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0 T T
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Fig. 4 Levels of predation in different vegeta-
tion types and during different seasons (A =
breeding season; B = non-breeding season) on
Mauritius from data collected using surrogate
nests. Predators were black rats (solid bars) or
macadques (striped bars) or unconfirmed (open
bars). Sample sizes during the breeding season
were 40 nests per vegetation type and outside
the breeding season: 33 (cedar); 37 (native
weeded); 27 (native unweeded).
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Fig. 5 Black River Gorges National Park
(broken lines) showing extent of grade 1 and 2
forest (solid areas) and grade 3 forest (striped;
see text for definitions), and last reported range
of the Mauritius fody (solid lines; Safford 1998).

of the cedar groves were subject to varying intensities of
rat control outside the breeding season; rat predation may
have been higher in the absence of this control.

Siting of new cedar plantations

We estimated DEE of fodies to be 73.59 kJ/day and flight
costs to be 0.57 kJ/km. Based on our model of 33.6 nes-
tling provisioning flights per bird per day, this suggests a
maximum distance of 1.02 km between new habitat ref-
uges and nativeforest. However, fody territory sizeissel-
dom greater than 8 ha (Safford 1997b), therefore territory
sizeisitself aconstraint and, assuming acircular territory,
new refuges would need to be within 320 m of nativefor-
est, this being the diameter of a circular territory 8 hain
area. Thereisapproximately 5500 ha of native (grades 1-

Fig. 6 Existing cedar groves (solid) within the
vicinity of the Black River Gorges National Park
and proposed areas for new cedar plantations
(striped), in relation to part of the last reported
range of the Mauritian fody (lines).

3) forest in and around the National Park (Fig. 5), and we
calculated that there is 236 ha of exotic plantation (ex-
cluding cedar) within the National Park and present fody
range. All of thisiswithin 1 km of native forest, but if we
assumethat fodies cannot increasetheir territory sizefrom
8 ha(see above) then thetotal amount of exotic plantation
suitable for conversion is 192 ha. By imposing the addi-
tional constraint of increased macaque predation risk (i.e.
new plantations should not be within 0.5 km of grade 4
forest), there are till 32 ha of exotic pine plantation that
could be converted to cedar nest refuges (Fig. 6). Thecrea
tion of each additional 5 ha of cedar could theoretically
support five pairs of fodies, each of which may produce
up to three broods per year (Safford 1997b). Based on
Safford’s (19974) figures for fody breeding success, this
could result in six new successful nests per year or one
new successful fody nest for every hectare of cedar planted.

DISCUSSION

Surrogate nests and the measurement
of nest predation

Deploying surrogate nests to estimate predation rates has
three major advantages over observing predation rates on
natural nests of rare wild birds: sample sizes can be much
greater; nests can be positioned in habitats where relict
populations may no longer nest, or perhaps have never
nested; and no disturbanceto nesting birdsis caused. Sur-
rogate nests provide away to collect dataof at |east quasi-
experimental rigour, which will often be of much more
usein devel oping conservation management solutionsthan
afew observations on individuals in a relict population.
Such techniques have been criticised for lack of realism,
but have usually involved the deployment of artificial nests
which may not replicate real ones (e.g. Martin 1987;
Picman 1988; Langen et al. 1991; Yahner 1991). Inare-
cent review Major and Kendal (1996) showed that only
15 of 67 studies used nests constructed by the species un-
der study or asimilar species. In our study we used domed
nests made by the village weaver, which closely mimicked
those of the Mauritiusfody (for nest descriptions see Crook
1963; Safford 1997c). We also very carefully concealed
nestsin live vegetation. There isthus every reason to ex-
pect that predators located and responded to our nests as
they would to those of the Mauritius fody. The eggs we
used were not intended to mimic those of the fody, since
they would not have been visible to predators within the
dark, domed weaver nests. With birds that construct cup
nests, replicating the colour of eggs might obviously be
important.

Despitethe structural similarity between surrogate and fody
nests, theformer’s paler colour may have made them more
conspicuous to vision-oriented nest predators such as
macaques. However, nest conceal ment was carefully quan-
tified and analyses detected no association between
macague predation and nest visibility (S. P. Carter and P.
W. Bright, pers. obs.). Furthermore, nest visibility did not
differ between study plots or vegetation types. Olfactory
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cues might have rendered surrogate nests, constructed of
unfamiliar grasses not necessarily found locally, contain-
ing quail and clay eggs and perhaps carrying human scent,
more readily detectable by predators like rats with high
olfactory sensitivity. Human visits to nests are known to
result in heightened predation (Major 1990; Whelan et al.
1994). However, we visited nests infrequently and took
considerable precautionsto reduce human scent being | eft
on nests or eggs. Furthermore, only two out of 134 non-
predated quail eggs were putrid when cracked open at the
end of experiments. Clay eggs have a distinct odour but
Bayne and Hobson (1999) found that this neither attracted
nor repelled mammal nest predators.

Thelack of activity or odour from adult and fledgling birds
might have made surrogate nests less conspicuous than
real ones, balancing their possible heightened detectability
from other cues. However whilst differencesin detectability
may exist between real and surrogate bird nests, there is
no reason to expect the behaviour of predators foraging
on surrogate neststo differ between different plotsor veg-
etation types. Consequently, surrogate nests should pro-
vide ahighly-reliable comparative measure of relative pre-
dation rates (cf. Martin 1987; Roper 1992; Yahner 1996;
Penloup et al. 1997). They are also the only way to obtain
estimates of predation in areasnot currently used for nest-
ing, but which might beimportant refuges or possible sites
for future reintroductions.

Are cedar plantations a refuge from
nest predators?

On average 7% of surrogate nests were predated per day
during the bird breeding season. This is over 20 times
higher than reported for a comparable study in Hawaii,
whereblack ratswerethe only identified predators (0.33%
per day; Amarasekare 1993). We found that both black
rats and crab-eating macaques were important predators
in Mauritius. These predators are abundant in the forests,
which support virtually all remaining endemic bird
populations (S. P. Carter and P. W. Bright, pers. obs,; D.
Hall, pers. comm.). However, predation by macagues in
cedar plantationswas|ow, suggesting that cedar does pro-
vide a partial refuge from predation. This accords with
Safford’s (19974) direct observations of lower (41%) pre-
dation of fody nestsin cedar trees, compared to other tree
species (82%). However it is important to note that we
measured rel ative predation rates that cannot be compared
directly to Safford’s (1997a) measurements.

Safford and Jones (1998) suggested that predatory mam-
mals may avoid cedar plantations dueto lower food avail-
ability or because they are repelled by the resinous sap of
cedar. Theformer seemsthe most likely of these explana-
tions, since macaques were less abundant in cedar planta-
tions (S. P. Carter and P. W. Bright, pers. obs.), yet climb
individual cedar treeswith apparent impunity (S. P. Carter,
pers. obs.). We found no evidence that rats avoided cedar.
Safford (1997a) also suggested that lower predation in
cedar was the result of nests being more effectively con-
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cealed. However, concealment of surrogate nests did not
influence predation by either rats or macaques. L ower pre-
dation by macaquesismost simply explained by their lower
abundance in cedar plantations.

Unsurprisingly, patterns of predation differed seasonally
(cf. Safford 19974). During the bird breeding season total
predation was highest in unweeded and weeded nativefor-
est, and lowest in cedar plantations. Outside the breeding
season, total predation was highest in unweeded forest and
lowest in weeded forest plots (see below). Significantly,
predation by macaqueswaslower in cedar than nativefor-
est both during and outside the breeding season. Thereis,
however, aclear need for moreinformation on the spatio-
temporal dynamicsof predator popul ations, which should
greatly aid conservation management to reduce their im-
pact on native ecosystems generally.

Predation in weeded native forest

Outsidethe bird breeding season total predation wasmuch
lower in weeded native forest. This might have been due
to abehavioural ‘fence effect’ on the part of predators —
the plots being surrounded by 2 m wire fencing — but nei-
ther rats nor macaques were physically excluded by the
fence. Lower predation by rats at thistimewas almost cer-
tainly duein part to rat control being carried out at half of
theweeded native plots. Perhapsasimportant wasthe lower
cover of fruit-bearing shrub food sources, such as non-
native guava (Psidiumspp.), which had been removed from
weeded plots and which fruits mainly outside the breed-
ing season. In particular this may explain why predation
by macaques was lower in the weeded plots at this time.
As native canopy-forming trees mature in weeded forest
plots, fruit-producing understorey shrubsmay becomeless
productive of fruits. Thus the restoration and maturation
of native forest may at least partially help reduce preda-
tion —irrespective of seasonal effects— through reducing
forest suitability for predators.

New cedar plantations as refuges from
predation

Safford (1997a) showed that cedar plantations provide a
refuge from predation for the Mauritius fody and anecdo-
tal evidence suggests they are also a refuge for the pink
pigeon. Using manipulative methods we have quantified
theimportance of different nest predatorsand haveidenti-
fied the probable mechanism leading to cedar being aref-
uge as lower macague abundance in cedar plantations (S.
P. Carter and P W. Bright, pers. abs.). Cedar might thus
be planted as a refuge for nesting birds from predation,
and our model identified areas where this could be done
without impinging on native forest which is under great
threat (Lorence and Sussman 1986). The suitable areas
are plantations of non-native pine and eucalyptus (Euca-
lyptus robusta) in and around the National Park.

A key requirement of new cedar plantations is that they
are surrounded by or close to native forest where fodies
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and other native passerines feed. Our spatial model sug-
gested that new cedar plantations would need to be very
close (<320 m) to native forest. If plantations are to be
away from highly-degraded forest where macagues are
likely to be most abundant, there are 32 ha of exotic pine
and eucalyptus plantations that could be converted to ce-
dar. Relaxing this constraint, since we showed that cedar
provides arefuge even when macagues are abundant, in-
creases the amount of exotic forest available for conver-
sion to 192 ha. Cedar nesting refuges could aso be cre-
ated outside of the present, highly-restricted, fody range,
provided they were near to fragments of native forest.
These could be used for reintroductions, following the
approaches that have proven so successful with the pink
pigeon and other endangered endemics (Jones and
Swinnerton 1997).
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Control of invasive plants on the Poor Knights Islands,
New Zealand

G. J. Coulston
Whangarei Area Office, Department of Conservation, P.O. Box 147, Whangarei, New Zealand.

Abstract In 1995 the New Zealand Department of Conservation initiated a weed control programme on the Poor
Knights Islands, 16km offshore from Tutukaka, Northland, New Zealand. Theintentionisto eradicate all infestations
of five environmentally invasive plant species (weeds) to the point where windborne re-invasion from seed sources on
the mainland is the only threat. The invasive plants targeted, Ageratina adenophora, A. riparia, Araujia sericifera,
Cortaderia selloana and C. jubata, are the only invasive plants present. All known weed sitesare visited twice ayear
and all weeds found destroyed. Visitsaretimed to coincide with peak germination periods and pre-to-early flowering
to prevent further seed set. Aerial surveysare completed during early flowering to locate any plantson cliff facesorin
the canopy of trees. Areasof theisland proneto reinvasion are thoroughly ground searched every year in spring, while
the weed-free areas are searched every second year. Ageratina adenophora numbers have been reduced from several
thousands to fewer than fifty. Araujia sericifera has continued to have high germination of seedlings, but is now in
decline, probably because the seedbank is being depleted. Araujia sericifera has been the most difficult species to
locate. A spreadsheet was devel oped that provides useful field datafor control purposesand theraw statistical informa-
tion for management and monitoring purposes. With refinement and manipul ation this database could be beneficial for
scientific research including speciesfecundity, seedling recruitment trends/time, seedbank viability under various geo-
physical site conditions, and rates of re-invasion from outside sources.

Keywords Mexican devil, Ageratina adenophora; mistflower Ageratinariparia; pampas grasses, Cortaderia selloana,

Cortaderia jubata; mothplant, Araujia sericifera.

INTRODUCTION
Scope of this paper

This paper describes and discusses observations and ac-
tions at one location, with one group of target plants and
the results of one management technique designed to fit
the site conditions and plant behaviour inthat site. Itisa
report on what was planned, how it was done and what has
happened asaresult. Analysisand comparisonisleft for
othersto consider.

Poor Knights Islands Management Area
Location and geography

The Poor Knights Islands (PK1) are situated 16km off the
coast of Northland, New Zealand. The group comprises
272 hectares of land and consists of two main islands,
Tawhiti Rahi and Aorangi, and seven smaller islets. The
islandsthemselves are a Nature Reserve and are adminis-
tered by the New Zealand Department of Conservation
(DOC). They are surrounded by an 800m-wide Marine
Reservewhichisinternationally recognised for recreational
diving. The general public are not allowed accessto the
islands and all landings are by permit only.

The islands were created by ancient volcanic activity and
have been geographically separate from the mainland for
longer than any other islands around New Zealand's im-
mediate coast. Thusthe Poor Knights biotahasone of the
highest rates of local endemism in New Zealand
(Nieuwland 1999).

History of human contact

Maori, the Polynesian settlers of New Zealand, had sig-
nificant settlements on both the main islands until a mas-
sacre occurred around 1820. The islands were then de-
clared sacred and settlement ceased. Prior to the massa-
cre, Captain Cook, an 18" century English explorer, gifted
pigs (Sus scrofa) to Maori on Aorangi island, and when
the Maori |eft these animal sreached high numbers (Fraser
1925). A successful feral pig eradication project was com-
pleted in the 1930s (Challies 1976). No other mammals
have been recorded.

Invasive naturalised plants targeted

There are numerous alien plant species on the islands but
only five have been identified as likely to have adverse
impacts on the islands if left uncontrolled. These are
Mexican devil (Ageratina adenophora), mistflower (A.
riparia), two pampas grasses (Cortaderia selloana and C.
jubata) and mothplant (Araujia sericifera). Theseweeds
invade open disturbed sites, forming dense swards that
outcompete the native regeneration. They gradually ex-
pand their range from the margins of their infestations by
encroachment and displacement asthe surrounding native
species die out. Mistflower is shade-tolerant, so it can
penetrate the forest interior and smother native seedlings.
M othplant seedlings are al so shade-tolerant and remainin
aphase of low foliar growth, until conditions such asin-
creasesin light and moisturelevel senable aburst of growth
up into the canopy.

All five species were introduced to New Zealand as gar-
den ornamenta saround 1900. By the 1930sthey had natu-

Pages 79-84 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. IUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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ralised and started spreading. A trypetid gall fly
(Procecidochares utilis) was released in 1958 as a bio-
logical control agent for Mexican devil (Hoy 1960) but it
doesnot provide successful control. To control mistflower
the white smut fungus Entoloma ager atinae was rel eased
in 1998 (Frollick 1999) and it appearsto be very success-
ful. These control agents have not been observed on the
Poor Knights although they are present on the Hen and
Chickens Islands which are a similar distance from the
mainland. The control agents are certainly capable of
reaching the islands so their absence is probably due to
the Poor Knights now having a lower weed density and
therefore less chance for the control agentsto establish.

Determination of when the invasive weeds arrived on the
islands is difficult. Pampas grass, Mexican devil and
mistflower have been widespread in Northland (Fig. 1)
sincethe 1950s. Mothplant appeared in Northland around
the 1980s. Pampas grass was first recorded on the Poor
Knightsislandsin 1974 (Veitch 1974) and Mexican devil
in 1986 (Daugherty and Powlesland 1986). Mistflower
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Fig. 1 The Poor Knights Islands showing their
relationship to the coast of Northland and the
places named in the text. The weed areas are
marked as: “A” weed-free prone to invasion -
contains known sites; “B” weed-free not prone
to invasion — no known sites.

80

was first recorded in 1991 (Wright 1991) and mothplant
in 1993 (Parrish 1993). Density or distribution was not
recorded at these early stages. Seedbank longevity of these
species under New Zealand conditionsis unknown.

METHODS

Early control efforts

Control of pampas (not identified to species level at this
time) commenced in 1991 and focused on three obvious
infestations on the coastline. Control of the other three
invasive speciescommenced in 1994. Thiswork wasdone
using volunteers and involved one trip ayear to each is-
land. No formal search techniques or data recording
protocolswerein place and theinformation gathered from
siteswaslacking detail or extremely variable. Siteswere
marked with various techniques. Random searching pat-
terns at this point also resulted in many sites not being
found. By 1995, 36 sites had been located.

Weed Eradication Strategy Poor
Knights Islands (WESPKI)

A formal Weed Eradication Strategy for the Poor Knights
Islands (referred to as WESPKI) was developed in 1996
(Bowden and Bowden 1996). The purpose of the strategy
was to give control direction for the following five years
and to standardise procedures for all weeding teams and
data collection. The sensitive nature of the cultural and
ecological values of the islands were also recognised.
Therewaslittleinformation available at thistime regard-
ing theindividual weedsand their attributesin thistype of
environment. Suitable techniques for intensive survey,
relocation of sitesand eradication werenot available. The
strategy was developed around errors uncovered during
early control efforts, relating to seasonal timing of visita-
tion and an appropriate site management regime.

Thisstrategy has been altered each year since 1996 to rec-
ognise newly-developed best practices. Further reviews
will continueto redirect it for the next fiveyears. When it
was developed, WESPK | was referred to as an “amanac
for island visitation.” Factors such as site hygiene and
minimising impacts of visitation wereincorporated because
they impact directly on the efficacy of the weed work and
success of the programme. Key aspects of WESPKI are
listed below:

Management regimes and island visitation

The islands have been divided into three management
zones: actual weed sites; weed free zones prone to inva-
sion; weed free zones not proneto invasion. These were
determined with consideration to the proximity to existing
weed sitesand thetype of vegetation cover present. Where
unmodified pohutukawa (Metrosideros excelsa) forest is
found thereisastriking absence of invasives. All existing
weed sites occur in areas of disturbance associated with
exposed coastal faces, shrubland and broadleaf forest. The
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weed free areas not proneto re-invasion coincide with the
major seabird breeding areas.

A weed site is defined as any continuous infestation of
weeds usually defined by proximity to a mature plant for
mothplant or by the size of the light patch in which the
weeds are present. Weed sitesrange from 1m x 1m plots
with an individual plant to areas 20m x 30m. These are
searched twice ayear in early spring and early summer to
coincide with the earliest flowering to occur.

Weed-free zones proneto invasion consist of the northern
and southern tips of Tawhiti Rahi and Crater Bay, Tatua
and Maroro Bay on Aorangi, and incorporate all those ar-
eas surrounding existing sites. These are intensively
searched annually in early Spring.

Weed-free zones not prone to invasion include the seven
islets, the tableland on Tawhiti Rahi and Oneho Hill on
Aorangi. Theseare searched every second year in spring.

Every spring four people spend two days transit/setting/
breaking camps, four days searching and visiting sitesand
weed-proneareason Aorangi and three days searching and
visiting sites and weed-prone areas on Tawhiti Rahi. On
each alternate year half of the weed-free areas not prone
to invasion are searched. In summer sites are re-checked
by four people spending one day transit/setting/breaking
camp, three dayson Aorangi and oneday on Tawhiti Rahi.

Aerial surveys

An aerial search is conducted annually in early summer
for flowering mothplant and pampas grass and, every sec-
ond spring for flowering mistflower and Mexican devil.
Inthe case of mothplant it isvirtually impossibleto locate
mature vines from the ground in dense vegetation once
the plant has reached the canopy. Some coastal faces are
not accessible by foot and the only way to search themis
by aerial observation.

Database and information recording

The information recorded provides detail for re-location
of weed sites and for analysis of the success of the weed
programme.

For new sites detail s are taken describing the location and
size of the site and satellite infestations. Detailsfor relo-
cation from other sites or from the track system are re-
corded. For both new and re-visited sites details of weeds
removed include: date; species; humbers of adult/imma-
ture; control actions taken; and team leader. Adult plants
arethose which have completed acyclefrom germinating
to setting and dropping seed.

Search techniques
Sweep searching is conducted during spring visits to lo-

cate new infestations. Except for mothplant the species
areall just commencing flowering at thisstage. The sweep-

ing technique involves all team members. They space
themselves 10-20m apart, dependent on terrain and vis-
ibility, and movein line abreast between reference points.
When weeds sites are encountered all weeders come to-
gether to record and intensively ground search the site.
They then spread back out and continue sweeping. |nten-
sive ground searching of sites by people on their hands
and knees will pick up the majority of seedlings which
could set seed by the next visitation. During the summer
visitsonly known sitesarevisited. Thisavoidsaccidental
movement of seed and disturbance of breeding seabirds.

Search timing

In northern New Zealand Mexican devil and mistflower
can set seed from mid-spring to late summer although peak
seed set isaround late spring. Thefirst treatment isthere-
foretimed for early spring prior to seed setting in late Sep-
tember/October. During spring/early summer the time
taken from germination to maturity is much faster than
over autumn/winter and January has proven to be the best
time to revisit sites to catch plants that have germinated
sincethespringtrip, prior to their setting seed in late sum-
mer (February/March).

Site marking protocols

All weed sites are marked with a purple plastic triangle
with the site number written on it. Thisis placed in the
centre of the sitewith apiece of pink flagging tapetoiden-
tify its location. Around the boundary of the site more
pink flagging tape is installed also with the site number
and referenceto its position on the site (e.g. northern limit
of site 124). The labels are replaced regularly to avoid
perishing completely. Thesitelocationisrecorded on GPS
(Global Positioning Systems).

Weed removal

All flowers and seedheads are removed from the plants
and placed in secure bags for removal from the island.

All plants are hand pulled, soil is shaken from the roots
and the plant is placed so that the roots are clear of the
ground. Therootsof larger mothplants are grubbed out to
ensure that they do not re-grow.

Inthefirst two years of thisoperation adult mothplant stems
were cut and painted with a herbicide mix of metsulfuron
methylester (600g/kg) at 2g/2| of water.

RESULTS

Field trips in 1996 required 96 person/days per year: 40
person/days searching and 56 person/days weeding sites.
It now takes 56 person/days per year: 40 person/days com-
pleting surveillance for new infestations and 16 person/
days searching and controlling the existing sites.

On the Poor Knights Islands 142 weed sites have been
recorded since 1995. During thevisit of 9 February 2001,
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Fig. 2 The numbers of mothplants (Araujia

sericifera) destroyed on Aorangi Island. The
upper graph is adult plants and the lower graph
is immature plants.

112 of these were weed free. A comparison of the detail
recorded in our field trip reports over successive years,
showsthat the number of clean sites continuesto increase
and the number of new sites has rapidly decreased.

The numbers of weeds controlled on successive visits are
presented in Fig. 2-5. There are seasonal fluctuations be-
tween spring/summer visits but there is a clear declining
trend. Theactual ‘effort’ intermsof applying attention to
thoroughness has remained constant during searching
within sites for weeds and during surveillance for new in-
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Fig. 3 The numbers of mistflower (Ageratina
riparia) plants destroyed on Aorangi Island.
The black bars are adult plants and white bars
immature plants. Note that one immature plant
was destroyed in Jan. 2002.
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plants.

festations. As there are now fewer weeds to remove the
hours required to complete trip visits have reduced.

The total number of mothplants (Fig. 2) has fluctuated as
new sites were found after aerial survey commenced in
January 1997. However, sincethistimethetrend line has
started a steady decline, although thisappearsto be slower
than other speciesand could be areflection of greater seed
longevity in the soil.

Mistflower (Fig. 3) showed an interesting reversal in adult
to juvenile plants numbers around 1996/1997. Thiscame
about because two mistflower siteswere missed and were
full of adultsthe following year. This stresses the impor-
tance of visiting sites at least twice a year to beat the set-
ting of seed. After this, juvenile numbers increased and
then a steady decline occurred as the seed bank started
depleting.

Pampas grass control commenced on Aorangi earlier than
on Tawhiti Rahi (Fig. 4). There has been a dramatic de-
clinein numbersof pampas after thelargeinfestationswere
dealt with. Pampas probably has a shorter seed viability
than the other weeds.

The reduction of mature Mexican devil has been similar
on both islands (Fig. 5) but immature plants continue to
occur on Aorangi. There have been significant benefits
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Fig. 5 The numbers of Mexican devil

(Ageratina adenophora) plants destroyed on
Aorangi Island (upper graph) and Tawhiti Rahi
Island (lower graph). The black bars are adult
plants and white bars immature plants. Note
that one immature plant was destroyed on
Tawhiti Rahi in Jan. 2000 and one in Sep. 2000.

from commencing control on Tawhiti Rahi before theweed
waswell established.

Tawhiti Rahi had no weeds during the visit of 9 January
2001 and consistently had only one or two plants found
during each of the last four visits. There have been no
new sites found for more than two years. The fortunate
factor that has resulted in success is the smple fact that
weeds had only just started to establish and never reached
significant populations. 1tismy assumption that these sites
may have established later from seed dispersing from
Aorangi.

Mist flower on Aorangi had declined to zero plants but
then two new sites containing one plant each in the first
year of flowering (one of which had set seed) were lo-
cated. Mexican devil, which wasthe most widely dispersed
and prevalent weed, is now down to around 20 plants, all
juveniles, found during each search.

DISCUSSION

Although control was not commenced until well after the
invasive species had arrived on theislands, we started con-
trol before massive encroachment had occurred. 1n any
eradication programme involving these five species this
should be a fundamental criterion in evaluating whether
or not to proceed with eradication or focus on sustained

control. Once popul ations have become well-established,
the ability to achieve coverage over all sitesat the critical
management times makes it difficult to beat the rapid cy-
cle from germination to seeding.

A team of four people was found to be a good number to
manage. More people become difficult to keep in forma-
tion and resulted in delays waiting for othersto catch up.
Fewer people meant sweep searches were narrower and
took longer to complete. For greater efficiency the team
can splitintwo to deal with very small siteslessthan nine
metres square.

Existing literature on the topic of weed control consists
either of site-specific data, general autoecol ogical/biologi-
cal information about species, or models on plant behav-
iour such as dispersal. The behavioural traits of species
vary dramatically in different geophysical and climatic
contexts. For example, Ageratina adenophoraisalsoin-
vasivein Australiaand Hawaii, yet in all threelocationsit
occupies very different habitats and has different behav-
ioural characteristics, such as seed density and infestation/
proliferation density, compared with its growth in New
Zedland. The techniques described here would probably
be excessivein Hawaii and inadequate in Australia.

Seed viability

We do not know the maximum time over which seeds can
remain viable for any of the species being controlled in
this environment. Individual site trends on the Poor
Knights suggest that significant seed bank depletion for
pampas grass, mistflower and Mexican devil occurs be-
tween two and four years. Mothplant seeds seem to per-
sist for longer as seedling numbers only started to decline
after five years. Mothplant does not show a decline as
clearly because a number of adults have been located in
thelast two years. It isexpected that they may persist for
ten years. Weinitially planned to declare individual sites
weed-free and to “archive’ the site (i.e. no longer specifi-
cally search the site twice ayear) after two years without
any seedlings. It hasbeen considered too early to takethis
step and we are considering afour year period of seedling
absenceinstead.

Risks and impacts associated with
intensively searching the islands

Our presence on the islands could be contributing to the
weed problem. This was especially so during the early
stages of control when the seedbank in the soil and the
number of mature plants with setting seed was still high.

It is easy to prevent visitors bringing weeds onto the is-
lands by following standard hygiene procedures prior to
visitation, but it is very difficult to control the spread of
seeds on staff footwear and clothing after weeding one
site and moving onto another. It has been observed that
many of the new sites encountered in the past two years
have been on tracks or regularly-used pathways. Theman-
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agement regimes described in WESPK| are an attempt to
reduce the amount of unnecessary travel and thereforethe
risk of spreading seed. Protocols of dusting seed off team
members before leaving a site are followed but are not
infallible.

Re-invasion from the mainland

Weeds have arrived on theislandsin the past therefore re-
introduction remainsathreat. The main means of disper-
sal for these species is by wind and they may have got
there by their own means. It is also possible that they
arrived with earlier research parties, asthey did not follow
stringent island hygiene standards.

We do not know whether new sites are the result of new
invasion or from existing seed in the soil being given opti-
mum conditionsto germinate. We do not know the extent
of the seed shadow from the mainland, but the probability
of seed dispersing 16 km and landing on an island in a
location with suitable germination factorsislow. All new
Mexican devil, mistflower and mothplant sites have been
in close proximity to existing sites, suggesting they have
originated from the old sites. New pampas sites have oc-
curred in remote areas away from old infestations. The
pampas seed shadow may be more frequent than the other
three weeds and the physical design of dispersal methods
for the various seeds supports this theory.

The weed control programme and WESPKI model has
been replicated on the Chicken Islands since 1997 and is
showing promising resultsthere. Hen Island hasbeen in-
cluded since 1998. However, we cannot logistically or
financially complete control trips to all the islands over
the critical pre-flowering period, and the Hen and Chick-
ens programme is regarded as an intensive control pro-
gramme. The intention is to contain and reduce infesta-
tionsand allow natural regeneration to aid the process by
means of displacement. We anticipate successful control
will beachieved on theseislands over alonger timeframe.
It will be several yearsbeforewe can confirm this, assome
sites are yet to receive initial treatment. On the Hen and
Chickenswe have completerecords of all sites, commenc-
ing with their first control visit, so the data will include
earlier weed trends which are missing from the Poor
Knights database.

Over five years our strategy has been refined with the
knowledge gained from each visit. It isacase of success-
ful techniques evolving and being developed by trialing
ideas for management. On the Poor Knights Islands we
have created arecipe that is successful at eradicating the
five invasive weeds present and involves a balance be-
tween the timing of field trips, techniques for control and
reducing interference and impacts of our visits. Attention
to detail by those doing the work is paramount as to miss
one plant prior to seeding has a significant bearing on the
duration of the programme and whether the final result
will be control or eradication.

84

ACKNOWLEDGMENTS

I thank Keith Hawkinsfor employing meinthefirst place,
for hiscomments and refinementsto the programme over
the years. Lynnell Greer for her comments on the draft
Manuscript. Terry Conaghan for his assistance and tech-
nical expertisewith Information /Technology systems. Guy
and Tom Bowden for the devel opment of the Weed Eradi-
cation Strategy for the Poor Knights Islands and their on-
going contribution to the programme. Tony McCluggage
for histechnical expertise on weeds and commentson the
draft Manuscript. Rob Klinger for his excellent and con-
structive review of the draft manuscript of which he re-
ceived in arather unprepared state and Dick Veitch and
Mick Clout for editing the manuscript into a comprehen-
sible document. | aso thank all the weeders for their ef-
fort and dedication undertaking the work on the Poor
Knightslslands.

REFERENCES

Bowden, G. and Bowden, T. 1996. Weed Eradication Strat-
egy Poor Knightslslands. Unpublished report. Depart-
ment of Conservation, Northland

Challies, C. N. 1976. Feral pigsinNew Zedland. InA. H.
Whitaker, and M. R. Rudge (eds.). The value of feral
farm animalsin New Zealand; Proceedings of a semi-
nar convened by the New Zealand Department of Lands
& Survey, held in Wellington on April 15, 1976. De-
partment of Lands and Survey Information Series 1:
23-25.

Daugherty, C. and Powlesland, R. 1986. Report on avisit
to Poor Knights Islands 24 Oct.-1 Nov. 1986. Unpub-
lished report for VictoriaUniversity/NZ Wildlife Serv-
ice.

Fraser, W. M. 1925. A brief account of Maori occupation
on the Poor Knights. New Zealand Journal of Science
and Technology 8: 8-13.

Frollick, J. 1999. Biological control programme for
mistflower. Unpublished Landcare Research interim
status report to the Auckland Regional Council.

Hoy, J. M. 1960. Establishment of Procecidocharesutilis
on Eupatorium adenophoriumin New Zealand. New
Zealand Journal of Science 3: 200-208.

Nieuwland, P. 1999. Northland conservation management
strategy 1999-2009 Vol 1. Department of Conserva-
tion, Whangare.

Parrish, G. R. 1994. Report on avisit to Poor Knights|s-
lands 30 Jan-2 Feb 1993. Unpublished report for De-
partment of Conservation.

Veitch, C. R. 1974. Idand survey, Poor Knights Islands,
November 1973. Unpublished report for NZ Wildlife
Service.

Wright, A. E. 1991. Vascular plants of Poor Knights Is-
lands. Unpublished Report for Department of Conser-
vation.



Eradication planning for invasive alien animal species on
islands - the approach developed by the New Zealand
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Abstract New Zealand's Department of Conservation is now highly experienced in the field of invasive alien animal
species eradication on islands, particularly rodent eradication. The approach which has been developed addresses
eradication planning at an operational level and building capacity at an organisational level. At an operational level this
is done by: planning the eradication operation to be as robust and as meticulous as possible to prevent the operation
failing; avoiding failure of an operation which is frequently linked to a casual approach or a‘can’'t be done’ attitude;
recognising pre-conditionsfor eradication. Theseare: (i) al target animalscan be put at risk by the eradi cation technique(s),
(i) target animals must bekilled at arate exceeding their rate of increase at all densities, (iii) immigration must be zero.
Building of capacity hasbeen achieved by: (1) strategic approach — planning island eradication programmesto maxim-
iselearning opportunities and minimisetherisk of failure, (2) skillsdevelopment - identifying training opportunities by
participating in eradication operations elsewhere, (3) team approach - maintaining a committed project team and the
support of higher level management, (4) peer review - an eradication advisory group provides advice on major pest
eradication operations, (5) review and debrief —effectively transferring the lessons|earnt with each operation to future
projects. The approach outlined has application wherever eradication of invasive alien animal species on islandsis

planned.

DEVELOPMENT OF TECHNIQUES

NZ Department of Conservation and
island eradications

Views have changed radically over recent yearson thefea-
sibility of eradicating invasive alien animal species from
islands, asillustrated by historical rodent eradications. As
recently as 1976, Yaldwyn (1978) concluded aconference
on the ecology and control of rodentsin New Zealand by
stating that the possibility of complete extermination of
rodent populations from New Zealand's offshore islands
was"“remote, or at least avery, very difficult thingindeed”.
By the early 1980s it was still widely held that no real
breakthrough was in sight (Atkinson 1986).

New ‘second generation’ anticoagulant poisons became
available in the 1980s. These poisons allow rats to con-
sume a lethal dose well before they begin to experience
poisoning symptoms (Taylor and Thomas 1989). This po-
tency and late onset of toxic effects eliminated many of
the causes of rats surviving poisoning using other pesti-
cides. During the 1980s, using these poisons and a new
eradication ‘mindset’, anumber of rodent eradication op-
erations were successful. Examples include the removal
of Norway rats (Rattus norvegicus) from 9 ha Hawea ls-
land in 1986 (Taylor and Thomas 1989) and from 170 ha
Breaksea Island in 1988 (Taylor and Thomas 1993), plus
theremoval of Pecific rats/kiore (Rattus exulans) from 18
haKorapuki Island in 1986 (M cFadden and Towns 1991).
Most early projectsin New Zealand involved the removal

of rodents from islands less than 200 hain size by hand-
laying poison baits.

By 1990 the practicality of eradicating rodentsfrom small
islands had been demonstrated and the possibility of re-
moving rodents from islands greater than 200 ha in size
began to be explored. VVarious eradi cation techniqueswere
tested, such as a ‘rolling front’ of bait stations on Ulva
Island (259 ha (Atkinson and Taylor 1992)) in 1992 (Tho-
mas and Taylor 2002), and the aerial application of poi-
son baitson Tiritiri Matangi 19land, 220 ha, in 1993 (Veitch
2002b) and on Lady Aliceldland, 120 ha, in 1994 (Ogilvie
et al. 1997). By the late 1990s rodent eradications had
been completed ontwo idandsover 1300 hain size—Kapiti
Island off the south-west coast of the North Island and
WhenuaHou/Codfish Island off the west coast of Stewart
Island. The Department of Conservation progressively set
aside funding for eradication projects on larger islands
providing theimpetusfor aco-ordinated approach. A peer
review team was established to provide advice on the al-
location of funds and trials of eradication techniques.

The eradication of rats from Kapiti Island (1965 ha) was
confirmed as successful in 1998 (Empson and Miskelly
1999) and WhenuaHou/Codfish 1dland (1396 ha (Atkinson
and Taylor 1992)) was declared rat freein December 2000
(McClelland 2002). These operations represented new
milestones in terms of island rodent eradication achieve-
ments. They were on islands eight times larger than any
that rodents had previously been removed from in New
Zealand and two species of rodents were eradicated on
Kapiti 1sland. Until then, only single species eradications

Pages 85-91 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. IUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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had been attempted in New Zealand. Both operationsin-
volved resolving non-target species issues. Each had to
both achieve the eradication objective and to be another
stagein aplanned series of trialsleading to the capacity to
undertake even larger operations, such as the planned re-
moval of rodentsfrom Campbell Isand (11,216 ha) inthe
remote Subantarctic (Atkinson and Taylor 1992).

CURRENT APPROACH

An Idland Eradication Advisory Group has evolved from
the peer review team and continues to focus on research,
skills development, review and audit. The Advisory
Group’s efforts are currently directed at eradications on
Tuhua/Mayor Idand (1277 ha(Atkinson and Taylor 1992)),
Raoul and Macauley (2938 and 306 ha (Atkinson and
Taylor 1992)), Hauturu/Little Barrier Island (3083 ha
(Atkinson and Taylor 1992)), and Campbell Island (11,216
ha). In early 2000 these were all in the early planning or
implementation stage. All are more complex than the K apiti
and Whenua Hou/Codfish Island operations, and involve
large islands, some with several species of invasive alien
animals, and some in remote locations. That they are be-
ing attempted reflects confidencein the ability to plan and
carry out successful operations.

One challenge facing the Department of Conservation, as
eradication operations become more complex, is to en-
surethat effective communication and knowledge transfer
take place within the organisation. It is vital that the les-
sons learned from each operation are recognised and dis-
seminated.

The approach adopted addresses eradication planning at
an operational level and capacity building at an organisa-
tional level.

KEY CONSIDERATIONS FOR
PLANNING AN ERADICATION
OPERATION

A number of issues must be dealt with in planning an
eradication operation. Failure to consider any one of
these can result in an unsatisfactory outcome.

The difference between eradication and
control

Control operations manage the impacts of invasive alien
animal speciesby sustained harvesting of theinvasive spe-
ciespopulations (i.e. reduced numbers of animalsleadsto
reduced impacts). They are not concerned with removing
the*last animal’.

Eradication permanently removestheimpacts of invasive
alien animal species by eliminating the entire population.
Pre-conditions for considering eradication are (Parkes
1993):
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i. All animals can be put at risk by the eradication
technique(s);

ii. Animalsmust bekilled at arate exceeding their rate
of increase at al densities; and

iii. Immigration must be zero.

In planning an eradication the likely response of individual
animalsisimportant. Failureto recognise and account for
individual variation in vulnerability could lead to survi-
vors.

The following examples illustrate the importance of the
behaviour and response of individual animalsin an eradi-
cation operation:

i. Bitrex isadded as a safety precaution to make some
commercial rat bait less attractive to young children,
by making it taste bitter. In laboratory efficacy tests
involving bitrex in ICl rodenticidal formulationswith
albino rats and mice (20 animal groups, 3 day choice
tests) some rats did not eat sufficient bait with bitrex
inittobekilled (i.e. 3 out of 60 rats were not killed)
(Kaukeinen and Buckle 1992). These tests are re-
quired as part of USA registration studies (EPA
protocols). The ICI rodenticidal formulations all
passed the minimum EPA test criteriaof at |east 90%
kill, and led to the EPA's statement in their letter to
ICl of 29 March 1990, that “ The efficacy tests sub-
mitted for (bitrex-containing brodifacoum products)
are acceptable” (Kaukeinen and Buckle 1992). The
test result isacceptablefor acontrol operation. How-
ever, for an eradication operation such information
suggests a risk that should not be taken - it is not
acceptableto have a percentage of the population not
eating sufficient bait to be killed. On uninhabited is-
lands closed to the public there is no benefit in in-
cluding bitrex. Differences in consumption of bait
containing bitrex and bait that did not containit were
observed in a 1996 trail on wild caught Pacific rats/
kioreon Hauturu/Little Barrier Idand (Veitch 2002a).

ii. Over afour-year period 17 person-years of effort us-
ing traps, poi son and hunting removed more than 3000
weka (Gallirallusaustralis) from WhenuaHou/Cod-
fishldland. After all known wekahad been accounted
for (i.e. no sign could be found) 3 wekawerelocated
and caught using taped calls. These were all mature
individualswho had been fully exposed to all previ-
ously used methods. Taped callswereusedin an early
phase of the weka eradication, but had not been used
for over two years prior to their use in the last phase
of the operation (Andy Cox pers. abs.).

iii. Inthe Kapiti Island eradication of brushtail possums
(Trichosurus vulpecula) atotal reliance on trapping
as the eradication technique would have resulted in
the operation failing. After a trapping effort of ap-
proximately 1,388,330 trap nights, dogs were used
and the last 32 possums were found. Many of these
animals showed signs of previous encounters with
traps and may have been trap shy (Cowan 1992).
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Eradication operations may use the same techniques as
control operations, but the goal and therefore the essential
mindset for everyone involved is different. If there is not
the determination to remove every target animal and to
plan, manage and implement an operation to achieve this
goal, then thereisarisk that the operation will be compro-
mised. In addition the reasons for failure will be poorly
understood. An eradication operation requires 100% fo-
cus and effort from all members of the project team.

Robust and meticulous planning

Planning for an eradication operation will involveresearch,
contingency measures, incorporation of best availabletech-
nigues and the flexibility to cope with unexpected diffi-
culties. Biological, technical and logistical considerations
such as seasonal variation in vulnerability of target and
non-target species, type of bait and toxin used, and correct
storage and presentation of bait are all taken into account.

Evidence (e.g. bait palatability, popul ation dynamics and,
non-target risks) supporting the assumption that a selected
option will work must be critically reviewed. Techniques
or operational practicesthat could exposethe operationto
an increased risk of failure need to be identified and
avoided.

Datafrom previous control or trialson target popul ation(s)
must be considered. For example, if a proportion of the
target population devel ops bait-shyness, toxin resistance
or trap aversion dueto pre-eradication activities, the eradi-
cation islikely to fail if similar techniques are deployed.
Techniques used need to take into account past history.
Toxictrials, if required, are usually carried out elsewhere
to ensure that the eradication is not compromised.

On islands where new or complex scenarios are present,
planning must ensure each targeted animal speciesiselimi-
nated. Planning should be started early to identify issues
to be solved. Trialsare often essential to provideinforma-
tion or test modifications to existing methods. When de-
vel oping new methodol ogy test onething at atime. Exam-
plesinclude:

i. TheTuhualsand eradication which is being used to
trial methodology for planned concurrent rat and cat
eradication on the larger and logistically more diffi-
cult Raoul Island. The trial includes clarifying the
feasibility of eradicating cats by secondary poison-
ing and, if possible, determining what contingency
technique would be appropriate for follow-up.

ii. Campbell Island’s weather and large size make it
impossibleto use proven aerial bait application meth-
odology without modifications. Non-toxic bait trials
have been undertaken at Campbell 1sland to test the
durability of different bait formulations and their ac-
ceptability torats. Research has a so been undertaken
to define the most appropriate method for storage of
bait in Subantarctic conditions, to ensureitsoptimum
condition at the time of distribution by helicopter.

Timing of an operation isoften critical. For example, poi-
son baitswill be delivered to any surviving cats on Raoul
Island after their main prey, rodents, have been eliminated,
but before they have substantial aternative prey available
(i.e. nesting seabirds).

Identifying risks, and taking actionsto eliminate or mini-
mise them, is mandatory. If we are to learn from failed
operations we have to identify possible causes of failure
and act accordingly. For example:

i. Inarodent eradication operation, put poison bait on
rock stacksaround anisland evenif it seemsunlikely
that there are any rats on them.

ii. Test the toxicity of the bait before the operation to
ensureit meetsthe minimum standardsrequired for a
successful outcome.

iii. Collect random bait samplesduring the operation for
more detailed analysisin the event of afailure.

iv. Prior to the eradication operation take DNA samples
fromrats. If rats subsequently turnupitispossibleto
determine whether it was the eradication or quaran-
tine precautionsthat failed, by comparing DNA sam-
ples with the pre-eradication samples.

v. Write operational standards and adhere to them. For
examplewith ahelicopter operationit isbetter towait
for suitable weather than fly in high winds and not
achieve the necessary bait coverage.

vi. Assume that if something can go wrong it will and
plan for it.

Successful eradication requiresthat all target animals are
killed. To allow for variationsin individual vulnerability
due to age, behaviour, food supply, range size, etc., tech-
nigues must be ‘ over-engineered’ . Therefore:

i. Lay more bait than you think you need.

ii. Despite agood shelf life use only fresh bait.

iii. Every trap must be perfectly set and sited. Each trap
may betheoneto catch thelast target animal, or con-
versely the trap that loses and educates one of the
remaining animals — so every trap counts.

iv. Re-sow even the smallest gap in bait coverage indi-
cated on the navigational guidance printout, even
though baits may actually be there due to the spread
pattern using overlapping swathswhich are conserva-
tively set smaller than the sowing bucket actualy
delivers.

v. Taketwo helicopter buckets (one might break down).

vi. Use multiple eradication techniques for cat eradica-
tion (i.e. poison and traps).

. With cat eradication do not assumethat no sign means
no cats. Assess the probability of finding cats given
thetotal level of effort that hasgoneinto the eradica-
tion. A widerangeof techniques(e.g. telemetry, trap-
ping, searchesusing dogsetc.) and alot of effort needs
to gointo eradicating cats. Thisisalso important with
other target species.

Vi

Thisattitude of ‘ over-engineering’ should be adopted, not
only by the project team but al so by management. Manag-
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ers often operate in an environment geared to cost effi-
ciency. Thefocusfor eradication must alwaysbeto elimi-
nate failure. An eradication operation is more cost effec-
tiveand morelikely to succeed if it iscarried out properly
at the first attempt.

Overarching all the above isthe need to rigorously moni-
tor progress so that problems can be recognised and ad-
dressed.

Frequent causes of failure

Determination to succeed is essential in an eradication
campaign. Wherethoseinvolved take a’ casual approach’,
assumptions are not stated, questioned or tested. Scien-
tific findings are often taken at face value without consid-
ering their validity in a new site or the relevance of that
experimental design to other situations. For example, it
cannot be assumed that bait stationswork wheremorethan
one species of rodent is present. On Kapiti Island non-
toxic bait trials revealed that Pacific rats/kiore would not
use bait stations that Norway rats had used (Raewyn
Empson pers. obs.).

A ‘can do’ attitude is essential, particularly in detecting
and killing target animals at low densities. A project team
hasto be motivated and dedicated to achieveitsgoal. This
requires considerabl e effort when few animalsremain. For
example, in the Kapiti 1sland possum eradication the last
32 possums were all located using dogs. This took 4502
man-dog hours (Cowan 1992).

Project teams must understand and agree with an eradica-
tion plan, know the importance of their role and how inte-
gral the effort of each and every one of them isto achiev-
ing a successful outcome. They also need to be aware of
how they could compromisethe operation by sloppy work.
For example, poor servicing of bait stations could result
in animals failing to get exposed to palatable bait and/or
becoming bait-shy.

Eradication techniques (traps or toxic bait) must operate
at optimal capacity to ensure a successful outcome. To
achieve this the whole team must be motivated for the
duration. Examplesinclude:

i. Inthelatter stagesof the Kapiti Island possum eradi-
cation dogs used to | ocate possumswere periodically
taken to the mainland to hunt where possums were
common (Cowan 1992). Thisimproved dog morale
and handler confidence in the dog’s ability to detect
possums at extremely low densities.

ii. Difficult terrain combined with low to non-existent
pest talliesin thelatter stages of the Rangitoto Island
possum and wallaby eradication proved a constant
challenge to maintaining staff morale and motivation.
Thiswas met by:

-using people with a positive attitude;
-stimul ating staff with other tasks(i.e. tripsto other
locations where they caught pest animals);

88

-praise and acknowledgement throughout the | at-
ter stages of the eradication operation (Simon
Mowbray pers. comm.).

iii. Inthe WhenuaHou/Codfish 1sland possum and weka
eradication, motivation and morale was maintained
by allowing the team to focus on the task of eradica-
tion. The team leader handled all other issues (e.g.
resourcing, administration, and requests to do other
work). Another essential element was involving all
team membersin the testing and devel opment of bet-
ter practice. Thisresulted inteam ‘ownership’ of the
techniques (Andy Cox pers. obs.).

A “can’'t do” attitude from other experts not involved in
the operation can impinge on its success. Those planning
an operation need to be explicit about the assumptionsthey
are making and demonstrate that the planning has taken
into account any pointsof concern raised by these experts.
For exampl e, theresults of astudy of possumson the West
Coast of the South Island were used to justify the belief
that the eradication of possums from Whenua Hou/Cod-
fish Idland wasimpossi ble and arecommendation was put
forward to change the objective to control. The eradica-
tion project team believed that differences in habitat, cli-
mate and behaviour asaresult of prolonged hunting pres-
sure meant that the findings on the West Coast could not
be used to predict the outcome. They were proved cor-
rect.

A “can’t do” attitude by higher level management could
have serious implications for resourcing, particularly in
an extended programme. Operations need to bewell justi-
fied and researched, robustly planned and documented,
and effectively communicated with senior managers. Re-
search, which measures the impacts and benefits of an
operation, will help gain support for future operationsand
should be an integral component of all operations.

Building capacity at the organisational
level

The New Zea and Department of Conservation hasacom-
mitment to learn from all eradication attempts, to reduce
the risk of failed operations, and to build the capacity to
attempt more complex projects. The approach adopted
when planning invasive alien animal species eradication
programmes on islands has several key components.

1. Strategic approach

By consideringidland eradication programmes collectively,
rather than operation by operation, learning opportunities
are maximised improving techniques for future eradica-
tion operations, and providing evidence of the benefits of
eradi cation programmes.

2. Skills development

New project teams gain experience by participating in
eradication operations el sewhere. Thisexposesteam mem-
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bersto thereality of eradication operations and the issues
and debate associated with them. This expandstheir hori-
zons, builds up their network of contacts, and fosters the
motivation needed to achieve a successful outcome. For
example, the Raoul 1sland eradication project manager has
been involved with planning aspects of the Tuhuacat and
rat eradication, to maximisethe potential for refining tech-
nigues that could be applied on Raoul.

3. Ateam approach

Magjor eradication operations require acommitted project
team. When appointing members, team dynamics must be
taken into account. Project managers must be responsible
for co-ordinating the respective contributions of team
members to ensure programme goals are met within the
agreed timeframe. It is important to have a well-briefed
understudy for aproject manager asinsurance. Tasks need
to be assigned explicitly to team members throughout the
planning and operational phase. Team dynamics need to
be considered, ensuring motivation and support are high
and the skills required are transposed into clearly defined
roles.

Project teams require the support of higher level manage-
ment to effectively carry out their role. Pressures of other
work often compromise time and quality of time spent on
eradication projects. Time needs to be allocated and tai-
lored to the requirements of an operation. For example a
project manager may spend 25% of their timeon the project
in the initial planning phase, increasing up to 100% as
approval to carry out the operation is being obtained, re-
ducing back to 25% as contracts arelet, and increasing up
to 100% just prior to operation and throughout it.

Project teams must not operate in isolation. Each opera-
tion has local issues to address, but to ensure *best prac-
tice’ and skills development it is vital to involve people
with relevant expertise and future project team members.
Thishasthe added bonus of sharing techniquesand know!-
edge across awider base.

4. Peer review

Peer review focuses on planning and readiness before an
operation takesplace. Thisisvery important in operations
that involve a‘single hit’ technique. Everything hasto be
decided and all resources have to be assembled before a
singleanimal iskilled (i.e. in an aerial rodent eradication).

Peer review of major island eradication programmes now
involves meetings between the Island Eradication Advi-
sory Group, project managers, and other experts as re-
quired. Issues pertaining to current or upcoming island
eradication projects are debated during these meetings.
This has proved particularly beneficial to project manag-
ers, asit highlights points relevant to their project which
may not have been raised.

The Island Eradication Advisory Group’s brief isto pro-
vide expert adviceto project teams and support managers

in their decision to proceed with an operation. The group
has been instrumental in getting organisational features
(forward planning, skills, and review) operating acrossthe
Department. Focusis on:

i. Ensuring that lessons from past operations are trans-
ferred and that quality planning occurs,

ii. Looking ahead to the needs of future operations;

iii. Minimising political risks, which could affect the suc-
cess of an operation or future operations;

iv. Ensuring island quarantine and monitoring is ad-
equately planned for at the outset, to prevent re-inva-
sion;

v. Continuing to act in an advisory capacity during eradi-
cation operations or when an alien animal species
invasion is detected.

5. Review and debrief

Review needsto occur throughout all phases of an opera-
tion. Errors can be made during an operation and it can
till be successful through sheer luck. Review assumeswe
cannot belucky every time, and that mistakes should only
occur once.

Debrief, at the end of an operation, assesses all aspects of
the operation to determine possible improvements, make
planning for future operations as robust as possible, and
document successes. Debriefs effectively transfer theles-
sons learned with each operation to future projects, and
involve current project team members and operators, as
well asany contract staff, the | sland Eradication Advisory
Group, and project team members of upcoming eradica-
tion programmes. An example of this transfer of lessons
learned relates to afailed eradication attempt. The docu-
mentation seen by the advisory group, before the opera-
tion, suggested planning for the project was adequate, but
the eradication failed. Although some members of the
project team had reservations about the project prior to
the operation, these were not expressed until the opera-
tional debrief. Thishasled to an extrastep in the planning
process — members of the advisory group now visit the
project team in thefinal stages of planning to check ‘ state
of readiness and does not rely solely on reports to the

group.
THE FUTURE

Prevention

The next major challenge is improving the planning and
implementation of island quarantine and contingency. Is-
land quarantine consists of the precautions taken to mini-
mise therisk of an alien animal speciesinvasion. Contin-
gency isthe response to a new alien animal speciesinva
sion.

Island quarantine is particularly important as the number

of successful eradication operationsincreases and we move
into a situation where we are likely to be dealing with
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newly-established invasive alien animal species
populations. Prevention isbetter than cure becauseit avoids
the impacts of new invasive alien animal species estab-
lishing in vulnerable ecosystems.

Information dissemination

If we are to keep the eradication tools (i.e. toxins) cur-
rently available to us then we must use them wisely, and
improve public understanding of therisks associated with
using them and the benefits of successful eradication op-
erations. To ensure that we all learn from island eradica-
tion attemptsand toimprove public understanding we need
to make the results of eradication operations available
through presentation and publication.

Wider issues

Although we have some understanding of the immediate
benefits to threatened species of eradicating invasive al-
ien animal species, we do not have a good understanding
of the long-term effects of eradication, particularly the
perturbations caused in an ecosystem by the removal of
thealien species. Further work isrequired on defining long-
term restoration goals for islands and island groups, so
that invasive alien animal specieseradication occurswithin
acontext of restoration.

Refinement of techniques

Therearefurther opportunitiesto improve eradication tech-
nigques and our understanding of how they operate. There
isarequirement for more sensitive techniques for detect-
ing and managing invasive alien animal species at low
numbers, and for techniques which address i ssues associ-
ated with problematic animals such asthose that have de-
veloped toxin resistance or becometrap shy. Also, for more
information and options for poison baits taking into ac-
count: bait life, palatability and attractiveness for awide
range of species.

The global challenge

The Department of Conservation approach has proved to
work effectively in New Zealand where there are few na-
tive mammals and where invasive alien mammals are of
special concern. We believe the aopproach has applica-
tion elsewhere because invasive alien animals are a prob-
lem on many islands around the world. Many of the gains
made in New Zealand have come about through forward
planning, with each eradication supporting and leading on
to the next. At the global level the challenge isto ensure
that we all learn from all island eradication attempts. To
do thiswill involve making the results of eradication op-
erations available and developing effective international
co-operation.
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Eradication of buffel grass (Cenchrus ciliaris) on Airlie Island,
Pilbara Coast, Western Australia

I. R. Dixon, K. W. Dixon, and M. Barrett
Kings Park and Botanic Garden, West Perth, Western Australia, 6005.

Abstract Theaimsof this project, now into the second year of theimplementation phase, are to eradicate buffel grass
(Cenchrusciliaris) from the 25 ha Airlie Island off the Pilbara Coast, to develop and implement methods to restore the
indigenous vegetation, and to collect and store seed for future restoration works. The most effective herbicidestrialed
under these conditions were Roundup Biactive 8 I/ha and Verdict 6 I/ha. Extensive field trials indicated the main
perennial shrubby species on theisland (Acacia bivenosa, A. coriacea and Rhagodia preissii) are resistant to Roundup
Biactive and Verdict. With the exception of native grasses, these herbicides had no adverse effect on other indigenous
plant species. Initial blanket and spot spraying with Roundup to kill the parent plants followed by blanket spraying,
avoiding native grasses, with Verdict, isthe most cost-effective regimen for control. A temporary (three years) water
pipe for filling battery operated 250 | spraying units was installed across the centre of the buffel populations. Hoses
60 m long with hand held lances were used to apply herbicide. Four operators with two units can spray about two
hectares each day. The best time for spraying issix weeks after heavy rain when the parent plants are actively growing
and the new seedlings have grown sufficiently to spray. Spraying too early misses most of the seedlings; too late and the
seedlings aswell asthe parent plants are seeding or too senesced to respond to the herbicide. The window of opportu-
nity for spraying under these conditionsis therefore only two weeks. Results of the spraying on Airlie Island indicate
that 98% of the original stands of buffel grass has been controlled. Replanting with greenstock is preferable after heavy
rainfall, the main shrubby species planted after spraying with Roundup can then be oversprayed, when required, with
Verdict. Greenstock survival rates vary considerably between 5% and 90%, and are entirely dependent on follow-up
rainfall. Two to four sprays a year, depending on rainfall events, are required for a period of at least three years
(estimated age of soil seed bank) to control this weed with follow up monitoring and backpack spot spraying or hand
removal. Eulalia aurea, a perennial dominant native grass, is best planted at the conclusion of the three year spraying
programme to avoid spray damage and for ease of operationsto control buffel grass.

Keywords buffel grass control; herbicide; restoration; marine.

INTRODUCTION Buffel grass favours alkaline soils (Christy and Moorby

1975; Griffin 1993). Within the arid zone it establishes
best on areas of higher nutrients and moisture, especially
creeklines and floodways.

Buffel grass in Australia

Buffel grass(Cenchrusciliaris) isaperennial grassnative

to Africa, the Middle East and southern Asia. It wasfirst
introduced to Austraiain the packsaddles of Afghan camel
drivers (Bryant 1962) and was later used by the pastoral
industry for erosion control and as a pasture supplement
throughout the Pilbara and Kimberley regions of Western
Australia. Thisgrass has also established on anumber of
islands off the Pilbara coast, including Airlie Island.

Introductions of buffel grasswere primarily aimed at im-
proving stockfeed, stabilising soil and revegetating bare
and eroded areas (Bryant 1962; Humphrys 1974). The
effectiveness of buffel grass at stabilising soils is due to
the ready germination, rapid propagation and easy estab-
lishment, even on bare or infertile soils (Bryant 1962).
Buffel grass is resistant to drought, fire and heavy graz-
ing, so it is dominant and very persistent at a site once
established making it useful as an arid zone pasture grass
(Bryant 1962; Hodgkinson et al. 1989). These character-
istics are attributed to the robust root system and swollen
stem bases, which accumulate carbohydrate reserves, so
that loss of leaf lamina during drought or after fireis not
fatal to the plant. Regrowth may then berapid in favour-
able conditions (Humphrys 1974).

There are several buffel grassvarietiesin Australia, each
with different growth habits and requirements. Seed dor-
mancy and germination characteristics may also be vari-
ablebetween or evenwithin varieties. Thevarietiesbiloela,
gayndah and others are African in origin and are widely
favoured aspasturefeed in Queendand. TheWestern Aus-
tralian (WA) variety isshorter, reaching amaximum of 75
cmand not asvigorous (Humphrys 1974). Curioudy, seed-
lings of the WA variety have lower drought tolerance, but
flowers much more quickly following rains, and is hence
able to survive and spread after rare rainfall events. The
WA variety was originally introduced from the Middle
East, and has possibly since become further adapted to
arid Australian conditions.

In higher rainfall areas of Queensland, buffel grass does
not spread rapidly, if at al, and usually requires cultiva-
tion to establish a population (Hacker and Ratcliff 1989).
In the more arid conditions in central and western Aus-
tralia, however, buffel grass (WA variety) is much more
invasive. Itsresistanceto fire, drought and grazing make
it extremely persistent, and itsrapid growth and flowering
alow it to dominate over native vegetation in some areas

Pages 92-101 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. [IUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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(Humphries et al. 1991). The major mechanisms of dis-
persa are wind, flood, fire (Griffin 1993) and possibly
domestic stock. Seed is also easily spread by humans as
they readily adhere to trousers and socks, thus it is very
important to make sure seeds are removed from clothing
after visiting abuffel grassarea. The spiked seed-bearing
involucre also increases spread by attaching to animals.
Vehicle wind-assisted spread along roads is also evident
in Uluru National Perk (Griffin 1993). Buffel grass was
not reported as spreading until the 1970s, when high rain-
fall and floodslead to rapid colonisation along creeklines
and alluvid flats (Griffin 1993).

The biology of buffel grass allows populationsto be self-
maintaining, and encourages rapid spread in favourable
conditions. As a result, buffel grass (WA variety) is an
aggressive coloniser of native habitats, especially moist
environments, whereit forms dense monocultures, exclud-
ing other species (Humphries et al. 1991). Buffel grass
also alters fire regimes by increasing fire frequency and
intensity, and while buffel survives, native speciesare sup-
pressed or replaced (Griffin 1993; Humphrieset al. 1991).

The success of buffel grassraises serious concernsfor the
welfare of plant and animal species that are restricted to
moist sites throughout the arid zone (Humphries et al.
1991). These habitats are critical refugiafor survival of
numerous plantsand animals (Griffin 1993; Humphries et
al. 1991; ANCA 1996). Urgent control methods are re-
quiredin central Australia(Humphrieset al. 1991), espe-
cialy in national parks and nature reserves.

Buffel grass has been reported as aweed or a serious in-
vader in Western Australiain the following reserves and
biologically significant areas. Cape Range National Park,
western coastal plain of the Carnarvon-Exmouth areaand
Doole and RobertsIslandswhereit is potentially athreat.
Numerous other islands in the Shark Bay - Exmouth area
are exposed to invasion by buffel grass (Department of
Environment, Sport and Territories 1996).

Buffel grass in Western Australia

In 1910 thefirst deliberate introduction of buffel grassin
Western Australiawas carried out on Wallal Station, West-
ern Australia.  Since then numerous introductions have
been made, for example aerial sown seed on
Mundabullangana Station between 1926-1928 (Bryant
1962).

Buffel grass seed was most likely brought to Airlielsland
in soil used in the construction of the lighthouse in 1913
(WMC 1993). By 1987, buffel grass roughly occupied a
2.5 ha kidney-shaped area around the lighthouse (Astron
1988). Later that year Western Mining Corporation con-
structed an oil installation on theisland, removing approxi-
mately 1.5 haof buffel grassin the process (Astron 1988).

Following construction of the oil installation, buffel grass
was estimated to be spreading at arate of 0.2 ha per year

and by 1993 had spread over 2.2 ha(WMC 1993). By the
year 2000 it covered an estimated area of 8 ha.

Theinitial spread of buffel was relatively slow, however
disturbance events appear to have enhanced its invasive
capacity. The proposed decommissioning of the Airlie
Idand installation presents another disturbance event which
could allow buffel infestation to further increase.

On Airlielsland the presence of buffel grassthreatensthe
natural plant communities by replacing, ailmost entirely,
the understorey cover of indigenous grasses and herbs.
Buffel grass has already become adominant plant species
on the island and other islands along the Pilbara coast.
This environmental weed substantially increases the fire
risk which may impact upon the habitat of local faunaand
may cause significant and permanent changes in vegeta-
tion structure and diversity.

At the start of sprayingin 1999, buffel grassformed anear
monospecific stand over eight hectares (33%) of the is-
land. Thisweed may rel ease all el opathic chemicals (Choo
1984) into the soil that inhibit growth of other species,
potentially acting as akey displacement agent for most of
the native vegetation. Buffel grass may also be detrimen-
tal to the island’s fauna, especially the breeding cycle of
shearwaters and the survival of herpetofauna.

Options for controlling buffel grass

A number of options were canvassed at the outset of the
study including biological control which was deemed in-
appropriate because of potential adverse impact on the
pastoral industry throughout northern Australia. Fire was
ruled out asacontrol measure asbuffel survivesfire (Grif-
fin 1993; Humphries 1991) and there is a complete fire
ban on the island due to the risk associated with the oil
storagefacilitiesaswell asimpacts ontheindigenousflora
and fauna. Althoughisolated plantson theisland are pulled
up, physical removal is not usually appropriate dueto the
large number of plants and the difficulty of removal be-
cause of their strong root system. Other problems are the
cost, soil disturbance and possible wind erosion (blow out
from cyclonic wind). Mowing is ineffective, as well as
costly, impractical (petrol mowers cannot be used due to
firerisk) and possibly damaging to native fauna. Thekey
option for research into the control of buffel grassfocussed
on herbicide control.

Key aims of the project

Phase one of this project was to investigate and research
the biology of buffel grass and to develop a control pro-
gramme which will integrate eradication or sustainable
control of buffel grasswith the reinstatement of indigenous
Species.

Phase two of the project isthe control of buffel grass over

the whole island based on the results of Phase 1, restora-
tion of indigenous communities, and initiation of a seed
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collection and storage programme for future revegetation
works. This phase has been underway for two years, and
isthe emphasis of this paper.

Outcomes of this study will be directly relevant to the
decommissioning of the Airlielsland il installation while
providing benchmark data on the control of buffel grass.
The study will therefore be of regional, national andinter-
national significance to land managers and conservation
agencies where buffel grass is an environmental weed.
Information on buffel grass control generated from this
programmeis already being utilised by local land manag-
ers on adjacent islands and adjacent mainland as well as
other areas in Australia such as Queensland and central
Australia

Data was generated in Phase one of the project including
buffel grass seed production/viability; longevity of the soil
seed bank (at least threeyears); buffel spread; densification
and percentage groundcover; seedling recruitment; soil nu-
trient profiles; indigenous plant resistance to herbicides
(81/haRoundup no effect on Acacia bivenosa, A coriacea
or Rhagodia); life cycle of buffel (seed can germinate and
flower in six weeks, plants can grow, germinate, flower or
seed any time of the year aslong as conditions are favour-
able, aminimum of 10mm rainfall) and comparison with
Eulalia aurea thedominant indigenous grass species. Phase
one also found that repeated spray trials (Roundup then
Verdict) after regrowth gave excellent kill rates asdid seed-
ling spray trials. Detailed summaries of the results of re-
search undertaken in Phase one are being prepared for pub-
lication.

Study site

Airlieldland (Fig. 1) isa 25 hanature reserve and lies 35
km north-east of Onslow.
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Fig. 1 Airlie Island with infrastructure, lease
boundary and approximate buffel grass area
when eradication work began.
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The island has been used in the last decade as afuel stor-
age depot for Western Mining Corporation Petroleum Di-
vision (WMC), Novus Petroleum’s offshore oilfield
projects and by the present lease holder Apache Energy.
Imminent decommissioning of the petroleum activitieson
the island require that buffel grass control be undertaken
to ensure that the weed is contained, controlled or eradi-
cated. Though the lessee is only required under agree-
ment to control buffel grass and revegetate in the leased
area (approximately half of theisland), they are undertak-
ing aprogramme to try to eradicate buffel grass from the
entireisland and revegetate areas, where necessary.

Airlie Island is on the borders of the Fortescue and
Carnarvon Botanical districts (WMC 1988), and receives
an annud rainfall of 300 mm from both summer (cyclonic)
and winter (cold front) storm systems. Much of thisrain
falsintensively inirregular intervals, often accompanied
by severewinds. The soil on theisland iswhite to pink-
ish, generally coarse, calcareous sand with poor water
holding capacity.

The rainfall pattern, lack of permanent surface water and
small size of the island means the vegetation must be
drought tolerant and able to cope with salt-laden wind.
Most of theisland isdominated by two Acacia species (A.
bivenosa and A. coriacea), with Rhagodia preissii, Eulalia
aurea and now buffel grass (Cenchrusciliaris) asthe ma-
jor perennials. Shorelines are dominated by Spinifex
longifolius, Ipomoea pes-caprae, Sporobolus virginicus
and Eulalia aurea. During favourable seasons, a large
number of annual species can be found in abundance, in-
cluding Portulaca intraterranea, Euphorbia spp.,
Boerhaviarepleta, Cleomeviscosa, Cuscuta australisand
Threlkeldia diffusa (WM C 1988).

Only two other weed species are known to exist on Airlie
Island. Cotton bush (Aervajavanica) plants may befound
anywhere on the island. When found during spray opera-
tionsthese are pulled up and any fallen seed is picked off
the ground; plantsare placed in sealed polythene and taken
off theisland with al other rubbish for disposal (deep bur-
ied). Any plants seen by Apache Energy staff are treated
in the same manner. Only a few plants are found each
year; locations of these plants are noted and occasionally
these sites are visited by Apache staff to check for new
plants. The other weed isanative, Abutilon lepidium, that
occurs naturally on adjacent islands but not on Airlie. To
date about 300 seedlings have been removed from one
small area (Long pers. comm.).

METHODS

Aerial Photography and Image
Enhancement

Aeria photographs of Airlie Island are taken annually.
Visual examination of these images from 1993 to 1998
shows only afew small clumps of buffel grass colonising
away from themain buffel zone. There arenumeroussmall



Dixon et al.: Eradication of buffel grass on Airlie Island

plants known to exist that do not show up on the photos.
The major feature of the series of imagesis densification
and gap-filling within the existing stand, which isrespon-
sible for most of the increase in buffel grass cover on the
island.

The set of photographs taken in June 1997 were scanned
and colour enhanced for the wavelengths corresponding
to buffel grass, beach spinifex and Eulalia. These areas
were coloured yellow, purple and green respectively to
enhance visualisation of the extent of buffel grass spread.

Selection of herbicides

The key aim of the research programme was to identify a
safe and effective herbicide to control buffel grass with
minimal impact on the indigenous floraand fauna. Buffel
grass was known to be very difficult to control due to its
ability to survivelong periods of drought and resprout from
dormant buds. Other species with similar traits (e.g.,
Ehrharta calycina, Eragrostis curvula and Hyparrhenia
hirta) can be successfully controlled using the correct her-
bicides and spraying at the right stage of growth. For ex-
ample, spraying Ehrharta calycina before flowering re-
sults in a high death rate, whereas spraying at flowering
time results in dieback of the top part of the plant but
resprouting from dormant buds at the base (Dixon 1999).
Herbicides known to control other Cenchrus species (e.g.
Cenchrus echinatus), and which would be suitable for
Airlielsland conditions, arethe grass-sel ective herbicides
Fusilade 212 and Verdict 104 (Parsons 1995).

Successful trials and large-scal e herbicide application on
other grasses have been conducted in Kings Park bushland,
Perth, Western Australia, indicating several of the grass-
selective herbicides are safe to use over most indigenous
plants including monocotyledons such as sedges and
rushes, kangaroo paws (Haemoderaceae) and orchids, and
dicotyledons such as the Proteaceae family. As we had
extensive experience with thefollowing herbicides, thefirst
trialsincluded the grass selective herbicides Fusilade 212®
(212g/I fluazifop-p) Fusilade WG® (212 g/kg fluazifop-
p) (thisformulation of wettable granulesiseasier and safer
to handle and does not smell of hydrocarbons), Targa®
(99.5 g/l quizal of op-p-ethyl) and the non-sel ective herbi-
cide Roundup Biactive® (360 g/l glyphosate) (the wet-
ting agent in thisformulation is claimed to be safer to use
over fauna, particularly frogs). It should be noted
Roundup® 360 (360 g/l glyphosate) and other glyphosate
formulations had been tried by several people to control
buffel grassin central and eastern Australia, their results
were very poor and we were advised not to use it. Ver-
dict® 104 (104 g/l haloxyfop) was included in the latter
trials. These herbicides were evaluated over athree year
period, not all the trials will be included in this paper.

Redeye®, amarker dyeincorporated in the spraying tank,
wasusedinthelarger trialsto make suretherewasno area
missed and over-spraying was avoided. Though Redeye
isaSchedule 6 poison (Australia-wide schedul e outlining

thetoxicity of pesticides) and widely availableto the gen-
eral public, there was no other formulation available, to
our knowledge, that would remain evident for several days
under the hot spraying conditions experienced on Airlie.
We also decided not to use any spraying oils for fear of
damaging foliagein the high temperatures and thusinhib-
iting the transl ocation of herbicide into the buffel plants.

Spray plots

Spray plot sizes were 1x1 m, each separated by a 0.5 m-
wide corridor. Three replicas of each plot were made
within each trial site. All plotswere sprayed working sys-
tematically across the plot and back again in the opposite
direction to ensure even coverage. Compressed sheeting
was used as a barrier to ensure there was no drift onto
other plots.

Trial 1
Condition of plants before spraying was scored using Ta-
ble 5 based on the experience of the authors.

Sprayed in February 1997 when the plants were showing
vigorous new growth after the summer wet season, but
showed some signs of drying out (spraying condition 4
going on 6).

Treatments used were: Fusilade 212, 21/ha(plus Agral 60
@ 1 mi/l); Fusilade 212, 4 |/ha (plus Agral 60 @ 1 ml/l);
Fusilade WG, 5g/l @ 2 I/ha (plus Agral 60 @ 1 ml/l);
Fusilade WG, 10g/l @ 4 I/ha (plus Agral 60 @ 1 ml/l);
Roundup Biactive, 3 1/ha; Roundup Biactive, 6 |/ha; Con-
trol.

Trial 1l

Sprayed in October 1997 when the weather waswarm and
thebuffel grass showing signsof drought stress. Thebuffel
grass was drying out, and had only a few obvious green
shoots (Spraying condition 6, Table 5).

Treatments used were: Roundup Biactive 0.6,1.5 and 3
I/ha; Targa6 and 81/ha+ Agral 60 @ 1 ml/l; Verdict 6 and
81/ha+ Agral 60 @ 1 ml/l; Fusilade 212, 6 and 8 I/ha +
Agral 60 @ 1 ml/I; Control.

Trial 11l

Sprayed in April 1998 in low to moderate wind condi-
tions. Plants were responding to recent heavy rain with
vigorous new growth, in spraying condition 3 (Table 5).
Thisfirst rain was followed by regular rainfall eventsfor
thefollowing 11 weeks.

Treatments used were: Fusilade 212, 6 and 8 I/ha+ Agral
60 @ 3 ml/l; Targa 6 and 8 I/ha + Agral 60 @ 3 ml/I;
Verdict 6 and 81/ha+ Agral 60 @ 3 ml/I; Roundup Biactive,
0.6, 1.5 and 3 1/ha; Control.

NOTE: Therate of Agral 60 was altered from the previ-
oustwo trials (3 ml/l up from 1 ml/I) following the manu-
facturer’srecommendations.
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Large-scale spraying trials

A few large-scale (100m?) trial swere attempted with her-
bicides achieving a high kill-rate in the multi-herbicide
trials. Thesetrialsusing a5 litre back-pack sprayer were
aimed at confirming the effectiveness of herbicides sprayed
on alarger scale prior to the implementation phase.

Roundup Trials

Three large areas were sprayed in April 1998 with 6 I/ha
Roundup Biactive as a broadscale trial. Plants were in
spraying condition 3 (Table 5).

Further trialswere sprayed at 8 |/haunder spraying condi-
tion 4 (Table 5).

Verdict Trial

A largeareaaround the buildingswas sprayed in July 1998
with Verdict at 81/ha. Plantswerein spraying condition 4
(Table 5).

Implementation phase

Thisphaseinvolved spraying all of the buffel grasson the
island with approved, effective equipment. Some of the
key constraints which we had to address are asfollows:

m Getting the equipment on theisland. Thiswastrucked
up to the remote townsite of Onslow then placed on a
barge which goesto theisland once aweek. No large,
heavy or dangerous items can be carried on the heli-
copters which take personnel to the island from Bar-
row Island, the direct flight destination from Perth.

m Using the best equipment for the job and making sure
we had adequate spare parts. No internal combustion
engines are allowed on the island (due to possible hy-
drocarbon contamination/spills), thereforewehad to use
battery-operated spraying units. Water supply for spray-
ing isfrom areverse osmosis supply generated on the
island, rainwater also goes into the tanks. This supply
is limited; on one occasion the pipe to the tanks burst
and we only had just enough water for spraying opera-
tions.

m Cyclones during spraying operations. When these de-
velop theislandisevacuated and all operations ceased.

m Laying atemporary (three years) water pipe with taps
for filling the spray tanks.

m The 250 litre spray tanks have to be carried to each
station by hand, no vehiclesallowed in the natural veg-
etation areas. It is therefore necessary to judge very
carefully how much material you need in the tank to
finish off the area.

m Coping with the extreme weather conditions (e.g. 36°C
and 80% humidity during summer spraying operations)
and difficult working conditions (e.g. walking back-
wards when spraying) and abundant dead twigs which
fouled boots and clothing.

m Training for the job and safety issues and the need for
annual renewal of Helicopter Underwater Escape Train-
ing (HUET).
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Equipment used

2 x 250 litre sprayerswith 12 volt battery operated pump;
2 x 60 metre reel hoses and adjustable spray guns; 1 x 12
volt battery charger; 6 x 12 volt car batteries; 600 metresx
32mm ID pipeline; 10 taps miscellaneousjoiners/fittings;
2 Hardie backpack sprayers.

Full-scale spraying operation

Roundup Biactive at 81/haand Verdict at 6 1/hawere used.
The strategy employed Roundup in the first spraying op-
eration astherewerefew annual indigenous plantsemerged
that might be affected by the spray. Then Verdict used as
ablanket spray as annuals and possibly some native per-
ennial plants are at a susceptible stage.

Each spraying unit requirestwo operators, one asasprayer
and the other to release and withdraw the hose. Operators
needed to change duties on aregular basisto avoid fatigue
asaresult of the high temperatures. Operatorsavoid spray
drift by spraying upwind which can bedifficult asyou have
to spray around bushes and under them whilst avoiding
spray application of the bushes. In dense standswe use a
blanket spray and other areas spot spray. Spray isapplied
in acircular fashion, pulling the hose out and spraying as
you go to the extremities of the hose, then working back-
wardsto the spray unit and again pulling the hose out until
theentirecircleiscompleted. Theunitisthen moved onto
the next section. Some areas not covered have an extra
section of hose added to cover the area; alternatively we
use a backpack sprayer for outliers or remove isolated
plants by hand. Most of the |eased area of theisland can
be accessed by using aroad or around the bund surround-
ing the oil tanks. In these areas we placed the spraying
tank on atractor for ease of movement.

Round One Spraying - March 1999

The first round used Roundup for ease of operations and
because it is more cost effective than using Verdict. Her-
bicide application wasfollowing six weeks of heavy soak-
ingrain. Ideally the spraying programme should have been
initiated two weeks earlier as most of the buffel grass had
just reached first anthesis and early seeding. The buffel
grass was in rapid growth with some plants beginning to
dry out by thefourth day of spraying. Most of the applica-
tion was blanket spraying of heavily-infested buffel aresas,
avoiding as many indigenous plants as possible with very
few annual seedlings present. Previously-sprayed areas
were spot sprayed, avoiding contact of Verdict on Eulalia
to reduce damage to planted greenstock and annual indig-
enous plants. Though original trialsindicated Eulalia aurea
was resistant to the grass-selective herbicides, probably
because they were under stress at the time, subsequent tri-
als showed they were very sensitive and future spraying
would need to avoid excessive contact with Eulalia.

Round Two Spraying - June 1999

The second round of spraying was mainly blanket spray-
ing resprouts and seedlings with Roundup, as there was
such alarge amount to spray and low levels of annual in-
digenousplantsin the previoudly-sprayed area. Some spot
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spraying with Roundup in outlier areas and spot spraying
Verdict over replanted areas was done.

Round Three Spraying - April 2000

The third round of spraying followed six weeks of sub-
stantial rainfall ontheisland asaresult of acyclone. The
buffel wasin excellent condition for spraying. About half
of thearea, low impact areas, were sprayed with Roundup;
the remainder, rich herb fields, with Verdict. Backpack
sprayers were used on outlier populations. A thorough
inspection after the spraying operation detected some other
plants which were removed by hand.

Revegetation

Greenstock propagation

All seed was collected from Airlie Island to ensure only
local provenanceswere utilised. Plants of A. coriacea, A.
bivenosa, Rhagodia preissii and Eulalia aurea were propa
gated from seed in glasshouses at Kings Park and Botanic
Garden and transported to AirlieIsland. Acacia seed were
hot-water treated and left to soak overnight. Seed was
sown into punnets and after about six weeks, seedlings
were pricked out into tubes. Seed was sown in summer
for planting in early winter of the following year. Propa-
gation of larger seedling numbers was in deeper 5cm x
5cm x12cm pots to promote stronger root devel opment
and to give alonger holding period in case of dry condi-
tions. In 1999 plants were raised in an ‘Accredited’ (ap-
proved by the Nursery Industry Association of Western
Australia) commercia nursery, which was inspected be-
forehand and during the growing period to ensure adequate
hygiene and weed-free propagation. Using an accredited
nursery asthe source of all plant material reducesthe risk
of introducing pests, diseases and other environmental
weeds.

Transport of the seedlings to the site was by truck to
Onslow, then barge to Airlie Island. Plants were watered
prior to packing and transport to the trucking company.
Polystyrenefoam boxes and strong waxed cardboard boxes
were used to transport the seedlings.

Replanting density

Benchmarking (using quadrats and transects) in pristine
areas of the island gave a figure of natural plant density
and the estimated number of plants required for

revegetation of bare areas. This density was doubled to
allow for assumed seedling death. The total arearequir-
ing revegetation is estimated at one hectare; this excludes
the leased area which is to be revegetated after
decommissioning the oil facilities.

Planting Times
The lack of summer rain resulted in plantings only being
undertaken in winter.

Assoon asthe plantsarrived ontheidland, they wereplaced
in ashady position and watered. Planting was donewith a
garden trowel, theroot balls of the plantswere placed just
below the soil surfaceto avoid drying out. Thefirst plant-
ingtria in April 1998 consisted of A. bivenosa, A. coriacea,
Rhagodia preissii and Eulalia aurea which were planted
into moist soil. A further trial in June/July used only 200
A. bivenosa. A largetrial in June 1999 used 1400 plants:
A. bivenosa and E. aurea in high numbers; A. coriacea
and R. preissii in low numbers. These were planted in
very dry conditions. Planting was in a number of loca-
tionsin areas previously heavily-infested with buffel grass.
After cleaning with bleach and thoroughly rinsing, the
spraying units and long hoses were utilised to water the
plantsin.

RESULTS

Aerial Photography and Image
Enhancement

Aerial photographs taken in June 1997 were scanned and
colour enhanced for the wavelengths corresponding to
buffel grass, beach spinifex and Eulalia aurea. Fromthis
it was estimated that 6 ha, or 23% of the island was in-
fested with buffel, and that there was virtually no overlap
inthe distribution of buffel grassand Eulalia aurea. Fur-
ther data collected in 2000 indicated that buffel grass ac-
tually covered almost 8 ha of theisland.

Spray Plots
Trial 1
Thetrial was scored 11 weeks after spraying (Table 1) and

assessed again after six months. This later assessment,
after some resprouting from dormant buds, found no dead

Table 1 Spraying Trial I; Concentration and Percentage Percentage
applied in February 1997.  Herpicide application rate live plants death of above
flowering ground biomass
Roundup Biactive 7.5ml/l @ 31/ha <40% 88% + 7%
15ml/l @ 6 1/ha 55% 88%+ 7%
Fusilade 212 5ml/l @ 21/ha 65% 4%+ 4%
10ml/l @ 41/ha 68% 22%z+ 12%
Fusilade (WG) 59/l @2 /ha 7% 0%
10g/l @ 4 1/ha 53% 23%z+ 20%
Control — 100% 0%
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plantsin the control or any Fusilade plots (except onelig-
uid application @ 2 I/haiin one plot, in which 20% of the
plants had died). In contrast, most plantswere dead in al
Roundup trials. Plants that were still alive were flower-
ing. A similar situation wasfound 18 months after spray-
ing, but numerous germinants had emerged in the Roundup
plots.

A comparison of seeds collected 11 weeks after the trial
from sprayed and unsprayed buffel showed that all theflo-
rets of sprayed plants were empty, compared with the
unsprayed plants, which had 80% of floretswith seed, with
an average of 1.50 + 0.18 seeds per floret. It appearsthat
although spraying under non-optimal conditionsisnot very
effective at killing plants, it may prevent viable seed-set,
and therefore be worthwhile.

Conclusion

Both Fusilade formulations had low kill rates (~20%) at
the higher concentration of each. Roundup had a better
kill-rate of (~80%), with most plants succumbing the fol-
lowing drought period. The dry weather conditions at the
timeof spraying limited the effectiveness of the herbicides,
although Roundup had achieved completekill when it was
reassessed in August.

Trial Il
Thetrial was scored six months after spraying, when the
next rainsfell.

Thetrial was scored againin July 1998, nine months after
spraying. All plantswerealive, resprouting from dormant
buds.

Conclusion

No herbicides caused any buffel plants to die, owing to
the unfavourable spraying conditions. Theseresults show
the importance of spraying plants at the correct stage of
growth, as it appears that stressed plants were drying out
and resulting in a lack of transocation of the herbicide
from theleavesthrough to the dormant buds at the base of
the plant.

Table 2 Effectiveness of herbicides on kill of
buffel grass in trial 2.

Table 3 Effectiveness of herbicides on Kill of
buffel grass in trial 3.

Herbicide Concentration and Percentage
application rate death of above-
ground biomass
Roundup 1.5ml/l @ 0.61/ha 14% + 8 %
3.75ml/l @ 1.51/ha 0%
7.5ml/l @ 31/ha 14% + 14 %
Fusilade 212 15ml/l @ 6 1/ha 20 %+ 20 %
20ml/l @ 81/ha 0%
Verdict 15ml/l @ 6 1/ha 94% 6%
20ml/l @ 81/ha 05%
Targa 15ml/l @ 6 1/ha 12% + 6 %
20ml/l @ 81/ha 1%+ 11%
Control - 0%
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Herbicide Concentrationand  Percentage
application rate death of above-
ground biomass
Roundup 1.5ml/l @ 0.61/ha 57% * 4%
3.75ml/l @ 1.51/ha  52% * 10%
7.5ml/l @ 31/ha 67% * 5%
Fusilade 212 15ml/l @ 61/ha 71% + 18%
20ml/l @ 81/ha 100% *+ 0%
Verdict 15ml/l @ 61/ha 95% * 5%
20ml/l @ 81/ha 95% * 5%
Targa 15ml/l @ 6 l/ha 44% * 5%
20ml/l @ 81/ha 34% + 23%
Control - 0%
Trial 11l

The trial was scored in July 1998, 10 weeks after spray-
ing. During thistime rains had been consistent, with sev-
eral large falls. Conditions for plant regrowth were ex-
ceptionally good, so the results in Table 3 are the worst
(i.e. maximum regrowth) that could be expected from a
spray applied in good conditions.

These results suggest that, under optimal spraying condi-
tions, Targaisof limited use, Roundup provides moderate
kill-rates, and Fusilade and Verdict both give excellent re-
sults, killing nearly all plants (above-ground biomass)
sprayed. Examination of larger Roundup trials showed
that plants resprouted from the spray-shadowed portion,
killing only leavesthat were sprayed directly. Verdict and
Fusilade, however, seemed to usually kill the entire clump
(above-ground bhiomass) in a single application. Verdict
worked equally well at both concentrations, while Fusilade
appeared to work better at the higher concentration, which
killed (above-ground biomass) al plants sprayed. Some
resprouting of all treatments occurred at a later date but
not as much as usual, indicating the plants were sprayed
under ideal conditions.

Condition of Plants

Thethree multi-herbicidetrialsdescribed previously were
applied under different conditions, and showed a marked
variation in effectiveness. The major difference between
trial conditionswasthe condition of theplants. The spray-
ing conditions and results are listed in Table 4.

Plants that were vigorously growing were killed more ef-
fectively, while senescing plantswere not killed, or inthe
case of Roundup, killed up to the onset of leaf desicca-
tion.

Spraying conditions
Buffel grass must be actively growing (in spraying condi-
tion 3to 5, Table 5). Do not spray senescing plants.
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Table 4 Susceptibility of buffel grass to herbicides at different stages of plant condition

Plant Condition* Herbicides Herbicides achieving Herbicides achieving
achieving <35% kill 35%-75% kill 80%-100% kill
3. Vigorousnew Targa Roundup, Fusilade at Verdict, Fusilade at
growth lower concentration higher concentration
4. Vigorousgrowth  Targa Targa, Fusilade at lower ~ Verdict all concentrations,
and flowering concentration, Roundup  Fusilade at higher
at all concentrations concentration
6. Senescing Targa, Verdict, Roundup (if plantsjust No herbicides achieved
Fusilade most starting to senesce) thiskill rate
conditions

* Full description of plant condition in Table 5

Large scale spraying trials

Roundup

All areas sprayed at 6 |/ha had a high rate of kill where
Roundup had been directly applied to leaves, but plants
and portions of plants within the spray shadow were
resprouting. It is therefore necessary to spray a second
time when the buffel has had time to resprout.

The results from the 8 I/ha trials were outstanding with
very few resprouts indicating this is the appropriate rate
for use for theimplementation programme.

Verdict Trial

Verdict at 81/ha, sprayed around the buildingsin July 1998
gaveexcellent results, killing all the seedlings sprayed and
most of the parent plants.

Conclusion

Roundup hasavery high kill-rate where it can be applied
directly totheleaves, but for large plantsasecond spray is
needed after the above ground biomass death and subse-
guent resprouting to destroy plantsand culmswhich were
in the spray shadow. Verdict isideal for spraying seed-
lingsand will also kill previously-sprayed resprouting par-
ent plants aswell as some plants not previously sprayed.

Implementation phase - the eradication
of buffel grass on Airlie Island

Round One Spraying - March 1999

Most of the buffel could be seen to be yellowing by the
fourth day of spraying, indicating agood kill rate. Cover-
age appeared complete, but occasional unaffected shoots
were detected as had been previously observed in herbi-
cidetrials.

Cyclonic rain shortly after spraying led to an unexpected
rapid regrowth of large plants, however conditions by the
end of April weretoo dry to spray. Desiccation of plants
and the combined effect of the spray prevented seed set on
the resprouting culms.

Some plants missed spray application, as expected, mainly
under acacias as well as occasiona plants away from the
main populations. One area which was showing signs of
drying out towards the end of the spraying period exhib-
ited reduced death rates. However, overal results were
better than anticipated with an estimated 80%-90% kill
rate of mature plants, though there was resprouting on a
number of plants.

Table 5 Buffel grass plant condition and suitability for spraying

Condition  Plant Growth Stage Suitability for spraying

Number

1 Fully dormant (no visible green tissue). Plants not growing. DO NOT SPRAY.

2 Bud-break (no extended |eaf lamina Not enough leaf areafor herbicide
yetvisible). uptake. DO NOT SPRAY.

3 At least half of shootswith extended Conditions acceptable for spraying.
leaf lamina. Not yet flowering.

4 All shoots with extended lamina Conditions perfect for spraying.
Flowering evident.

5 Vigorous shoot growth. All mature Conditions perfect for spraying.
culmsfully extended.

6 Any evidence of senescence of leaves Plants not growing. DO NOT SPRAY.

or culms, i.e. leaf-rolling or desiccation (leaf marginsdry).
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The method of spraying, though time consuming, worked
well. Spray equipment was adequate and effective with no
breakdown, and the batteries |asted longer than predicted
(five hours) before recharging was necessary. The correct
positioning of the water pipe and taps assisted smooth
operation, and judging the appropriate amount of spray to
finish spraying an areaworked well. On average, four op-
erators with two units can spray two hectares each day,
or four daysto spray the entire buffel-infested area.

Round Two Spraying - June 1999

Asthe parent plants had decreased significantly in number,
regrowth was easier to target with spray. Therewasasig-
nificant increase in the number of seedlings, but not as
high as anticipated in previous trials; this may be dueto
the drier conditions experienced in 1999. The extent of
the buffel infestation appeared not to have increased or
decreased, but the area took less time to cover as most of
themain stand of buffel had been decimated. Thekill rates
were high, eliminating most of the resprouting plants and
other parent plantsthat were missed inthefirst spray. There
was little damage to non target species and certainly no
recorded damage to the perennial species, with the excep-
tion of some damage to young Eulalia aurea plants in
revegetation trials where Verdict was sprayed.

Round Three Spraying - April 2000

Thethird spraying wasmainly of seedlings, asfew mature
live plants remained. At this stage we estimate most of
the seedlings and over 98% of mature buffel grass plants
on the island were eradicated. Seedlings may germinate
from the soil seed bank. However, theviability of the soil
seed bank is rapidly declining and sustainable control of
buffel grass will depend upon careful monitoring and a
judicious‘mop-up’ spray programme.

Revegetation

Greenstock propagation

The seedlings produced both in the small trialsand by the
accredited nursery were healthy and vigorous, and no
weeds were present in the pots. The most successful con-
tainer for transportation was found to be polystyrene foam
boxes as strong waxed cardboard boxes became moist and
collapsed, causing some damage to seedlings.

Replanting density

Thedensity of planting in our trials proved successful and
we recommend a planting rate that would result in A.
bivenosa and A. coriacea at a density of 1250/ha and
Rhagodia preissii and Eulalia aurea at a density of
2500/ha.

We recommend that planting densities be doubleto allow
for a50% death rate. However, we must bevigilant as A.
coriacea hasdeclined in someareasand it ismuch slower
growing when compared to A. bivenosa which may even-
tually outcompete it and require thinning.
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Planting

Theresultsfrom thefirst two planting trial swere outstand-
ing with 89% to 97% of all speciessurviving and growing
vigorously 10 weeks after planting.

Further monitoring in April 2000 indicated there was no
further death in the April or June/July 1998 trials. This
may have been due to substantial rainfall after planting.

Thelarge planting in June 1999 was afailurewith norain
for six months after planting. Almost all the plants of all
speciesdied. Though no exact count wasdone, afew plants
of A. bivenosa are alive in two or three locations, with
survival of <1%.

DISCUSSION

The research results from Phase one of the programme
underpinned theimplementation phase of the programme.
A good knowledge of the biology of the buffel plants
opened up a narrow window of opportunity for spraying
and optimising kill rates, and seed production, soil seed
bank and longevity of seed enabled usto plan ahead with
awork schedule. Thisis aimed at eradication of buffel
grass from Airlie Island in the near future, as long as the
appropriate funding is available.

Spraying needsto occur whenever thereis sufficient rain-
fall to control the few remaining mature plants and the
emergent seedlings of buffel grass. Asthe estimated age
of the soil seed bank for buffel grass (Phase 1 unpublished
data) isthreeyears, rapidly declining after eighteen months,
further large-scale spraying operations will not be neces-
sary. Trials with motorised, battery operated backpack
sprayersindicatethisisthe best option for spraying smaller
numbers of plants. Hand-operated units are too debilitat-
ing for operatorsin the hot, humid conditions experienced
on theisland.

Theinitial trials provided an appreciation of the problems
and how adaptable you have to be with your implementa-
tion programmewhich isentirely dependent on the vagar-
ies of the weather. The spraying results proved to be in-
consistent as every trial was different. However, the re-
sultsfrom the large-scal e spraying programme were used
as the basis for the implementation phase. The authors
are confident that the herbicides, and their concentrations,
used intheimplementation phase areideal for the expected
varying conditions of the plants. Future operations, dueto
the recruitment of herbs in the buffel areas, will be using
Verdict to avoid damage to these plants. Planting Eulalia
aurea should be delayed until the soil seed bank is elimi-
nated, otherwise further spraying could kill or damage
Eulalia.

The best timefor spraying adult plantsiswithin therange
of three to five weeks after sufficient rain has fallen. If
spray is applied too early the seedlings are too small to
target and with extrarainfall there may be delayed germi-
nation. Also it is not cost-effective to spray twice when
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one operation can achieve good results. Under quick dry-
ing conditions some plants are beginning to get stressed,
and may occasionally drop some mature seed before they
are sprayed.

Logistically there are major problems with aremote insu-
lar site such as Airlie Island. For example we have to
rearrange our usual work schedules when the spraying is
necessary as rainfal in the arid zone is erratic.  All the
accommodation, flights and so on are arranged by the il
company and, if urgent work is being done on the oil in-
stallations, securing necessary flights and accommaodation
can be problematic.

Though the spraying programmeisin hand, the programme
hasidentified an urgent need to revegetate bare areas. The
dead below-ground biomass of buffel does provide soil-
binding to prevent wind erosion for at |east three years, in
which time revegetati on needs to proceed.

Planting greenstock can give excellent resultsif theground
is moist and there is follow-up rain. We recommend the
best time for planting is in late autumn or early winter,
though it can also be dry at thistime of the year as experi-
enced in the 1999 trial.

High on the priority list is a comprehensive seed collect-
ing and storage programme of all species native to theis-
land, with key areas being the rich herbfields between the
Acaciasand other perennial plantswhen decommissioning
takes place. Some stabilisation trials also need to be un-
dertaken as cyclonic winds are aregular occurrence dur-
ing the summer season. A recent cyclone altered the shape
of the island and caused erosion near a flare installation
which is being re-stabilised and revegetated by consult-
ants based on the mainland.

The ongoing success of the control of buffel grass and
revegetation of Airlie Island with indigenous species de-
pends upon the good aegis of the funding sponsors who
manage theisland. The programme does show that with
careful, focussed research, it is possible to achieve effec-
tive and timely weed control in the arid zone.
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Eradications of invasive species to restore natural biological
diversity on Alaska Maritime National Wildlife Refuge

S E. Ebbert and G. V. Byrd
Alaska Maritime National Wi dlife Refuge, 2355 Kachemak Bay Drive #101, Homer,
Alaska 99603-8021, USA

Abstract The AlaskaMaritime National Wildlife Refuge encompasses over 1.9 million hectares and more than 2500
coastal islandsin Alaska. Like many other islandsintheworld, many refugeislands have had accidental and intentional
introductions of non-endemic mammals (e.g., Arctic and red fox, ground squirrel, Norway rat, house mouse, caribou,
reindeer, cattle, Arctic and European hare) that have drastically altered thesefragileinsular ecosystems. Although new
introductions are prohibited, accidental introductions, particularly of rodents, are till of great concern. As part of a
programmeto restore native biological diversity, refuge personnel have surveyed most islandsfor exotic species, evalu-
ated impacts of invasive wildlife on native birds, employed predator eradication methods, and assessed benefits of
successful eradication. Thispaper reviewsthe history of these projects; particularly the effort resulting in eradication of

introduced foxes from 39 islands totalling more than 500,000 hectares.

Keywords Aleutian Islands; Arctic fox; Alopex lagopus; island ecosystems; predator control; caribou; Rangifer
tarandus; Norway rat; Rattus norvegicus; red fox; Vul pes vulpes; restoration; seabirds; ground squirrel;

Spermophilus parryii.

INTRODUCTION

Impacts of alien species introductions to island ecosys-
temsall over theworld are well documented (e.g., Moors
and Atkinson 1984). In spite of isolation and a harsh en-
vironment, Alaskan islands have not escaped accidental
and intentiona introductions (Elkins and Nelson 1954;
Manville and Young 1965; Jones and Byrd 1979). Until
about three hundred yearsago, no terrestrial mammalswere
found on most islands (e.g., the central and western Aleu-
tian Islands) south of thewinter ice pack and isolated from
the mainland since the Pleistocene (USDA Bureau of Bio-
logical Survey 1938; Murie 1959; Hopkins 1967;
Tikhmenev 1978; Bailey 1993; Liapunova and Fedorova
1994). Surrounded by highly-productive seas, many of
these islands provided nesting sites for large populations
of marine birds. The native peoples of the region gener-
ally did not moveterrestrial mammals around, and the is-
lands retained largely intact faunas until Vitus Bering's
discovery voyagein 1741.

Thefirst deliberateintroductions occurred soon after 1741,
when Arctic foxes (Alopex lagopus) and red foxes (Vul pes
vulpes) were released on severa islands in the Aleutian
chain (Black 1984; Jason 1985; Bailey 1993). The hey-
day of fox ranching occurred between 1910 and 1940 when
nearly every habitable Aleutian island (about 86) was
stocked with foxes, except for afew idandseither too small
or too rugged for regular access by wooden boat. To sup-
plement the food availablefor foxes, particularly after bird
populations declined, some trappers stocked islands with
rodents such as ground squirrels (Soermophilus parryii)
to the further detriment of native bird species (Peterson
1967; Janson 1985; Bailey 1993). New island residents
brought with them livestock such as cattle, sheep, goats,
horses, reindeer and bison. By the 1940s, most islands
had some species of mammal introduced (Bailey 1993).

After the Second World War, caribou (Rangifer tarandus)
were purposely introduced to Adak Island (then a naval
base) for sporting purposes (Jones 1966).

Theearliest recorded accidental mammal introduction was
prior to 1780 when Norway rats (Rattus norvegicus) be-
came established on Rat I1sland from a Japanese shipwreck
(Brooks 1878; Brechhill 1977; Black 1984). Norway rats
became established on at least 16 other islands within the
refuge over the last 200 years (Bailey 1993).

Despite reduction of native bird populations on islands
with foxes and rats, enough islands remained free of ter-
restrial mammals in the early 20" century to draw atten-
tion of conservation-minded people to their wildlife val-
ues. Between 1909 and 1913, nine different islands or is-
land groupsin Alaskawere set aside as National Wildlife
Refuges, including the Aleutian I1slands where many in-
troductions of exotics had occurred.

Biologist O. J. Murie (1936, 1937) visited the region in
1936 and 1937; and he reported to government policy
makersin Washington, D.C. on the decline of seabirdson
refugeidandswith foxes. Thischanged government policy
ontheuseof theidandsfor fox ranching. Soon after WWII,
Robert Jones (the first resident manager of the Aleutian
Islands NWR) began eradication of introduced foxes.

The Aleutian Islands, other island refuges, and additional
islands not previously designated asrefugeswere consoli-
dated in 1980 to become the Alaska Maritime National
Wildlife Refuge (AMNWR) under the Alaska Nationa
Interest Lands Conservation Act authority. The AMNWR
refuge boundaries encompass 1.9 million hectaresand over
2500 islands around the coast of Alaska. Few islands are
greater than 2000 km?. The primary purpose of the new
refuge was to conserve (and restore where necessary)
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popul ations of marine birds, marine mammalss, and terres-
trial endemics. Most of the refuge land is undevel oped,
uninhabited and stable except for some scattered commu-
nities, military bases, and abandoned cattle ranches and
fox farms. Loss of habitat due to human development is
not asgreat athreat inthisregion asis habitat degradation
and conversion caused by invasive species.

Therefugeislands discussed in this paper extend from west
of Kodiak Island along the Alaska Peninsulaand through-
out the Aleutian Islands between the Bering Sea and the
Gulf of Alaska. Theseislands range from dlightly above
sealevel to steep glaciated volcanoes over 1900 m. Soils
form in volcanic ash or cinders over basaltic rock, and
higher elevations sometimes are covered in bare rock and
basaltic rubble. Vegetation types change with elevation
from coastal lowland bands of grass-covered dunesbacked
by herbaceous meadowsto dwarf shrub communities (e.g.
Salix spp. and Empetrum nigrum) in higher exposed ar-
eas. Precipitation (from 530 mm to 2080 mm) varies be-
tween large and small islands, and coastal and inland ar-
€eas.

Restoration of native biological diversity by removing in-
troduced predators and preventing additional accidental
introductions is a major priority of the refuge. Foxes,
ground squirrels, cattle, reindeer, caribou and rats are in-
vasive species of primary refuge management concern.
These species directly interfere with native birds through
predation or loss of nesting habitat because of vegetation
changes caused by overgrazing and trampling. Other ex-
otic animals currently inhabiting refuge islands, but hav-
ing minor or unknown impacts, include house mice (Mus
musculus), deer mice (Peromyscus sp.), voles (Microtus
spp.), hares (Lepus spp.), and hoary marmots (Marmota
calagita). This paper summarises issues involving the
major invasive species and how the refuge respondsto the
challengesthat they pose.

FOXES

Distribution

Foxeswereintroduced to islands by Russiansand by Aleut
fox ranchers. Foxes were released on more than 450
Alaskanidlands (Bailey 1993). Red foxesoccur naturally
on some near-shore islands along the Alaska Peninsula,
and on the Fox Islands in the eastern Aleutians. Rainfor-
estson Southeast Alaskaislands provided poor habitat for
red foxes, and they typically did not survive to become
self-sustaining populations. Nativeto Bering Seaislands
normally surrounded by sea ice (e.g. the Pribilofs, St.
Matthew and St. Lawrence islands), Arctic foxes are ap-
parently better adapted than red foxes to the Aleutian Is-
land environment (Fay and Cade 1959; Chapman and
Feldhammer 1982). Both speciessurvived best onislands
with tidal benches or accessible beaches for foraging.
These habitats provide food during late fall and winter
after migratory birdsleavetheisands (Stephenson 1970).
Bluefoxes (one morph of the Arctic fox) were morevalu-

able than red foxes and eventually were placed on more
islands than red foxes were. Introduced Arctic foxes cur-
rently remain on eight islands, which contain refuge lands,
and introduced red foxes are still present on one refuge
island.

Impact

Foxes severely reduce populations of nesting birds by eat-
ing eggs, nestlings and adult birdsin summer and caching
birdsand eggsfor later consumption. Particularly affected
are waterfowl, shorebirds, seabirds, and ptarmigan (Bai-
ley 1993). Vegetation also could be affected by the loss of
fertilisation from large bird colonies.

Most of Alaska's breeding seabirds are not adapted to co-
existingwithterrestrial mammals. Almost al isandswhere
introduced foxes persisted are treeless, so resident birds
are particularly vulnerable since most species nest on the
surface of the ground or in earthen burrows. For instance,
foxes eliminated populations of Aleutian Canada geese
(Branta canadensis leucopareia) on al but three islands,
driving this endemic taxaclose to extinction (Jones 1963;
Byrd 1998).

Local residents (Aleuts and non-native fox ranchers)
quickly recognised the impact of foxes on native birds,
particularly the abundant seabirds. Most islands were
stocked with only a few pairs of foxes (USFWS 1929-
1939; Janson 1985), yet these introduced predators and
their offspring quickly reduced populations of birds(Murie
1936; 1937; Swanson 1982; Black 1984).

Restoration

The staff of AMNWR began eradicating foxes from is-
lands in 1949. To date (2002) foxes have been removed
from 39islandstotalling more than 500,000 ha. Thereare
plans to eradicate foxes from at least four more islands.
Eradication efforts were hampered by federal regulations
prohibiting toxicant use after 1972. Nevertheless, pro-
gressively larger idands have been cleared using only traps,
firearms, snares, and M44 devices; in 1999 we extermi-
nated foxes by trapping from a 90,000 haisland. We plan
to eradicate foxes on smaller remaining islands without
toxicants. Ebbert (2000) compares methods used to eradi-
cate foxes on small and largeislands.

Response

The response of native bird populations to fox removal
hasrarely been quantitatively documented. Nevertheless,
it seems that populations of waterfowl, shorebirds, ptar-
migan, seabirds, and possibly passerinesincrease follow-
ing fox eradication, and without rel ease of captive-reared
birdsor trand ocations (Williamson and Emison 1969; Day
etal. 1979; Nysewander et al. 1982; Zeillemaker and Trapp
1986; Byrd et al. 1984; Byrd et al. 1997). Most populations
of nesting seabirds increased at least four to five folds
within 10 years of fox removal (Byrd et al. 1994). Ini-
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tially, restoration of the endangered Aleutian Canadagoose
required transplanting geese to fox-free islands (Byrd
1998), but their populations have now increased from less
than 1000 birdsin 1975 to more than 35,000 in 2000 due
to fox eradication (Byrd 1998).

RATS

Distribution

The adaptable Norway rat is established as far north as
Nome, Alaska (65 degrees north latitude). Norway rats
have become established on more than 16 islands within
the refuge (Bailey 1993). About five of these sites were
occupied by the military during WWII where numerous
cargo ships unloaded suppliesfrom ports where rats were
prevalent. Ship rats (Rattus rattus) also became estab-
lished for atime on one island occupied by the military,
but were confined primarily to buildings and apparently
disappeared when most buildings were removed (Taylor
and Brooks 1995).

Impact

Rats extirpate most species of burrow-nesting seabirds
(e.g., storm petrels Oceanodroma spp., Cassin’s auklet
Ptychoramphus aleuticus, tufted puffin Fratercula
cirrhata), and they probably reduce populations of
shorebirds (e.g., rock sandpiper Calidrisptilocnemis, black
oystercatcher Haematopus bachmani) and other ground-
nesting species. The probable result of rats becoming es-
tablished on refuge islands used by colonial waterbirdsis
the eventual destruction of fossorial, crevice-nesting, and
accessi ble surface-nesting seabird coloniesaswell asdras-
tic reductions of certain species of other ground-nesting
birds. On islands with introduced foxes, rats probably
provide supplemental winter food, which keeps fox
populations relatively high and thereby increases the im-
pact of foxes on native birds during the breeding season.
Some refuge islands (e.g., the Pribilof 1slands) have en-
demic small mammals that may be vulnerable to preda-
tion and competition by Norway rats.

Prevention

Chancesfor accidental rat invasions on additional refuge
islands are increasing now that fisheries, coastal tourism,
and human population areincreasing in Alaska. Oncerats
become established on islands larger than afew thousand
hectares, removal is difficult and expensive. Rapid re-
sponse following shipwrecks is needed to kill rats while
they remain on the ship or as they come ashore. The ref-
uge is prepared for such an eventuality (USDI 1993).
Panned actioninvolveslocal dispersal of single-dose baits
adjacent to a grounded wrecked vessel or on the vessel
itself.

Expanding on-shore fish processing development in the
Bering Sea hasrecently resulted in new fish plants on two
rat-freeislandsin the Pribilof Islands. Both communities,
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assisted by AMNWR staff, established bait and trap sta-
tionsat their docksto eliminateratsthat may dispersefrom
infested vessels. The refuge continues to assist the two
communitiesin devel oping and implementing rodent pre-
ventative measures (DeGange et al. 1995). Furthermore,
an education outreach isunderway to inform shipping com-
panies of the dangers of rats on their vessels.

GROUND SQUIRRELS

Distribution

At least two subspecies of Arctic ground squirrels occur
on approximately 17 refugeislands. Spermophilusparryii
ablusus was introduced in the Aleutian Islands, and S. p.
nebulicolaisfound on islands south of the Alaska Penin-
sula (Dufresne 1946). George Steller, naturalist on the
first Russian ship to sail in Aleutian waters, noted in the
Shumagin Island group that ground squirrelswere present
on islands near the Alaska mainland, but not on those far-
ther offshore (Golder 1925; Stejneger 1936).

Ground squirrelswere used by Native Alaskansand early
Russians for clothing (parkas) and food and were trans-
planted on someidandsfrom themainland or idandswhere
they were naturally occurring (L. Black, pers comm.).
Ranchersalso introduced ground squirrelsto someislands
asfood for foxes, after seabirds declined (Peterson 1967;
Swanson 1982; Janson 1985). Many introductions were
not documented, and it is unclear whether some current
populations on islands close to the mainland are native or
introduced (Bailey 1993). Preliminary genetic analysison
squirrels collected in the Shumagins shows minor differ-
entiation among islands (J. Cook, pers. comm.), but more
samples are needed to determineif any island popul ations
areunique.

Impact

Certain speciesof ground squirrelsprey on eggs (Errington
and Hamerstrom 1937; Horn 1938; Stanton 1944; Sowls
1948; Bedard 1969; L eschner and Burrell 1977; Sargeant
and Arnold 1984; Sargeant et al. 1985). Arctic ground
squirrel sin research enclosures pounce on large duck eggs
but are apparently not adept at opening them (B. Barnes,
pers. comm.). Nevertheless, thisspeciesisknown to take
passerine eggs (B. Barnes, pers. comm.) and chicks and
eggs of seabirds (Geist 1933; Cade 1951; Sealy 1966).
Theimpact of introduced Arctic ground squirrelson nest-
ing birdsin AMNWR isnot well documented, but we have
observed that storm petrels and other small burrow-nest-
ing species rarely occur on islands inhabited by ground
squirrels.

Ground squirrels also directly affect native vegetation by
feeding on stalks, stems and seeds, and contribute to
overgrazing and erosion (Bailey and Faust 1981; Bailey
and McCargo 1984). Thereis still aneed to collect and
analyse information to understand the biology and impact
of non-native Arctic ground squirrels on refuge islands.
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Restoration

We are at the beginning stages of devising or modifying
existing control methods to eradicate introduced ground
squirrels on 1450 ha Kavalga Island in the central Aleu-
tians. Elsewhereinthe United States, other ground squir-
rel species are controlled for agricultural purposes using
poison baits, fumigants, trapping and shooting. Poison
baits seem most practical for use onislandswithin theref-
uge. New registration may be required to use existing or
new toxicants on AMNWR.

Potential non-target speciesthat are the most likely scav-
engers of dead or dying ground squirrelsinclude bald ea-
gles (Haliaeetus leucocephalus), gulls (Larus spp.), and
common ravens (Corvus corax). We may need to collect
and dispose of ground squirrels dying above ground to
minimise secondary poisoning hazard.

Predicted Response

Vegetation reduced by ground squirrelswill likely recover
rapidly and erosion of overgrazed areas will be slowed.
Productivity will increase the first season after ground
squirrels are eradicated for bird species on which egg or
chick predation has been severe. We predict species that
nest in earthen burrows such as storm petrelsand surface-
nesters such as shorebirdsand passerineswill benefit most
from introduced ground squirrel eradication.

LARGE UNGULATES

Distribution of reindeer and caribou

Reindeer (Rangifer tarandus asiaticus), anative ungulate
of Eurasia, were brought to Alaskafrom Siberiain 1891.
Reindeer wereintroduced on several islandsin the eastern
Aleutians to provide Alaska natives a commercial com-
modity to enhance their economicinclusionintheterrito-
ry’sdevelopment (Swanson and Barker 1992). Ultimately,
reindeer were introduced to six islands that are now part
of AMNWR.

Caribou (R. t. arcticus) are native to mainland Alaska but
occasionally swim to nearby large isands. The only in-
troduction in the refuge is on Adak Island in the central
Aleutianswhere caribou were purposefully released inthe
late 1950s at the request of the U.S. Navy (Jones 1966).
They have persisted, and the herd was recently estimated
at approximately 900 animals (Williams 1998).

Distribution of livestock (cattle, horses,
sheep)

Although afew cattle were brought to some of theislands
during the fox ranching era, cattle ranching did not begin
on most Alaskan islands until after WWII. Cattle ranch-
ing has occurred on at least eight islands containing ref-
uge lands, but currently cattle occur on one refuge island

and three other islandswith both refuge and private lands.
These same islands al so have horses, and one has sheep.

Impact of introduced ungulates

Grasses and other flowering plants provide summer and
fall foods for ungulates, but it is during winter that food
becomeslimited. Reindeer detect lichensthrough asmuch
as 1m of loose snow and reach them by pawing. Reindeer
“crater” into mineral soil whileforaging on roots of forbs,
dislodging plants, causing more severe damage. I ntroduced
ungulates on relatively-small islands typically overgraze,
damage the vegetation communities, and sometimes starve
to death (e.g., Klein 1968). Thefirst reindeer released on
two islandsin the eastern Aleutians died out from starva-
tion relatively soon after stocking (Brickey and Brickey
1975), but later stockings have resulted in herdsthat have
persisted. For reindeer on Alaskan islands, the common
pattern has been rapid population growth resulting in de-
pletion of native forbs, especially lichens (Swanson and
Barker 1992). During overgrazing, more willow stem is
consumed than can grow each season, and the plant even-
tually dies. When less-preferred forageis depleted before
or during winter, the population crashes because of star-
vation (Palmer 1945). If the herd does not die out com-
pletely, the island does not sustain previous population
levels due to long-term damage to lichens. Lichens may
take 20 years or more to recover (Palmer 1945). Severe
overgrazing and trampling by reindeer on preferred hilly
areas al so cause soil erosion and permanent loss of natural
plant communities, reducing natural biological diversity
and, in some cases, causing desert conditions. Typically,
livestock are allowed to overgraze, and frequently cattle
are abandoned because of difficultiesin bringing them to
market. Selective grazing by cattle makes sandy coastal
areas especially vulnerableto damage (Talbot et al. 1984),
and cattle ranching has led to the establishment of inva-
sive plant species (Daniels et al. 1998).

Restoration and response

In most cases, reindeer, caribou, and livestock occur on
islandswith mixed ownership (usually with nativevillages)
within the refuge. Native traditional councils typically
manage reindeer for commercial meat and antler produc-
tion and sometimes for sport hunting. Cattle grazing has
been allowed by special permit. Ideally, introduced ungu-
lateswould be excluded from refuge properties, but there
isno current plan or funds to erect and maintain fencing.
Presently, the refuge staff workswith local traditional coun-
cils, other government agencies and with permittees to
develop management plans to minimise the negative im-
pacts of grazing, trampling, and erosion. Swanson and
Barker (1992) reviewed the history and range conditions
of reindeer populations on Alaskan islands.

In the past, the refuge staff has removed reindeer and cat-
tle from wholly-owned refuge islands, but these actions
caused controversy and resulted in hard feelings by some
local residents. For example, in the early 1990s, reindeer

105



Turning the tide: the eradication of invasive species

were removed from Hagemeister Island by live capture
and shooting after the permittee failed to comply with
maximum stocking rates, and damage was evident
(Swanson and LaPlant 1987). At great public expense,
450 reindeer werelive captured and transported to anearby
native village and the others were shot (most carcasses
distributed to village for food). Nevertheless, the press
provided substantial negative publicity (J. Stroebele, pers.
comm.). In another case in 1985, substantial funds were
spent to try to capture and transport feral cattle off
Simeonof Island to nearby private locations before the
remaining animals were shot. Again negative publicity
occurred. In spite of poor public relations these manage-
ment actions were necessary to restore native biological
diversity. Response of native vegetation to removal of
ungulates has occurred, and substantial restoration of some
plant communities appearslikely (S. Talbot pers. comm.).

Sport hunting kept the caribou populations at Adak under
reasonable control until the number of residents on the
island dropped from more than 5000 to less than 500 in
the early 1990s because of the US Navy baseclosure. The
caribou population is now expanding rapidly and habitat
damage isinevitable (USDI & ADFG 1994). Theisland
isnow injoint ownership by therefuge and Native Village
Corporation. Therefore, completeremoval of the caribou
isunlikely.

OTHER INVASIVES

Distribution

Bailey (1993) lists introductions of rodents and hares on
refugeislands. House mice are known to live on St. Paul
Island only in the community areaand dump. Introduced
voles are found on at least two islands, both south of the
Alaska Peninsula, and marmots on another. Hares were
released on at least 10 islands and still survive on afew.
Deer mice occur on oneisland.

Impact

Although thereislittle documentation that the specieslisted
above pose significant threats to native species on
AMNWR, they probably negatively affect native forms.
Small mammals negatively change native vegetation and
habitat in other areas. Nativevolesareasignificant preda-
tor of eggs and nestling parakeet auklets on St. Lawrence
Island (Sealy 1982), and introduced voles may be respon-
sible for sparse vegetation on small islands in the Sanak
Group (E. Bailey, pers. comm.).

Deer micearesignificant egg predators and severely limit
reproduction of Xantus murrelets (Synthliboramphus
hupoleucus) on SantaBarbaraldandin California(Murray
et. al. 1983) and elsewhere (Maxon and Oring 1978).
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Restoration and response

Currently no plansexist to remove any small mammal spe-
ciesreferred to in this section, although we may attempt to
eradicate other non-native rodents on islands whererat or
ground squirrel eradicationisplanned. Anevaluation simi-
lar to that described for ground squirrelsisneeded prior to
eradication efforts.

DISCUSSION

Implications for work

Because of the controversial nature of eradication projects
in the United States, results of the fox eradication pro-
gramme are not widely published. Now that the red fox
eradication programme nears conclusion, publication of
methods used and results achieved is more appropriate.
Lessonslearned during this project are applicableto other
island restoration projects.

The U.S. Fish and Wildlife Service does not permit intro-
duction of exotic species on refuge lands. The State of
Alaska'swildlife laws are also stringent. Refuge islands
remain some of the most inaccessible and least-visited is-
lands in the U.S. National Wildlife Refuge System. The
islands arefairly safefrom deliberate introductions; how-
ever, a constant vigil is needed to prevent the accidental
introduction of rats through shipwreck or transfer of in-
fested material.

Suggestions for improvement

To document the benefits of removing invasive species,
biological monitoring must continue on the few islands
where pre-eradication dataexists. Widespread genetic sam-
pling of Arctic ground squirrelsis necessary to determine
the native status of island populations before eradication
can proceed. To efficiently eradicate ground squirrelsand
other rodentsfrom refugeidands, devel opment of new bait-
ing strategies or the modification of existing methods are
needed. Modification of existing pesticideregistrationfor
island applicationsis also necessary.

Public education and acceptance of the need to remove
large herbivores, such as cattle and reindeer, from islands
must be accomplished before further eradication of these
species can proceed. Even if methods are devised to effi-
ciently eliminate these large, familiar and once-domesti-
cated animals, the project could not be considered suc-
cessful if it resultsinlong-lasting damageto trust and public
perception of the AMNWR and its mission.
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Control and eradication of the introduced grass, Cenchrus
echinatus, at Laysan Island, Central Pacific Ocean

E. Flint and C. Rehkemper
USFish and Wildlife Service, Pacific Remote I slands National W dlife Refuge Complex,
P.O. Box 50167, Honolulu, Hawaii 96850 USA, E-mail: Beth_Flint@fws.gov

Abstract The sandbur, Cenchrus echinatus, an annual grass native to Central America, was first documented occur-
ring at Laysan Island, Hawaiian Islands National Wildlife Refuge, in 1961. The military or researchers visiting the
island probably took it there inadvertently. By 1991 it had spread to become the dominant speciesin some 60 hectares
or 30% of the vegetated area of the island. By displacing the native bunchgrass, Eragrostis variabilis, it diminished
important breeding habitat for two endemic, endangered landbirds; the L aysan finch (Tel espiza cantans) and the Laysan
duck (Anas laysanensis), as well as several species of indigenous seabirds and terrestrial arthropods. 1n 1991 Refuge
staff started a year-round control programme designed to eradicate Cenchrus echinatus. After experimenting with a
range of techniques including heat and saltwater application, we found application of a herbicide (glyphosate) and
mechanical control (hand pulling) to be most effective. Concurrent studies of the life history of the plant allowed
continual adjustment and refinement of the eradication programme. Decline in the rate of finding new plants in a
previously-cleared plot from as high as 85 plants per hour in Autumn 1994 to 0.043 plants per hour (or one plant per 23
hours searching) in Autumn 1999 is evidence that the seedbank is being depleted. Cenchrusis now so rare that it no
longer has effect on the ecosystems of the island. Costs for the project include a monetary investment averaging US
USD150,000 per year for staff, supplies, and vessel charter to this remote site (five days by boat from Honolulu);
disturbance to nesting seabirds, and the risks of introducing new island pests despite stringent quarantine procedures.

Keywords invasive; restoration; glyphosate

INTRODUCTION

Laysan Island isa411 hectareisland in the north-western
Hawaiian Islands at latitude 25°42'41"N and longitude
171°44'06”W. It was declared part of the Hawaiian Is-
lands Bird Reservation by presidential order in 1909 and
today makes up part of the Hawaiian Islands National
Wildlife Refuge, managed by the U.S. Fish and Wildlife
Servicefor the conservation of natural ecosystemsand the
protection and recovery of endangered speciesand migra-
tory birds. The refuge consists of basalt islands, coral is-
lands, atolls, and reefs; most of which are uninhabited. It
stretches over 1370 kilometres to the north-west of the
main Hawaiian Islandsin the Central Pacific Ocean. Even
though these remote islands were set aside for conserva-
tion relatively early, they did not escape all the exploita-
tion and biological invasionsto which oceanicislandsare
particularly vulnerable. Between 1887 and 1915 guano
mining and feather hunting caused major disruptionto the
island’s ecosystem (Spennemann 1998; Ely and Clapp
1973) but the most profound damage came after rabbits
(Oryctolagus cuniculus) were deliberately introduced
around 1903. The subsequent defoliation of the island
due to this population of rabbits extirpated an unknown
number of terrestrial invertebrates and plants, and caused
the extinction of three land bird species before the last
rabbit waskilled in 1923. Scientists on the expedition in
1923 and again in 1930 replanted various plant species,
some indigenous and some not (summarised in Ely and
Clapp 1973 and Newman 1988). Today there are 17 na-
tive and 14 introduced plants on Laysan Island.

In 1961 biologists first detected Cenchrus echinatus or
sandbur on Laysan Island. They killed Cenchrus plants
found on that expedition but some survived, and by 1984
the species had spread to occur in 22 of 161 randomly
located plots on Laysan Island or in 14.6% of sites
(Newman 1988). At the peak of the infestation in 1991
Cenchrus grew on an area of 63.6 hectares representing
30% of the 212 vegetated hectares of theisland. I1n 1990
the refuge manager decided the rapid spread of Cenchrus
posed a threat to the health of the habitat and wildlife
populations at Laysan and committed resources to a pro-
gramme to eradicate the grass from theisland. He chose
to concentrate efforts on Cenchrus echinatus rather than
the 13 other non-native plant species because this annual
grass was obviously changing the ecosystem of Laysan
Island. It seeds pralifically, forms mats, and it appeared
to be displacing the native bunchgrassEragrostisvariabilis
over largeareas of thewestern part of theisland. Eragrostis
is a perennia bunchgrass and the dominant species on
Laysan. It wasseenin 117 of the 161 plots (77.5%) sur-
veyed by Newman in 1984 (Newman 1988). Thisspecies
is used by almost all the bird species breeding on Laysan
as nesting habitat and cover. Of particular concern isits
importance to the two endemic species of landbirdslisted
as endangered under the U.S. Endangered Species Act,
the Laysan duck (Anas laysanensis) and the Laysan finch
(Telespiza cantans). The Laysan duck prefersto nest deep
within the clumps of Eragrostis variabilis (Moulton and
Weller 1984). The Laysan finch at Laysan Island nests
almost without exception in clumps of Eragrostis (Morin

Pages 110-115 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. IUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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and Conant 1990). The finches also eat the seeds of the
bunchgrass. Eragrostisis also important for most of the
17 species of breeding seabirds at Laysan that nest on or
under the ground by providing cover for nests and giving
structural stability to the soil to prevent burrow collapse.
Whereas Eragrostis continues to provide cover and re-
tains its physical structure even after it dries up, the
Cenchrusleaves almost nothing when the plant dies.

The objectives of the management programmeinitiated in
June 1991 were to locate, map, and kill all Cenchrus
echinatus on Laysan. A regime was then established in
which all areas could be visited and cleared of newly
sprouted Cenchrus before seeding could occur. The man-
ager made a commitment to continue this until the seed
bank was completely depleted and eradication achieved.
In addition to plant control, the staff monitored the plant
community to assess progress and effects of the vegeta-
tion management and measured aspects of the life history
of Cenchrusin order to refine control methods. Prior to

|
171° 45

— 25° 45'

Lake
/\/ Plots and diameters

0 500 1000 Metres
| e
.. Laysan
Jae A
o %D
Hawaiian Islands

Fig. 1 Laysan Island, north-western Hawaiian
Islands. Locations of plots and diameters in
which Cenchrus echinatus was removed. The
largest plot on the west side of the island was
named the Blob.

the eradication programmethe staff usually visited Laysan
once per year. In June of 1991 a field camp was estab-
lished that has been continuously occupied by at |east two
biological technicians since then.

METHODS

Control and Eradication

The staff tested several methods of killing Cenchrus, in-
cluding heating plants with a propane torch, applying salt
water, mechanical removal, and herbicide application. The
most effective method for killing large mats and big plants
with the least collateral damage to wildlife was to spray
with 1% glyphosate (RODEO) mixed with a surfactant
(L1700, Loveland Industries, Inc.) and adye (Turf Mark,
J. R. Simplot, Co.) to indicate areas already sprayed. We
brought the |arge amounts of water needed to mix the her-
bicide by ship at each camp re-supply trip (threetimes per
year) until 1994 when we installed a solar-powered re-
verse osmosis water maker. We applied herbicide using
hand-pumped backpack sprayers. All sites at which any
Cenchrus was found were assigned a permanent number,
marked with posts made of 1.27 cm PV C pipe, and mapped.
We marked patches of Cenchrus containing many plants
along the entire perimeter and assigned aplot number. We
marked the sites of solitary plants with a single pole and
assigned a diameter number. These plots and diameters
were placed in arotation schedule in which they were re-
visited at intervals designed to allow detection of newly-
sprouted Cenchrusbeforeit could seed. The objectivewas
to keep al plantsin an areafrom setting seed and eventu-
ally deplete the seed bank and break the cycle of growth.
Figure 1 showsall plotsand diametersinwhich Cenchrus
has been found and which are visited according to sched-
ule. Greatest effort wasfirst concentrated on plotslocated
furthest to the north-east because the prevailing wind at
Laysan isfrom that direction.

After initial spraying the technicians pulled subsequent
regrowth by hand and removed it from the sitein plastic
bags. They brought the small amountsfound to camp and
burned themin abarrel. The mainjob in most plots after
clearing of initial distribution of the weed becomes care-
ful scrutiny of the entire area for any sign of Cenchrus
sprouts. We initially set the interval between checks at
two weeks but aslife history datawere collected we deter-
mined that Cenchrus did not go to seed for 8-19 weeks
frominitia sprouting. We changed the rotation schedule
toincreasevisitation intervalsto once every six weeksfor
three years after the last Cenchrus plant was found and
then once per 16 weeks thereafter if no new plants were
found in that time. Finally if a plot or diameter had no
new plantsfoundin fiveyears, we changed the plot visita-
tion rate to once per year. If a new plant appeared in a
very large plot, anew interior diameter was established at
the site to preclude having to increase the visitation rate
for the entire plot. At every visit the staff recorded time
spent in the plot, number of Cenchrus plants found and
their stage of development, and number of seabird bur-
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rowscrushed. 1n 2001 astime constraintswere eased from
the assignment of more and more plots to the least fre-
quently visited category we created one more category.
“Hotspots” are plots or diametersin which Cenchrus has
been found within the last two years and in two consecu-
tivevisits. We visit these sites every four weeks.

We overlaid a100 metre grid on amap of theentireisland
and systematically searched all sections as often as possi-
ble (usually once every two years) to locate new or undis-
covered patches of Cenchrus as well as to maintain sur-
veillance for other previously-undetected weeds.

Theextremely high density of wildlife (hundreds of thou-
sands of breeding seabirds) present year-round at Laysan
Island necessitated special measures and considerations
to reduce impacts. Spraying herbicide instead of pulling
minimised the time the staff spent in any particular part of
the colony and protected burrow structure. We chose
glyphosate because of itsrelatively low vertebrate toxic-
ity. We restricted the height of the PV C pole markersto
reduce the collision hazard for flying seabirds. Early in
the evaluation of methods for killing Cenchrus echinatus
wergjected theideaof pursuing abiological control agent
due to possible presence of an indigenous congener,
Cenchrusagriminioideslaysanensis. We believethat this
variety isnow extinct but did not choose to take the risk of
introducing abiological control agent that might harm any
survivors. When plotsand diameters moved into the once-
per-year rotation schedulewe visited them during Novem-
ber and December when the fewest burrow-nesting seabirds
were present and vulnerable to burrow collapse.

Maintaining a year-round camp increased the number of
peoplevisiting and theimportation of equipment and food.
This raised the probability of introducing new plants, in-
sects, and pathogensto Laysan Island. A strict quarantine
protocol has been in effect for the duration of the project:
this includes the requirement that all soft gear (clothing,
shoes, tents, packaging, etc.) that is brought to Laysan be
brand new. All goodsare packed in plastic containers. No
corrugated cardboard is permitted. All items except for
electronic and optical gear must be frozen for 48 hours
prior to being landed at L aysan.

Monitoring

Throughout the operation we monitored the plant com-
munity and the resident bird community to assess the ex-
tent and effects of the Cenchrusinfestation, to refine con-
trol techniques, to measure successin control efforts, and
to measure the effects of control efforts on other species
of plantsand animals. We al so measured standard wesather
variables(rainfall, temperature, wind velocity, cloud cover)
to assess their relationship to Cenchrus growth.

Plant Community

In 1989 the staff established five vegetation transects to
monitor the spread of the largest of the Cenchrusdistribu-
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tions (the Blab). These transects were lines ranging be-
tween 150 and 300 m long and placed to be perpendicul ar
to the boundary between the interior of the Blob and the
Cenchrus-free areas adjacent to them. Twice per year we
recorded plant species or substrate at each metre mark on
tape extended between the two ends.

We studied Cenchrus life history by marking individual
sprouts as they emerged and continuing to monitor their
development. We checked plants once per week to record
the age when seeds appeared and when seeds were ma-
ture.

Effects on seabird populations

We studied the effects of Cenchrus and Cenchrus control
actions on avian populations by establishing twelve 10m
x 10m plots on the west side of the island. Eight plots
werelocated adjacent to each other in the heart of themain
Cenchrusdistribution. Four werelocated at asite of simi-
lar aspect and distance from the ocean but outside the area
infested by Cenchrus. Intheinfested areawe cleared four
of the plots of Cenchrus and maintained them Cenchrus-
free using the techniques standard to the rest of theisland.
The other four plotswere allowed to remain infested. We
measured percentage cover of Eragrostis, percentage cover
of Cenchrus, percentage cover of other plant species, num-
bers of clumps of Eragrostis, numbers of all active and
empty nest sites for all bird species and the contents of
those nests, and numbers of all birdsin the plots not asso-
ciated with nests. Thisstudy continued from June 1991 to
April 1995.

RESULTS

There are currently 90 plots of varying sizes and 161 cir-
cles(called “diameters’) with a15 metreradius. Of these,
24 plots and 136 diameters have moved to the once-per-
year rotation because no Cenchrus hasbeen found for more
than five years. Forty-nine plots and 19 diameters have
been moved to visits once per tour (~16 weeks) because
Cenchrus has not been found therein at least three years.
Theremaining 17 plotsand six diametersremain on asix-
week rotation schedule. Inthe period from October 2000
to March 2001 two full time technicians found only 13
Cenchrus plants, five of those that had seeds. FromMarch
2001 to July 2001 they found no Cenchrus plants.

By tracking individual Cenchrus plantsthe staff measured
time required from sprouting to production of mature seeds.
During the winter months (October-March) the first ma-
ture seeds appeared between eight and 19 weeks after
marking (mean 12.3 weeks, n = 37). During a summer
trial we observed comparable results with plants taking
between eight and 12 weeksto produce mature seeds (mean
9.6 weeks, n = 6) (Marks 1995).

Cenchrus echinatus had a deleterious effect on wildlife
by displacing the dominant plant Eragrostis variabilis.
Figure2illustrates Eragrostisdensity in atransect through
an areawithout Cenchrusand changesin percentage cover
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Fig. 2 Difference in Eragrostis variabilis cover
between areas with and without Cenchrus
echinatus present. Transect A was an area that
never had Cenchrus. Cenchrus was removed
and kept out in Plot B and left intact in Plot CB.
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Fig. 4 Average Number of Cenchrus echinatus
plants found per hour and average total plants
found in seven different plots on Laysan Island
between November 1992 and March 1995.

of Eragrostisover afour-year period in two adjacent plots
(B and CB). Cenchruswasremoved and excluded in plot
B and left intact in CB. Figure 3 illustrates the positive
relationship between seabird nest density and percentage
cover of Eragrostis variabilis.

Extirpation patterns and seed bank persistence remained
consistent throughout the period in which plots were
brought under the control regime. Asan examplethe av-
erage number of Cenchrus plants found per hour and the
average number of plants found in seven different plots
over atwo and ahalf year period areshowninFig. 4. The
numbers of plants found in avery large plot over aperiod
of approximately three yearsfrominitial clearing (Fig. 5)
may indicate that seed bank depletion is somewhat inde-
pendent of environmental conditions such astemperature
and rainfall. All areas of Laysan Idland had extensive
mixing and turnover of the soil through the digging ac-
tions of the burrow-nesting seabirds such aswedge-tailed
shearwaters (Puffinus pacificus) and Bonin petrel
(Pterodroma hypoleuca). Thisaccelerated therate at which
seeds were exposed to conditions that triggered germina-
tion. A very efficient ally in the depletion of the seed bank
was the Laysan finch (Telespiza cantans). These
granivorous birds actively searched the soil for seeds and
destroyed them as they consumed them. Decline in the
rate of finding new plantsin aprevioudy-cleared plot from
as high as 84.7 plants per hour in Autumn 1994 to 0.043
plants per hour in Autumn 1999 is evidence that the seed
bank is being depleted.

The monetary cost of eradicating Cenchrus echinatus at
Laysan was high dueto the extremeremoteness of the site.
Prior to the initiation of the project we managed the ref-
uge by visiting only once per year so the necessity of es-
tablishing a year-round camp significantly increased the
annual expenditures for this site to an average of
USD150,000 per annum. Although we did other biologi-
cal and management tasks while at the field site we can
attribute the entire budget to the eradication effort because
wewould not have maintained a permanent camp there if
not for the Cenchrus project.
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found in South Blob plot on each tour after
initial clearing.
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Itis somewhat harder to quantify the impacts of an eradi-
cation program onwildlife. Hundreds of burrows of nest-
ing seabirds were destroyed each year during operations.
Some of these cave-ins killed the eggs or more rarely the
chicksin the burrow. Small numbers of adult albatrosses
and ternswere aso killed or injured in collisions with the
radio antennain camp or with the PV C plot poles. Grey-
backed terns (Sterna lunata) and sooty terns (Sterna
fuscata) flushed from their eggs by our activitieslost eggs
to ruddy turnstones (Arenaria interpres) and Laysan
finches. Despite the adverse effects of our activities at
Laysan onindividual seabirds we do not believe that our
work was detrimental to any population of birdsat Laysan
Island.

Inthe 10 years since we have had the quarantine protocols
in effect, we have had only one possible introduction of a
plant. A single seedling of what could only betentatively
identified asamember of the genus Medicago sproutedin
2000. It died beforeit flowered. Our ability to detect new
terrestrial invertebrateintroductions, and soil-borne patho-
gensislesswell-developed due to lessinformation about
theinvertebrate community at the outset of the project but
we are not aware of any introductions that can be attrib-
uted to the Cenchrus eradication.

DISCUSSION

A year-round effort targeting theinvasive grass Cenchrus
echinatus at Laysan |sland was successful at reducing the
plant to almost undetectablelevels. Inbalancing between
active management and scientific documentation of the
biology of Cenchrusand the effects of itsremoval, we put
most resourcesinto plant removal rather than into exhaus-
tive monitoring of outcomes or analysis of data.

In 1993 refuge staff discovered asmall, incipientinvasion
of Cenchrus echinatus at Rose Atoll, American Samoa.
When found there were 10 robust clumps, most of which
had gone to seed. These plants were pulled and the site
visited again on subsequent trips. The seedsremainingin
the soil had sprouted by the next visitin 1994. Biologists
working with the Department of Land and Natural Re-
sources of the American Samoa Government pulled all
the plants again, burned the area, and covered it with a
plastic tarpaulin. Thisactionkilled theremaining seedsin
the seed bank and today Rose Atoll isCenchrus-free. The
Rose Atoll experience underscores the value of early in-
tervention, especially at sitesthat you cannot occupy year-
round.

The cost per plant of continuing the Cenchrus work each
year has become very high but the cost of discontinuing
the programme too soon is aso very high. The probabil-
ity that the eradication of Cenchrus will be successful at
Laysan Island is higher than might be predicted for other
infestations of comparable size because of the extremeiso-
lation of the site, the high degree of control the manage-
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ment agency has over access to the island, and the ability
to maintain the effort throughout the long period of ex-
tremely low Cenchrus yield that inevitably occurs at the
end of any eradication effort.

With the imminent extirpation of Cenchrus at Laysan, the
staff haveincorporated other restoration activitiesinto their
scheduleincluding propagation and planting of indigenous
speciesthat either had become exceedingly rare at Laysan
(Mariscus pennatifor mes, Chenopodium oahuense) or were
completely eliminated by rabbits prior to 1923 (Pritchardia
remota, Capparis sandwichiana, Santalum ellipticum).
Thedecisionto control or attempt eradication of other non-
indigenous speciesat Laysanwill bemade on anindividual
basis when our understanding of each species’ role indi-
cates that it has the potential to have the same profound
effects observed during the Cenchrus echinatus invasion.
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The eradication of Rattus rattus from Monito Island,
West Indies

M. A. Garcia, C. E. Diez, and A. O. Alvarez
Bureau of Fisheries and Wi dlife, Puerto Rico Department of Natural and Environmental
Resources, P.O. Box 9066600, San Juan, P.R. 00906-6600. E-mail: miguelag@umich.edu

Abstract Monito Island (15 ha) islocated between Puerto Rico and Hispaniola (West Indies). Theisland isinhabited
by the endemic Monito Island Gecko (Sphaerodactylus micropithecus), which is scarce and exhibits arestricted distri-
bution. Rat (Rattus rattus) predation has been postulated as the most likely explanation for this. The Puerto Rico
Department of Natural and Environmental Resources (PRDNER) started a rat eradication programme on Monito in
October 1992, using Maki Mini Blocksl. Rodenticide was spread at 10 m intervals over the entire island. Rats
declined from arelative estimate of 0.63 to 0.01 rth (rat/trap hour). In April 1993, this project was stopped by the U.S.
Fish and Wildlife Service due to concern about the possibility of poisoning geckos with the rodenticide. We proved
experimentally that the geckos were not attracted to the paraffinised rodenticide blocks, but in the meantime there was
alargeincrease in rat abundance to 0.28 rth. We started the project again in September 1998, when a surprisingly low
rat population was barely detectable using chewing sticks. No rats were caught in snap traps, but the eradication
programme went ahead, using Talon-G. Rodenticide blocks were put in plastic baiting stations, spaced at 20 m
intervals. Recent surveys have detected no rats on Monito Island. The rat eradication will have great benefits for
Monito’s unique biota.

Keywords Rodenticide; Sphaerodactylus.

INTRODUCTION

Monito Island (15 ha) islocated at Latitude 18° 10' N and
Longitude 67° 57 W (Wadsworth 1973), in the Carib-
bean Sea between Puerto Rico and Hispaniola (West
Indies) (Fig. 1). It belongspoliticaly to the Commonwedlth
of Puerto Rico, and is a unique component of a national
system of natural reserves. Subtropical dry forest isthe
only life zone present in Monito (Ewel and Whitmore
1973). Rainfall is more abundant during September-No-
vember, and less abundant during February-April. This
idandisbasicaly aflat plateau surrounded by vertical cliffs
(66 m) with no beach. It is considered to be the most inac-
cessibleisland within the Puerto Rican Archipelago.
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Fig. 1 Monito Island and its location in relation
to Puerto Rico and other Caribbean Islands.

Monito Island harbours a unique fauna, including one of
thelargest seabird nesting col oniesin the West Indies, and
an endangered species of gecko (USFW 1986). Sinceits
discovery in 1974, this endemic gecko, Sphaerodactylus
mi cropithecus (Schwartz 1977) hasbeen considered scarce
and restricted in range to Monito Island. In fact, preda-
tion by the ubiquitous black rat (Rattus rattus) was postu-
lated as the most possible explanation for the current sta-
tusof thisreptile (Dodd and Ortiz 1983). Rats have never
been observed preying upon geckosin Monito. However,
thisrodent has caused the extinction or extirpation of sev-
era speciesof reptiles (Crook 1973; Whitaker 1973, 1978;
Lever 1994), birds (See Atkinson 1985 for review; van
der Elst and Prys-Jones 1987; Lever 1994), and inverte-
brates (Ramsay 1978; Howarth and Ramsay 1989).

In October 1992, the Puerto Rico Department of Natural
and Environmental Resources (PRDNER) began an eradi-
cation programmefor black ratson Monito Iland, encour-
aged by the successful rat eradication on Cayo Ratones,
La Cordillera Natural Reserve (PR), and on Steven Cay
(USVirginlslands). In both projects, rats were eradicated
using anticoagul ant rodenti ci deswithout affecting non-tar-
get species.

Thefirst stages of the eradication campaign with rodenti-
cide produced promising results. Nevertheless, in April
1993, thisinitiative was restricted to the use of snap traps
by the United States Fish and Wildlife Service (USFWS).
The USFWS claimed that the PRDNER had not satisfied
all therequirements of the Federal Insecticide, Fungicide,
and Rodenticide Act (FRIFRA). The major concern was
the possibility of poisoning Monito Island geckoswith the

Pages 116-119 In Veitch, C. R. and Clout, M. N. (eds.). Turning the tide: the eradication of invasive species. IUCN SSC Invasive
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK.
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anticoagulant rodenticide. A previous preliminary experi-
ment using a similar gecko species Sphaerodactylus
macrolepis, resulted in 15% mortality after exposure to
pellets of the anticoagulant rodenticide Talon-G[ (Gaa
1986).

We conducted a study to test the effect of anticoagulant
rodenticides on captive geckos. We used theMonaldand
Gecko, Sphaerodactylus monensis as a surrogate species
becauseit isvery abundant, livesin acomparable habitat,
and issimilar in size and in feeding habits to the Monito
Island gecko. The experiment was conducted over 22 days.
Maki® (Liphatech, Milwaukee, USA) was utilised instead
of Talon-G, because it can be purchased over the counter
without a license to apply pesticides. Four treated and
four control cageswereused. Three geckosand two Maki
Mini Blocks (bromadiolone 0.05%) were placed within
each cage. Theresultswerenot statistically analysed since
all geckos survived the experiment. We neither observed
changes in the behaviour of the geckos which might be
related to poisoning (e.g. erratic movements or immobil-
ity), nor saw geckoslicking or eating the pellets of poison.
We re-initiated the second eradication campaign in Sep-
tember 1998, this time, with the approval and commit-
ment of both the USFWS and the PRDNER.

METHODS

1992-93 campaign

The first eradication campaign started in October 1992,
when we spread 13 buckets (9.09 kg each) of Maki mini
blocks. We distributed the Maki blocks throughout the
island, following agrid design. Thedistance between each
pair of grid pointswas 10 metres, and threeto five blocks
were deposited at each grid (i.e. baiting) intercept. The
rodenticide was also freely dispensed in areas of high rat
activity, such asbird rookeries.

We continued the eradication campaign in March 1993.
Although we repeated the original methodol ogy, thistime
we used 20 buckets of baits. We decided to increase the
amount of rodenticidefor the second event because Monito
wastopographically more complex than we had previously
expected.

We used snap traps to assess and monitor changes in the
rat population during the eradication campaign. Twelve
snap traps were equally spaced on a120 m trap-line. We
trapped rats over three consecutive nights. Each trap was
set around 1900 hours and then checked every hour until
2200. For bait, we used acombination of processed cheese
food (i.e. Cheez-Wiz®) and oat flakesto add consistency.
An estimate of rat relative abundance was calculated by
dividing thetotal number of rats caught by thetotal number
of hours that traps were set to catch rats (rat/trap hour).
Sprung traps without rats were not included in this ratio.
We evaluated the status of the rat population seven times

during thisfirst campaign. These surveyswere conducted
before, between and after the poisoning events.

1998-99 campaign

The second eradication campaign consisted of three poi-
soning events at four-month intervals. On each trip of the
eradication, 30 buckets (5.45 kg each) of Talon-G (ICl
Americasinc. North Carolina, USA) were distributed over
Monito Island. Thefirst event was conducted in October
1998, following a survey of the island in September to
evaluate the status of the rat population. During the first
night of the survey no rats were caught in snap traps. We
therefore shifted to chewing sticks asamonitoring tool to
detect rats at apparently-low population density. Fifty
chewing stickswerefreely distributed throughout Monito.
We marked each chewing stick location with ablue flag.

Blocks (6-8) of Talon-G (brodifacoum 0.05%) were then
placed in baiting stations distributed at 20 mintervalsform-
ing a grid over the entire island. Baiting stations were
used to extend rodenticide avail ability, increasethe chances
of consumption, and decrease the chances of poisoning
non-target species. We built the stations using plastic
(PVC) sanitary pipes (10.16 cm width x 24 cm length).

Once again we eval uated the effectiveness of the eradica-
tion every two months using snap traps. Ten snap traps
were set every 10 m of each 100 mtrap-line. Weranthree
trap-lines, following the same protocol used during the
surveysof thefirst campaign. We determined the status of
the rat population five times during this campaign. One
survey was conducted prior to poisoning, two during the
poisoning events, and two after.

0.63

Trapping success

Sep Oct Feb

Mar Jun Jul Nov

Fig. 2 Effectiveness of rat eradication meas-
ured as the number of rats caught per trap hour
of effort (Sep. 1992-Nov. 1993). Rodenticide
was spread in Oct. 1992, and Mar. 1993.
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RESULTS

1992-93 campaign

The first index of rat population was 0.63 rat/trap hours
(r/th) (Fig. 2). Thiscatch rate decreased dramatically from
0.48to 0.05 r/th after the first poisoning in October 1992
(Fig.2). Although the catch rates had risen dlightly (0.08
r/th) by thetime of the second poisoning in March 1993, it
continued to decrease in the surveys of June 1993 (0.03
r/th), and July 1993 (0.01 r/th) (Fig. 2). Unfortunately, by
November 1993 the rat catch rate had increased substan-
tialy (0.28 r/th) (Fig. 2). The rat population had multi-
plied to amost pre-poisoning valuesin only nine months
without spreading rodenticide.

1998-99 campaign

During therat survey in September 1998, only three of the
50 chewing sticks showed rat evidence. Thesethreesticks
were found in the south west area of Monito. We did not
catch ratsin snap traps during any of thefive surveyscon-
ducted (640 trap hours). These surveys were performed
in September 1998, October 1998, April 1999, August
1999, and September 1999. We spread rodenticide in
October 1998, April 1999, and August 1999. Since the
completion of the poi soning we have not detected the pres-
ence of ratsin Monito Island. However, we have not yet
used chewing sticks to assess the status of the rat popul a-
tion.

DISCUSSION

Wefound that the main difficultiesin eradicating ratsfrom
Monito Island were related to the island’s inaccessibility.
However, with the help of a helicopter to transport the
rodenticide buckets and the baiting stations this problem
was greatly reduced. Monito Island lacks native terrestrial
mammals or resident avian predators. Thus, the probabil-
ity of secondary poisoning was minimal. The direct risk
of poisoning non-target species, such as the endemic yel-
low-shouldered blackbird (Agelaius xanthomus) and the
zenaidadove (Zenaida aurita), was reduced by the use of
baiting stations.

Thedeclinein rat abundance was unexpected between the
first and the second campaign in Monito Island. Thiswas
especially surprising since during the first campaign, the
rat population had increased dramatically in just nine
months. After more than five years without poisoning
(March 1993-September 1998) we expected to find rat
abundance similar to that of 1992. A possibleexplanation
isaprolonged drought. Althoughrainfal datafrom Monito
does not exist, there are data from Mona Island, whichis
5 km south-east of Monito. The monthly climate datadoes
not reflect any lasting decrease in rainfall between 1993
and 1998 and the mean annual rainfall values do not indi-
cate any abnormal reduction in rainfall: 5.72 cm (1998),
5.56 cm (1997), 8.46 cm (1996), and 5.87 cm (1995).
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Other potential explanations are a disease outbreak and
predation. No data are available to support or negate a
disease outbreak. With the exception of a pair of migra-
tory peregrine falcons, there are no rat predators on the
island.

Eliminating the rat’s detrimental effect on Monito Island
will undoubtedly have beneficial results for Monito’'s na-
tive and unique biota. To be certain that eradication has
been achieved it isessential that the appropriate rat moni-
toring continues on Monito, especially using chewing
sticks. Fortunately, if the eradication has been successful,
the probability of re-infestation is extremely low due to
the extreme isolation and rugged topography of Monito
Island.
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Changes in bird numbers on Tiritiri Matangi Island,
New Zealand, over the period of rat eradication

M. F. Graham' and C. R. \eitch?
19 Grendon Road, Titirangi, Auckland, New Zealand. ? 48 Manse Road, Papakura, New Zealand.

Abstract Tiritiri Matangi is25 km north of Auckland City inthe Hauraki Gulf, New Zealand. Most of itsforest cover
was removed during many centuries of Maori and European occupation and farming. Some areas of extant forest
canopy remained. Farming ceased in 1971. Since 1984 some 300,000 native trees have been planted. Twenty-seven
species of native bird are naturally present and breeding on theisland. Twenty-two exotic speciesintroduced to main-
land New Zealand have found their way to theisland. Nine species of native bird have been translocated to theisland.
Datafrom bird counting transectswithin extant forest areasin spring are considered. The datafrom athree-year period
before eradication of Pacific rats (Rattus exulans) in September 1993 are compared to athree-year period following rat
eradication, with a three-year settling period between. A number of significant changes are recorded with both in-
creases and decreasesin bird numbers. These are attributed to the direct impact of the rats or changesin forest compo-
sition following rat removal, or the dataare confused by conservation management action beyond the immediate count

areas.

INTRODUCTION

Tiritiri Matangi isalow-lying 220 haisland lying 4 km off
the Whangaparaoa Peninsula and 25 km north of Auck-
land City inthe Hauraki Gulf, New Zealand. ItisaScien-
tific Reserve under the Reserves Act 1977, and is open to
public visitation.

Maori occupied the island prior to the arrival of Europe-
ansin New Zealand, and from at least 1841 it was grazed
by domestic animals. A lighthouse was established onthe
south-eastern end in 1865. The Crown withdrew the graz-
ing leasein 1971, and management of theisland was then
taken up by the Hauraki Gulf Maritime Park Board. At
that time it was proposed that, apart from the Lighthouse
Reserve area, native vegetation be allowed to regenerate
naturally.

In 1979 aprogramme of planting to enhance regeneration
was proposed, with aplan which called for the planting of
most of theisland whileleaving selected areasto regener-
ate naturally (Department of Lands and Survey 1982)
(Fig. 1). In the period 1984 to 1993 more than 280,000
nativetreeswere planted, increasing the proportion of non-
grassland vegetation from 6% to 60% of theisland’sarea
(Galbraith and Hayson 1995). Some 20,000 trees have
been planted since 1993, but planting has now ceased.

The Pacific rat or kiore (Rattus exulans) is presumed to
have been on theisland at the time of first European con-
tact but was removed in an operation during September
1993 (Veitch 2002). Cats (Felis catus), rabbits
(Oryctolagus cuniculus) and goats (Capra hircus) were
reported ashaving feral populationsthat were subsequently
removed (Dept. of Lands and Survey 1982, Moller and
Craig 1987). Cats were probably never established as a
feral population and the occurrencereferred to by the Dept
of Lands and Survey (1982), and later quoted by Moller
and Craig (1987), related to domestic catsowned by alight-
house keeper (A. Wright pers. comm.). Rabbits which

were at onetime plentiful had disappeared by 1908 (Dept
of Landsand Survey 1982). Thegoat population wassmall
and was removed by the lighthouse keepers. This work
was under way in 1961 (A. Wright pers. comm.) and no
goats were present in 1971 (R. Walter pers. comm.).

Seventy-seven bird specieshave been recorded on or within
sight of theisland (B. Walter pers. comm.). Of these, 22
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Fig. 1 Tiritiri Matangi Island showing forest
areas and the bird counting transects.
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are species which have been introduced to New Zealand
and have found their own way to the island; nine are na-
tive birds which have been translocated to the island; 19
are native birds which are not known to breed on the is-
land and 27 are native birds which are naturally present
and breeding on theisland.

This paper reviews the changes in numbers of selected
bird speciesin forest areas which have not been deliber-
ately modified by human activity over the period 1990 to
1998.

METHODS

In 1987 the Ornithological Society of New Zealand
(OSNZ) established bird counting transects on Tiritiri
Matangi. Datafrom threetransectslocated in unmanaged
forest areas are used in this paper (Fig. 1). The transects
were counted in November each year, as close as possible
to the 20" of each month. Counters were given the fol-
lowing instruction for counting: “Walk slowly along the
transect. Try to keep walking but you may stop toidentify
abird. Count each bird within 10 metres of each side of
thetransect. Record the start and finish time of each count
to thenearest minute. Record the average weather experi-
enced during each count. Birdsmay berecorded as* seen’
or ‘heard’”. A standard form, with all bird names already
entered, was used.

The countswere repeated on two mornings, with atotal of
six to 10 counts (depending on the number of people par-
ticipating) being recorded each year. The datashown here
are the average number of birds seen and heard for each
speciesfor the six to 10 counts on each transect each year.

Two transectswere through ol d pohutukawa (Metrosideros
excelsa) forest, which at the start of the study period had
little understorey, but now has moderately dense
understorey. The third transect was through forest domi-
nated by introduced wattle (Acacia decurrens) in which
native understorey species have increased in variety and
density during the study period. There has been no man-
agement of theseforest areasby humans. A small section
of thethird transect passed through an areathat was grass-
land at the start of the study and is now planted with native
trees.

The planted areas adjacent to these forest areas (Fig. 1)
were either predominantly grassland or bracken fern
(Pteridium esculentum) at the start of the study period,
but are now closely planted with native trees varying in
height from one to four metres.

Data from the November (austral spring) counts should
reflect the resident population, rather than be influenced
by the varying abundance of young of the year. We con-
sidered the average count recorded for each species, then
selected for detailed analysis the five native forest dwell-
ing species which were present before conservation man-
agement of the island began, and that have been recorded
in the November counts every year. Two of the native

species that were re-introduced to the island before these
counts began, and two exatic specieswhich are commonly
found in forest areas, are aso considered.

Analysis

The bird count data (Table 1) were analysed for signifi-
cant differences between the 1990-1992 and 1996-1998
periods, using ‘t’ tests.

RESULTS

The native species recorded were (in decreasing order of
abundance, post eradication): tui (Prosthemadera
novaeseelandiae), bellbird (korimako) (Anthornis
melanura), fantail (piwakawaka) (Rhipidura fuliginosa),
grey warbler (riroriro) (Gerygoneigata), silvereye (tauhou)
(Zosterops lateralis), spotless crake (puweto) (Porzana
tabuensis), kingfisher (kotare) (Halcyon sancta), pigeon
(kereru) (Hemiphaga novaeseelandiae), kaka (Nestor
meridionalis), long-tailed cuckoo (koekoea) (Eudynamys
taitensis) and shining cuckoo (pipiwharauroa)
(Chrysococceyx lucidus),

Seven native species wereintroduced to the island before
or during the study period, so humbers of introduced na-
tive species were expected to change. Six of these intro-
duced native species encountered on the three forest
transects during the study were (in decreasing order of
abundance, post eradication): saddleback (tieke)
(Philesturnus carunculatus), whitehead (popokatea)
(Mohoua albicilla), stitchbird (hihi) (Notiomystis cincta),
red-crowned parakeet (kakariki) (Cyanoramphus

Table 1 A comparison of average numbers of
birds counted on the three “forest” transects
during the three years preceding the rat eradi-
cation and three years after rat eradication, with
a three-year period between to allow bird
species to establish a new equilibrium in the
absence of rats.

1990-1992 1996-1998 9% change
Native birds present during all counts:
Bellbird 86 *3.6 16.3 *1.2 90.6
Fantail 36 20 32 11 -9.7
Silvereye 32 22 0.6 05 -81.8
Tui 274 3.2 30.0 *4.6 9.5
Grey Warbler 2.0 0.2 1.0 *0.3 -48.3
Native birdsintroduced before counts began:
Parakeset 21 *15 58 %18 178.6
Saddleback 99 +18 190 *21 91.9
Exotic birdsin the forest:
Chaffinch 1.0 04 0.7 0.3 -36.8
Blackbird 17 0.1 1.8 0.7 55
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novaezelandiae), robin (toutouwai) (Petroica australis),
and kokako (Callaeas cinerea).

The exotic species recorded were (in decreasing order of
abundance, post eradication): brown quail (Synoicus
ypsilophorus), blackbird (Turdus merula), chaffinch
(Fringillacoelebs), starling (Surnuswvulgaris), song thrush
(T. philomelos), greenfinch (Carduelis chloris) and
dunnock (Prunella modularis).

While trends are apparent, it can be expected that not all
species will change in number at similar rates, and some
changes may not berelated to rat eradication. Five native
species, two introduced native species and two exotic spe-
cieswhich were present in the forest throughout the study
period, and that were recorded during all counts, are ex-
amined below in more detail.

Of the native birdsthat were present during all counts, the
90.6% increasein bellbird numbersissignificant (P=0.024)
but the 9.5% increase in tui humbers is not statistically
significant (P=0.459). Fantail decreased slightly in abun-
dance but this change is not statistically significant
(P=0.794). The apparently-large decrease in abundance
of silvereye (-81.8%) is not statistically significant
(P=0.113) but the lesser decreasein grey warbler (-48.3%)
isstatistically significant (P=0.015).

Two native bird species were introduced to the island be-
fore this study began: parakeetsin 1973 and saddlebacks
in 1984. Following rat eradication, parakeets increased
by 178.6% but thisis marginally insignificant (P=0.051).
Numbersin the bush transects remain low with high vari-
ation from year to year. When introduced to other loca-
tions saddlebacks have reached carrying capacity by the
sixth year after liberation (Lovegrove pers. comm., Veitch
pers. obs.) and so, on Tiritiri Matangi, they may have
reached carrying capacity in 1990. Followingrat eradica-
tion their numbersincreased by 91%, which ishighly sig-
nificant (P=0.005).

Two exotic specieswererecordedin al or nearly al counts:
chaffinches and blackbirds. Over the study period the
average numbersof both specieshave declined. The36.7%
decline of chaffinchesis not significant (P=0.286), nor is
the 5.5% increase of blackbirds (P=0.818). Total num-
bers of both species were low throughout the study pe-
riod.

DISCUSSION

Pacific rats are known to suppress the abundance of na-
tive fauna (Atkinson and Moller 1990). Their presence
on Tiritiri Matangi may have affected the birds counted in
this study in three ways: directly through predation; indi-
rectly through competition for food; indirectly through
habitat modification. Endeavouring to separate the im-
pacts of theratsfrom theless-direct impacts caused by the
conservation management work on theisland isalso diffi-
cult.
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We have endeavoured to exclude theimpacts of conserva-
tion management work, other than rat eradication, by us-
ing data only from the least-modified habitats. However,
the planting of trees adjacent to theserel atively-small for-
est areas may have changed bird numbers within the for-
est. Direct predation by ratsis most likely to affect birds
such as saddlebacks and parakeetswhich nest or roost close
to, on or in the ground, or in tree cavities accessible to
rats. Competition for food may affect all speciesthat feed
on fruit, seeds, or large invertebrates at sites accessibleto
rats. Since rat eradication there has been a massive in-
crease in abundance of ripe fruits and seeds which were
previously eaten by rats before they ripened (Veitch pers.
obs.). The forest understorey has become notably more
dense, which may provide food for some birds or make
the forest too dark for others. C. J. Green (pers. comm.)
has shown that terrestrial insects have increased signifi-
cantly since rat eradication; these insects are a principal
food for saddlebacks and blackbirds.

Counting forest birds is an imprecise science. The data
shown hereisvery typical of such counts (e.g. Girardet et
al. 2001) with variability possibly caused by conspicu-
ousness of species, weather patterns, feeding locations, ob-
server aptitude and other factors. This variability makes
year to year comparisons impossible, and the comparison
of less than three-year periods to be undesirable. In this
study we have compared three-year periodsand found some
changesto be highly significant, with most of these prob-
ably resulting from the eradication of rats.

Theincrease of bellbirdsmay beadirect result of increased
food. Seasonally thefruit onlow-growing shrubsisasig-
nificant part of the bellbird diet. Their nests are also ac-
cessibleto rat predation.

The decrease of silvereyes and grey warblers may be a
result of changing forest composition. A similar decline
of these species has been noted el sewhere (Diamond &
Veitch 1981) following regeneration of forests and forest
understorey.

Parakeets depend on fruits and seeds as their major food
source. Much of their nesting and roosting on Tiritiri
Matangi isin crevicesincliffsasfew tree cavitiesareavail-
able. This species can survive predation by Pacific rats,
but thereisastrong indication herethat their numbershave
increased dramatically as aresult of rat eradication.

Saddlebacks on Tiritiri Matangi have been provided with
nest and roost boxes and so are mostly safe from preda-
tion, apart from juveniles which are likely to spend the
first few nights after fledging on the ground. A major sad-
dlieback food sourceisterrestrial insects, and so this spe-
cies was expected to benefit from rat eradication.

Chaffinches have previously been reported to decline in
areas where forest regeneration has occurred (Diamond
and Veitch 1981). A similar decline of blackbird numbers
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was expected but this speciesmay begaining benefitfrom  Veitch, C. R. 2002. Eradication of Pacific rats (Rattus

improved food in nearby open areas.

We consider that the eradication of rats from Tiritiri
Matangi has been a significant factor in the changes of
bird numbersrecorded here. Some species have benefited
in the short term, others may benefit more in the longer
term and some species have declined as forest composi-
tion changes.
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Spartina anglica eradication and inter-tidal recovery in
Northern Ireland estuaries.

M. E. R. Hammond and A. Cooper
Environmental Sudies, University of Ulster, Coleraine, BT52 1SA, Northern Ireland.
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Abstract In 1998 an experiment was initiated to study the effectiveness of eradication methods on two S. anglica
swards. The effects of eradication treatments on live S anglica stem density and other associated plant species were
examined using the herbicides glyphosate and Dalapon, smothering with black plastic sheeting, and cutting. Glyphosate
was relatively ineffective. Dalapon applied at a rate of 57 kg/ha and smothering were the most effective methods,
reducing live S anglica stem density by over 95% within one year. S. anglica re-establishment occurred over the two
years following treatment applications indicating that eradication would require re-application of treatments. Cutting
treatments in this study increased the abundance of Puccinellia maritima within one of the swards, suggesting that it
may facilitate the establishment of other saltmarsh species. Legal constraints and limitations of resources makes eradi-
cation of S anglica in most Northern Ireland estuaries unlikely. It may be possible to contain the current spread of S
anglica by removing seedlings, clumps and tussocks, whilst attempting to convert sward areas into mixed saltmarsh.

Keywords Control; mudflats; Puccinellia; saltmarsh.

INTRODUCTION

Soartinaanglica C. E. Hubbard originated at Hythe, South-
ampton Water, England, in the nineteenth century (Gray et
al. 1991). Spartina anglica wasthe result of chromosome
doubling by Spartina x townsendii H. and J. Groves, the
sterile hybrid between the native European Spartina mar -
itima (Curtis) Fernald and theintroduced North American
Soartina alterniflora Loisel (Gray et al. 1991). S anglica
has arelatively narrow ecological amplitude. Gray et al.
(1995) state that “broadly speaking Spartina anglica is
distributed between Mean High Water Neap tides
(MHWN), and Mean High Water Spring tides (MHWS)”
in south and west Britain. This comprises arange of low-
high elevation estuarine habitat.

As Sartina spp. grow they can accrete large volumes of
tidal sediment leading to substantial increases in marsh
elevation. This property made Spartina anglica a valu-
able speciesfor coastal protection and reclamation schemes
in the early twentieth century (Ranwell 1967). S. anglica
was planted in Northern Ireland estuaries during the 1920-
1950s (Bleakley 1979) and iscurrently expanding itsrange.

S anglica spread occurs in two phases, initial invasion
and establishment of seedlingsor plant fragments on open
mudflats, and then expansion of tussocks by radial clonal
growth. Spreading tussocks fuse to form clumps that can
expand into extensive meadows. Seed production of S
anglicaisvariable both temporally and spatially (Gray et
al. 1991). It is thought that S. anglica does not form a
seedbank in estuarine substrates.

Several Northern Ireland estuaries are of international
importance for wildfowl and waders, such asan over-win-
tering population of pale-bellied brent geese (Branta
bernicla hrota). Both estuaries in this study, Strangford
Lough and Lough Foyle, havebeen designated as* Ramsar’

sites. Theintroduction and spread of S. anglicainto wild-
fowl and wader feeding areas is seen as a threat to bird
populations. Zostera spp. beds, which are an important
food sourcefor wildfowl in Northern Ireland, may decline
in abundance due to S. anglica invasion (Oliver 1925;
Madden et al. 1993). Wadersare also likely to be affected
by S. anglica invasion as dense stands physically prevent
their access to invertebrate prey species inhabiting the
sediments of S. anglica swards.

Since the late 1960s attempts have been made to control
and eradicate S anglicain Northern Ireland. Dalapon (2,2
dichloropropionic acid) application has been the main
method used, but digging was al so attempted. Digging was,
however, only successful on plants smaller than 50 cmin
diameter (Furphy 1970). Early trialsin Britain suggested
that Dalapon was one of the most effective herbicides for
eradicating S. anglica, achieving over 90% kill (Ranwell
and Downing 1960; Taylor and Burrows 1968). Dalapon
is, however, nolonger manufactured and the Environment
and Heritage Servicein Northern Ireland, whichisrespon-
sible for management of Northern Ireland estuaries, re-
quires areplacement herbicide for S. anglica eradication.
Several other herbicides have been tried in Spartina spp.
eradication experiments in other countries. Of these,
fluazifop-P-butyl, haloxyfop, and imazapyr have achieved
over 90% Spartina spp. kill (Pritchard 1996; Shaw and
Gosling 1996). Glyphosate, however, is to date, the only
other herbicidelicensed for usein estuarine environments
in Northern Ireland. Licensing of other herbicidesislikely
to be a costly and slow process. The greatest successes
using glyphosate, achieving over 75% kill, have been ob-
tained using glyphosate along with an added surfactant
(Garnett et al. 1992; Kilbride et al. 1995; Crockett 1997,
Major and Grue 1997; Norman and Patten 1997).
Surfactantsare currently banned from usein Northern Ire-
land inter-tidal areas. Previous work suggests that appli-
cations of glyphosate on its own produces poor S anglica
kill rates (Garnett et al. 1992).
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The Environmental and Heritage Service also wanted to
investigate the potential of non-herbicidal methodsfor S
anglica eradication due to environmental and health con-
cerns about herbicide use, and due to a ban of herbicide
usein shellfish designated areas (see Discussion). Smoth-
ering and burying are the only non-herbicide techniques
that have reduced Spartina spp. stem density by over 90%.
Initial attemptsat burying using arotoburying machine at
Lindisfarne (England) resulted in over 95% S anglicakill
(Davey et al. 1996). Rotoburying machine use is unsuit-
able in Northern Ireland estuaries due to soft sediments.
Smothering is therefore a more suitable option. Covering
plants with black plastic sheeting prevents photosynthe-
sis, and probably leads to increases in the temperature of
sediments, thus|eading to plant death. American and Aus-
tralian studies using black plastic to smother Spartina spp.
have reported kill rates of up to 99-100% (Aberle 1990;
Lane 1996).

This study assesses the effectiveness of Dalapon and
glyphosate for eradicating S. anglica in two swards. Cut-
ting prior to herbicide application was also examined to
determineif itincreased S anglicakill rates. These meth-
ods were compared with the non-herbicidal eradication
method, smothering with black plastic sheeting. In addi-
tion the previously-unexamined effects of eradication treat-
mentson other plant specieswithin S. anglica swardswere
investigated.

METHODS
Study area

Two sites were selected for the S anglica eradication tri-
als. Thesesiteswerethe only areasavailablefor this study
due to a herbicide ban in other locations. One of the sites
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Lough Foyleisa200 km?marineinlet at the northern coast
of Northern Ireland, with atidal range of 1-2 m. Spartina
spp. wereintroduced into the sheltered bay containing the
trial plots in the 1930s. The plots within the S anglica
sward receive notidal inundation at MHWN tides. During
MHWS tides inundation levels range between 20-32 cm.
S anglica within the study plots had a mean stem density
of 232 stems per square metre, and amean stem height of
33.2cmin July 1998. During thistrial S. anglica was ob-
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served to begin growth in April and began flowering in
June-July. The study area contained Puccinelliamaritima
(median Domin value 3-4), Aster tripolium and Plantago
maritima (individuals of both, median Domin value <1)
prior to the study. The vegetation community within the
swardissimilar to thosefoundin mid-elevation S anglica
swards in other U.K. and Netherlands estuaries (cf.
Brereton 1971; Adam 1981; Roozen and Westhoff 1985;
Scholten and Rozema 1990; Gray 1992). Several saltmarsh
strips dominated by Puccinellia maritima (Domin scale
6), Agropyron pungens, Aster tripolium, Plantago mar-
itima, Festuca rubra (all Domin scale 5), and Triglochin
maritima (Domin scale4), with individual sof several other
saltmarsh species including Chenopodium rubrum, were
closeto the sward (Fig 2).

Strangford Lough is a 150 km?marine inlet on the south-
eastern side of Northern Ireland, with atidal range of 2-
3.5 m. Spartina spp. were introduced into Strangford
Lough in the 1930s and 1940s. The S anglica sward in
this study was first recorded in 1969 and is confined to a
sheltered bay. The plotsinthe sward receive no tidal inun-
dation at Mean High Water Neap tides. During Mean High
Water Spring tides inundation levels range between 51-
67 cm. S anglica within the study plots had a mean stem
density of 336 stems per square metre, and a mean stem
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Fig. 4 Example of random block layout and
experimental plot design. Treatments:

A = Dalapon; B = Sward cut and glyphosate;
C = Experimental Control; D = Glyphosate;
E = Sward cut and smother; F = Sward cut;
G = Sward cut and Dalapon.
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height of 23.7 cmin July 1998. During the study S anglica
was noted to begin growthin April and began floweringin
June-July. Puccinelliamaritimaindividual swererecorded
(Dominvalue 1) inthe experimental plotsprior tothestudy.
P. maritima and Aster tripolium occurred in raised micro-
hummocks adjacent to the experimental plots, and
Salicornia spp. were observed in other adjacent sward ar-
eas. Thevegetation communitieswithin the sward are simi-
lar to those found in low-€elevation S. anglica swards in
other U.K. and Netherlands estuaries (cf. Brereton 1971;
Adam 1981; Roozen and Westhoff 1985; Scholten and
Rozema1990; Gray 1992). Severa saltmarsh stripsdomi-
nated by Puccinellia maritima (Domin scale 6), Aster
tripolium, and Plantago maritima (both Domin scale 4),
with a lower abundance of several other saltmarsh spe-
cies, were close the sward (Fig. 3). An areadominated by
Spartina anglica and Salicornia spp. (both Domin scale
8), was close to the study plots (Fig. 3).

Experimental layout

Six replicate plots were used, with seven different treat-
ments. Plots of 5mx 5 mwere laid out in arandom block
formation angled approximately parallel to the shoreline,
with a separating distance between plots of 5 m (Fig. 4).
Within each plot, two 1m walking strips were retained for
accesswhen applying trestments and monitoring. A buffer
zone of 50 cm was established around the inner edge of
the plot. This area was not used for recording. The re-
maining areas were divided into thirty-two 0.5mx 0.5m
quadrats for experimental recording.

The seven treatments applied were :

m Experimental Control (no treatment)

m Dalapon applied at arate of 57 kg/ha

m Glyphosate without added surfactant applied at a rate
of 5.01/ha

m Sward cut to 10 cm

m Sward cut to 10 cm and Dalapon applied after six weeks
growth

m Sward cut to 10 cm and glyphosate applied after six
weeks growth

m Sward cut to 10 cm and covered with black plastic
sheeting for six months

Treatment application

The Dalapon application rate was suggested by Ranwell
and Downing (1960) and Taylor and Burrows (1968). The
form of Dalapon availablefor use was Farmon Dowpon, a
wettable powder containing 85% of the sodium salt of
Dalapon. The glyphosate application rate used is recom-
mended by Monsanto to control grassesin the aguatic en-
vironment, and has previously been used by Garnett et al.
(1992). The form of glyphosate used was Roundup
Biactive, an agueous concentrate containing 360 g/l
glyphosate acid present as 480 g/l of the isopropylamine
salt of glyphosate. Herbicideswere applied using aCooper
Pegler CP15 knapsack sprayer. The sprayer was operated
at a pressure of 1 bar (15 psi) and was fitted with a red
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floodj et/deflector nozzle that had a2.0 m spray width from
anozzle height of 50 cm abovethetarget. Herbicideswere
applied at least six hours before tidal inundation during
neap tides, on cloudy, rainless days with wind speeds of
less than 10 km/hr. Spraying was carried out in August
1998, before S. anglica seedheads had devel oped.

M owing was accomplished with ahand-held brush cutter
during July 1998. Cutting was done to within 10 cm of the
substrate. Cut material was raked to one side and subse-
guently removed by tides. Follow-up herbicide applica-
tionswere carried out six weeks later in August.

Industrial strength black plastic sheeting was cut into ap-
propriately sized strips and laid out onto the plots during
July 1998. Galvanised wire mesh was laid on top of the
sheeting, extending beyond the edge of the plastic. Galva-
nised steel wire pegs were staked through the plastic and
wiremesh to hold both layersin place. Theplastic sheeting
was removed in January 1999.

Records and analysis

Thefirst datacollection was carried out during July 1998,
prior to the application of treatments. Recording was re-
peated in July 1999 and July 2000.

Every plot contained thirty-two 50 cm x 50 cm quadrats.
Five randomly-drawn quadrats per plot were used to record
live S anglica stem density and Domin values of other
plant species. Different quadrats were selected for each
years recording. The number of live S anglica stemsin
each quadrat were counted. The mean of the five stem
density counts per plot was used to represent stem density
of the plot, thusavoiding sacrificial pseudoreplication. The
samefive quadratswere used in each plot to estimate per-
centage cover of all plant species present excluding S
anglica. The mean percentage cover value from the five

guadratswas cal culated and converted into aDomin value
for each species per plot.

For each year’sresults, Kruskal-Wallis tests were used to
analyse differences between live S. anglica stem densi-
ties, and the abundance of saltmarsh plants, in the seven
treatment groups (Sokal and Rohlf 1998). All statistical
analysiswas carried out using the statistical computer pack-
age SPSS Version 9.

RESULTS

Live S. anglica stem density

Therewas no significant difference between the mean live
S anglica stem density of the seven treatment groups prior
to treatment application at both sitesin July 1998. Signifi-
cant differences (P, <0.001) amongst the live S anglica
stem densities of the treatment groups at each site were
observed in July 1999 and July 2000 (Table 1).

The Dalapon, Cut + Dalapon, and Cut + Smothered treat-
ments caused over 95% reductionsin live S anglica stem
density at the Lough Foyle site between July 1998 and
July 1999 (Table 1). The Cut, and Cut + Glyphosate treat-
ments resulted in increases in stem density whilst the Ex-
perimental Control and Glyphosate treatments experienced
reductionsin stem density. By July 2000 the Cut + Smother
treatments achieved over 90% reductionsof live S. anglica
stem density compared with pre-treatment levels. Thelive
stem density level swithin the Cut + Dalapon, and Dalapon
treatments had increased between July 1999 and July 2000
resulting in approximately 60% reductions compared to
pre-treatment levels. Stem densities also increased in the
Experimental Control and Glyphosate treatments between
July 1999 and July 2000. During the sametime period the
Cut + Glyphosate, and Cut treatments experienced reduc-
tionsin live stem densities.

Table 1 Percentage changes in live S. anglica stem density between July
1998 (pre-treatment) and July 1999, and from July 1998 to July 2000 at

Lough Foyle and Strangford Lough.

Lough Foyle Strangford Lough

Treatment 1998 - 1999 1998 - 2000 1998 - 1999 1998 - 2000
Cut +50.3 +1.7 -20 +20
Cut + Dalapon -96.8 -58.1 -99.6 -98.0
Cut + Glyphosate +58.8 +10.6 -254 -11.3
Cut + Smother -98.9 -90.3 -99.9 -99.9
Dalapon -96.3 -575 -95.8 -923
Glyphosate -14.8 +69.1 -52.2 - 30.0
Experimental Control -153 +45.3 -52.6 -50.1
Significant difference < 0.001*** <0.001*** <0.001*** <0.001***

between groups

Significance level: *P<0.05, **P<0.01, ***P<0.001
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The Dalapon, Cut + Dalapon, and Cut + Smother treat-
ments caused over 95% reductionsin live S anglica stem
density at the Strangford Lough site between July 1998
and July 1999 (Table 1). During the same time period the
Experimental Control and Glyphosate treatments experi-
enced approximately 50% reductions of live stem density,
the Cut + Glyphosate treatment reductions of 25%, and
the Cut treatment areduction of 2%. By July 2000 the Cut
+ Smother, and Cut + Dalapon still had live S anglica
stem density reductions of over 95% compared to pre-treat-
ment levels, whilst the Dalapon treatment had reductions
of over 90%. The Experimental Control had similar live
stem densities as July 1999 levels. The Glyphosate, Cut,
and Cut + Glyphosate treatments all experienced an in-
crease in live stem density between July 1999 and July
2000.

Abundance of other plant species

In the Lough Foyle sward individuals of Aster tripolium,
Plantago maritima, and Puccinellia maritima were re-
cordedin plotsduring July 1998, July 1999, and July 2000.
An individual of Chenopodium rubrum was recorded in
July 2000. There were no significant differences in the
abundance of A. tripolium, Plantago maritima, and C.
rubrum between treatment groupsin any year. Therewere
no significant differences in Puccinellia maritima abun-
dance between the seven different treatment groupsin July
1998 prior to treatment application (Table 2). In July 1999
(oneyear after treatment application), there was asignifi-
cant difference between the treatments. Since July 1998
the largest reductions in median P. maritima abundance
occurred in the Dalapon, Glyphosate, and the Cut +
Smother treatments. In the Experimental Control plots, and
the Cut + Dalapon plots, smaller reductions in median P.
maritima abundance were noted. The only treatmentsin
which median P. maritima abundance increased were the
Cut + Glyphosate, and Cut treatments. In July 2000 (two
years after treatment application), there was no significant

Table 2 Median Puccinellia maritima Domin
scale abundance in Lough Foyle plots in July
1998, July 1999 and July 2000.

Treatment Puccinellia maritima abundance
1998 1999 2000
Cut 35 5.5 45
Cut + Dalapon 1 0.5 15
Cut + Glyphosate 3 6 6.5
Cut + Smother 45 1 4
Dalapon 3 0 3
Glyphosate 5 2 35
Experimental Control 15 1 1
Significant difference 0.340 0.013* 0.247

between groups

Significance level: *P<0.05, **P<0.01, ***P<0.001
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differencein P. maritima abundance between the trestment
groups. Most of the treatment groups experienced an in-
crease in P. maritima abundance between July 1999 and
July 2000, except the Experimental Control which re-
mained similar to July 1999 levels and the Cut treatment
which showed adecline in P. maritima abundance.

In the Strangford Lough sward Puccinellia maritima was
recorded in only one experimental plot in July 1998, July
1999, and July 2000. Therewereno significant differences
between P. maritima abundance between treatment groups
in any year. No other species apart from S. anglica and P.
maritima were recorded in the Strangford Lough plots
during July 1998 or July 1999. In July 2000 low abun-
dance values (maximum 1%-4% cover) of Salicornia spp.
were recorded in the Dalapon, Cut + Dalapon, and Cut +
Smother plots. There were no significant differences be-
tween Salicornia spp. abundance and treatment groups.

DISCUSSION

S. anglica eradication techniques

Herbicidesarethe most frequently used Spartina spp. con-
trol method due to their practical ease of use and cost-
effectiveness. Thisstudy showsthat when used in suitable
conditions, Dalapon applied at arate of 57 kg/hawill cause
over 95% reductioninlive S anglica stem density within
the first year. Glyphosate was as ineffective with similar
live S anglica stem densities asthe Experimental Control
plots after one year. Cutting had no additive effect when
applied before Dalapon application in thisexperiment. Pre-
liminary results of an experiment in Washington, U.S.A,
using asinglecut of S alterniflora, followed by glyphosate
application gaveasimilar outcome (Major and Grue 1997).
The single Cut treatments produced the highest live stem
density values at each sitein this study. A single cut will
therefore not assist with S. anglica eradication. At Lough
Foyle, live S anglica stem density in Cut plots was|lower
than the Experimental Control after two years. This may
indicate that rhizome energy reserves were extensively
used-up inthe year following the cut. It has been suggested
that multiple cutting may reduce S anglica vigour and
reduce above ground biomass (Scott et al. 1990), but it is
also possible that certain cutting regimes would cause in-
creases in stem density (Hubbard 1970). Smothering
caused over 95% reductionsin live S anglica stem den-
sity within thefirst year of application.

The experimental treatments failed to achieve 100% kill
of S anglica. Eradication would require repeat applica-
tions of eradication treatments, possibly on many occa-
sions. In this study S. anglica re-establishment was more
rapid in the mid-elevation Lough Foyle sward compared
tothelow-elevation Strangford L ough sward. Ranwell and
Downing (1960) reported the complete recovery of S
anglica within sprayed areas two years after Dalapon ap-
plication, whilst Taylor and Burrows (1968) reported 88%-
98% reductionsin S anglica stem density two years after
Dalapon application. This suggests that site specific fac-
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torswill influence S. anglica re-establishment rates after
treatment applications. The rapid recovery of S. anglica
in some sites suggeststhat treatment re-application should
occur intheyear following initial application of trestments.
Site-specific factors are a so probably responsible for the
unexplained difference in live S. anglica stem density in
the Experimental Control plots between study sites.

Effects of S. anglica eradication treat-
ments on other saltmarsh species

Any plant speciesin the S anglica dominated sward that
iswithin the range of plants affected by an applied herbi-
cide, is likely to be killed. Reductions in abundance of
Salicornia sp., Suaeda sp., and Puccinellia sp. have been
noted when glyphosate is applied to S. anglica swards
(Garnett et al. 1992). In the present study both Dalapon
and glyphosate caused reductionsin Puccinellia maritima
abundanceat L ough Foyle. Smothering should kill al veg-
etation due to the exclusion of light. P. maritima, and
Salicornia spp. have been killed by algal mats and tidal
litter dueto the effect of smothering (Jefferieset al. 1981,
Langloiset al. 2001). P. maritima abundance declined in
smothered plots at Lough Foyle between July 1998 and
July 1999. During the second year of the study P. mar-
itima was noted to increase in abundance at Lough Foyle
in the Dalapon and Smothered plots. This indicates that
substrate and environmental conditionsremaining after S
anglicaremoval are suitablefor colonisation by other spe-
cies.

Cutting or grazing of S anglica swards may promote the
growth of other speciessuch asP. maritima (Beeftink 1985;
Scholten and Rozema 1990; Scott et al. 1990). P. mar-
itima abundance increased at Lough Foyle in the Cut +
Glyphosate, and Cut plots over the first year of this ex-
periment. The reduction of S. anglica height caused by
cutting allowsincreased light penetration within the canopy,
thus improving the growth of other light dependent spe-
cies (Scholten and Rozema 1990). There was no further
increase in P. maritima abundance in the Cut, and Cut +
Glyphosate plots during the second year of thisinvestiga-
tion. This suggests that the opportunity for P. maritima
spread was short-lived. S anglica growth during the grow-
ing season would have increased the height of the S anglica
canopy, reducing light penetration and thus hampering
further spread of the lower-lying P. maritima.

In this study colonisation of other species was at a low
level, suggesting that seed input into treated areas from
surrounding saltmarsh vegetation is low. Other studies
suggest that saltmarsh species, such as Salicornia spp.,
form no long-term seedbank in substrates and that the
majority of seeds of many saltmarsh species fall within
centimetres of the parent plant (Jefferieset al. 1981; Gray
and Scott 1977; Ellison 1987; Hartman 1988). The spe-
cies that colonise will be dependent upon local environ-
mental conditionsin relation to the regeneration niche of
theindividual species (Beeftink 1985) and the abundance
of adult plants of each speciesin surrounding areas (Rand

2000). In this study the elevation of the two swardsinflu-
enced the colonising species. Thelow-elevation Strangford
L ough was suitablefor Salicornia spp. colonisation, whilst
the mid-elevation sward at Lough Foyle was suitable for
colonisation by Aster tripolium, Plantago maritima, and
Puccinellia maritima. The persistence of any colonising
species will be affected by its competitive ability against
other saltmarsh species, especialy in areaswere S anglica
re-establishment after control is rapid. Puccinellia mar-
itima, for example, will outcompete S anglicain northern
latitudes (in the northern hemisphere) in upper marsh el-
evationswith sandy nutrient-rich sediments (Scholten and
Rozema 1990; Huckle et al. 2000).

Considerations for S. anglica manage-
ment in Northern Ireland estuaries

The 95% reductionin live stem density caused by Dalapon
applications or smothering treatments in this study sug-
geststhat eradication of S anglicaisfeasibleif treatment
applications are repeated. We advise that treatment re-ap-
plication begins in the year following initial applications
as S anglica recovery can berapid. Treatments may have
to be repeated on several occasions to achieve successful
eradication. Smothering has proven to be effective, but
the practicalities, cost-effectiveness and environmental
impacts of using large-scale smothering are untested. Her-
bicides are the most cost-effective and practical eradica
tion methods, but glyphosateis not asuitable replacement
for Dalapon. Attempts should therefore be madeto find a
suitable herbicide replacement for usein Northern Ireland
estuaries, possibly by aobtaining off-label permits. This
process would take anumber of years astoxicity studies,
risk assessments, and cost/benefit analyses are required
before the herbicide is permitted for usein Northern Ire-
land estuaries. Research from other countries suggeststhat
the herbicidesfluazifop-P-butyl, haloxyfop, and imazapyr
areworthy of further investigation (Pritchard 1996; Shaw
and Gosling 1996).

Several issues are likely to constrain the effectiveness of
eradication attempts in Northern Ireland, such as limita-
tions of economic resources, the abundance of S anglica
within estuarine systems, public objections, and legal re-
straints (cf. Kriwoken and Hedge 2000). In Northern Ire-
land there is currently a ban on the use of herbicides in
shellfish designated areas; theresult of alegal dispute that
occurred after an experiment to eradicate S anglicain 1980
(Kirby 1994). A local oyster farmer settled out of court
after claiming that the removal of S anglica resulted in
the liberation of silt, which subsequently smothered and
killed his oysters. In these areas only minimal herbicide
application is permitted. It is therefore unlikely that S
anglica will be eradicated from Northern Ireland estuar-
iesinthe near future. An alternative management strategy
of eradication from selected estuaries/areas and contain-
ment is needed.

Areas with no legal restraints against herbicide use, and
areas with high environmental value such as wildlife re-
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serves or heavily-used recreation areas could be targeted
for eradication using herbicide. We suggest that an initial
phase of eradication could focus on preventing S. anglica
establishment into new areas, eradication of tussocks and
clumps, and preventing expansion of sward areas (see
Moody and Mack 1988). Once achieved, annual monitor-
ing and removal of S anglica seedlingsisrequired to keep
these areas free from S anglica re-establishment. The
possiblelong-term cost of this proposal should be consid-
ered in any future management scheme.

The next phase of eradication could focus on low-eleva-
tion S. anglica swards. These swards will be more prone
to erosion after S anglica removal than mid-high-eleva-
tion swards. Eradicated areas may erodeto former mudflat
levels within three years (McGrorty and Goss-Custard
1987), or be colonised with low-marsh vascular species
such as Salicornia species. Thisislikely to result in mud
flat that is suitablefor use asfeeding groundsfor wildfowl
and waders (McGrorty & Goss-Custard 1987). Continu-
ousmonitoring and removal of S anglica seedlingswould
berequiredintheseareasif S anglica plantsremain within
the estuarine system. The next phase of eradication could
focusonmid-high elevation swards. High-level marshmay
reguire a period of up to 20 years to erode to low-eleva-
tion mudflat after S. anglica eradication (McGrorty and
Goss-Custard 1987). During this time the area would be
open to colonisation by other saltmarsh species and de-
velop into saltmarsh, rather than mudflat.

In areas where S. anglica eradication is not feasible con-
tainment strategies are suggested. Initial attention could
focuson preventing further spread of S anglica, especially
into sites of environmental importance. Herbicides can be
used in any area where they are permitted. Smothering
may be suitable for killing small-scale S. anglica infesta-
tionsin areaswhere herbicide useisbanned, but will prob-
ably be unsuitable for large sward areas. It may also be
possible to use contral techniques, such as cutting, to en-
courage colonisation by, and growth of, other saltmarsh
specieswithin S, anglica swards, in order to promote the
development of amixed saltmarsh community. Salicornia
spp. are the most likely colonisers of low-elevation sites.
If S anglica regrows it will outcompete Salicornia spp.
(Beeftink 1985; Ellison 1987), and this could result inthe
areareturning to mono-dominant S. anglica sward.

Thelack of seed arriving into the controlled areasislikely
to be a major factor in hampering the conversion of S
anglica swards into mixed saltmarsh communities
(Hartman 1988; Rand 2000). There have been no studies
that examine attemptsto increase the abundance of native
saltmarsh species within S anglica swards. It may, how-
ever, be possible to overcome the lack of seed input into
the area by using species transplants or seed additions.
This alternative management method requires further in-
vestigation to evaluate its potential success.
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Eradication of feral goats and pigs and consequences for
other biota on Sarigan Island, Commonwealth of the
Northern Mariana Islands.

C. C. Kesder
4815 Saddle Ave., Flagstaff, AZ 86004. USA

Abstract Sarigan Island (c.500 ha) isone of the 15 Marianalslandsin the tropical western Pacific Ocean. The native
forest on Sarigan was in an advanced state of decline due to the presence of feral goats (Capra hircus) and pigs (Sus
scrofa). During January and February 1998, 68 pigs and 904 goats were removed by helicopter shooting, ground
shooting, trapping, and tracking with dogs. The goal was to stop and reverse the loss of forest and accompanying
erosion and thusimprove habitat for the endangered Micronesian megapode (Megapodius |aperouse) and other native
species. Follow-up control in 1999 and 2000 removed an additional six goats. Sarigan Island is now considered free of
feral ungulates. Vegetation monitoring before and after eradication shows an increase in plant species richness, an
increasein tree seedlings, and the rapid expansion of theintroduced vine Operculina ventricosa. Skinksalso increased,
but numbers of fruit bats, land birds, and rats have not yet showed change. It is still undetermined asto what effect the
vine Operculina ventricosa will have on the regeneration and expansion of the native forest.

Keywords Vegetation; megapode; Operculina ventricosa.

INTRODUCTION

Of the 11 idands in the Mariana chain (15 islands total)
that are uninhabited, the largest five have feral animals.
The uncontrolled existence of these popul ations jeopard-
isesthe continued existence of the unique native plant and
wildlife specieson theseislands. Entireforestsaredisap-
pearing and ecosystems are being changed beforethey are
even understood. Some form of programme, either peri-
odic control or total eradication, needsto beimplemented
beforeirreversible damage is done to the entire system.

Sarigan Island had been cultivated and maintained for
copraproductionin 1900 (Fritz 1902). Feral goats (Capra
hircus) and pigs (Sus scrofa) have been present on Sarigan
for at least 50 years according to Mr Yamamoto (pers.
comm.), a1940sresident of theisland. All residents were
evacuatedin 1945. In 1950 arequest was madeto the U.S.
Navy administration to let Mr Palacious and company re-
turn to the island and commercially harvest goats (J.
Johnson pers. comm.); permission was denied. It is be-
lieved that ungulate populations were semi-controlled
through sporadic harvesting until the 1970swhen the most
recent attempt at human col oni sation was abandoned. Other
visitation/harvesting has consisted of brief stops by fish-
erman or government scientific trips.

The combination of feral goats and pigs has had a severe
impact on the native flora and fauna. It appears that the
feral ungul ateswere changing Sarigan from atropical for-
est to a grassland habitat (Ohba 1994; unpub. reports
CNMI-DFW 1988-1997). This alteration of habitat was
believed to be adversely impacting endangered and re-
source species such as the Micronesian megapode
(Megapodius laperouse), Mariana fruit bat (Pteropus
mariannus), and coconut crab (Birgus latro) as well as
other native species. The primary goal of this project was
to remove the feral ungulates from Sarigan Island as a

means to improve habitat (through vegetation recovery)
for endangered Micronesian megapodes.

METHODS

Study area

Sarigan Island is arelatively small uninhabited island of
abo