It’s often better to eradicate, but can we eradicate better?
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Abstract Invasive species eradications have achieved important conservation gainstheworld over. Growing numbers
of eradicationstake place, however, in complex and highly altered ecosystemswith high risks of unexpected ecol ogical
effects. Ecosystems that contain multiple invaders, have lost one or more native species along with their functional
roles, or have undergone long-term change to soil and other site conditions can respond to eradication with mixed
results. The most common secondary outcome of a single-species eradication is the ecological release of a second
(plant or prey) exotic species previously controlled by the removed species (herbivore or predator) through top-down
regulation. Examples of a variety of other undesirable secondary outcomes also exist, challenging invasive species
managersto develop toolsfor predicting and averting these* surprises.” Most unexpected outcomes can be understood
and anti cipated through knowledge about speciesinteractionsand the general ecological rulesthat they follow. Several
toolsthat already exist, including thorough pre- and post-eradication monitoring and restoration measures such as re-
seeding, simply need to be applied moreroutinely in eradication projects. Other areas deserveto be carefully explored,
such asformal but qualitative approachesto ecol ogical assessment during the planning stages of an eradication project.
As eradication moves from narrow invasive species management to actively pursuing and practicing restoration, it will
be able to achieve clear conservation results in increasingly challenging settings without accidental, adverse effects.
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INTRODUCTION

Invasive species now pose an enormous threat to the
world'shiological diversity, second only to land-use change
(Chapin et al. 2000). Several global trends—growing hu-
man populations, transport, and tourism, the weakening
of trade barriersastrade volumes skyrocket; ongoing habi-
tat loss; and climate and atmospheric changes—will likely
increase the movement, establishment, and spread of
exotics (Mooney and Hobbs 2000). If biological inve-
sions go on unabated, crude estimates predict the eventual
loss of at least 30-35% of the world’s species (McKinney
1998).

We have an opportunity to overcomethisbleak vision with
asteadily growing arsenal of knowledge, tools, and tech-
niquesfor preventing and undoing biological invasionsand
their harmful effects. The casestudiesin thisvolume docu-
ment the latest advances in undoing biological invasions
in critical areas for biodiversity conservation. Many of
these casesillustrate that arange of invasive taxa, includ-
ing vertebrate animals, plants and insects, can be eradi-
cated from a diversity of regions around the world (e.g.
Veitch 1974; Allwood et al. 2002; Burbidge and Morris
2002; Coulston 2002; Dixon et al. 2002; Flint and
Rehkemper 2002). The conservation potential of the
projects described in this volume is especially great be-
cause they focus on islands, which contain a dispropor-
tionate share of the world’s unique species (Whittaker
1998) and are especially vulnerable to the impacts of in-
vasions (Atkinson 1989; Simberloff 1995). These case
studiesillustrate that island invasive species eradications
are aready an important and effective way to protect na-
tive biota and ecosystems.

These case studies also present an opportunity to learn
from experience. Eradicationstake place inincreasingly
complex ecological contexts—in settings affected by mul-
tipleinvaders (e.g. Algar et al. 2002; Bullock et al. 2002;
Carter and Bright 2002; Coulston 2002; Klinger et al. 2002;
Micol and Jouventin 2002; Mowbray 2002; Roy 2002;
Rippey et al. 2002; West 2002), long-term damage to na-
tive popul ations and ecosystem function (e.g. Brown and
Sherley 2002), and other global environmenta stresses
such as climate change (IPCC 2001). These complexities
mean that restoring native systemsisnot alwaysasstraight-
forward as removing an invader. They aso mean that
eradications are more likely to have unexpected, undesir-
able effects, such as the accidenta release of other exotic
populations (Zavaleta et al. 2001).

What can go wrong?

To some extent, eradications will always be single,
unreplicated experiments, so there will always be some
surprise outcomes (Simberloff 1995, 2002). My goal isto
hel p reduce undesirable outcomes of eradicationsthrough
an assessment of why they occur and how they can be pre-
vented. Eradicationsfail for avariety of reasons, includ-
ing non-target impacts of the eradication method itself (e.g.
Morris 2002; Torr 2002) and failure to eliminate the tar-
get organism (e.g. Varnham et al. 2002; Hammond and
Cooper 2002; Burbidge and Morris 2002; Lovegrove et
al. 2002; Bell 2002; Parkes et al. 2002). Other authors
provide excellent critical overviewsof how to avoid these
types of problems (Moro 2002; Burbidge and Morris
2002). Here, | focuson the problem of unwanted, second-
ary ecological consequences of successful eradications —
releases of other exotic populations, declines in native
populations following eradication, and the failure of na
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tive biota and ecosystems to recover once target invaders
have been removed. Aspects of thistopic have been dis-
cussed elsewhere (Zavaleta et al. 2001); in this paper |
discuss some specific, possible solutionsto unwanted sec-
ondary impacts.

Species interactions — both among exotics and between
exotic and native species—lie at the root of most of these
post-eradi cation outcomesin these categories. Ininvaded
ecosystems, exotic species interact with each other and
with native specieslargely according to the samerulesthat
govern all species interactions. In any ecosystem,
populations of producers, consumers, and predatorsarein
part controlled by one another through food web and other
biotic interactions, including competition and provision
of habitat (Hairston et al. 1969; Fretwell 1987; Polis and
Strong 1996). Every invaded ecosystemisuniquein some
way, but every invaded ecosystem also follows, at least
qualitatively, the same set of basic rules that all ecosys-
temsdo. With these basic ecological rulesin mind, man-
agersand eradication experts can make great gainstowards
anticipating, planning for, preventing, and mitigating the
unexpected.

Thetypes of speciesinteractionsthat produce undesirable
eradication outcomes can be viewed as falling into three
classes. Thefirst and largest includes trophic (food-web)
and competitive interactions, both between exotics and
natives and among exotic speciesthemselves. Both com-
petition and trophic interactions are large categories of
speciesinteractionsimportant to eradication outcomes, but
they are necessarily linked in many cases. For example,
eradication of feral pigs (Susscrofa) and sheep (Ovisaries)
in Hawai’i removed herbivoresthat controlled exotic plant
popul ations (food-web interaction). Competition between
exotic and native plants became a more important struc-
turing force in the absence of top-down control by feral
herbivores, with mixed results (Scowcroft and Conrad
1992). The other two, smaller classes of species interac-
tions — provision of habitat by one species for another,
and indirect interactionsthrough the alteration by one spe-
ciesof site conditionsfor another — are discussed near the
end of this section.

Trophic and competitive interactions

The rules governing food-web interactions and their rela-
tive importance in different ecosystems have long been
studied and debated. Research in arange of ecosystems
has shown that both bottom-up and top-down regulation
of populations of consumers and producers can play im-
portant roles (Pace and Cole 1996; Paceet al. 1999; Polis
1999; Terborgh et al. 1999). The importance of these
forceshasimplicationsfor interactionsin invaded ecosys-
tems. Bottom-up regulation of predators by prey (Polis
1999) implies that, among other things, removing an ex-
otic prey species could reduce both exotic and native preda-
tor populations. On Santa Cruz Island, California, USA,
ecologists anticipate that feral pig (Sus scrofa) eradica-
tion will reduce native golden eagle (Aquila chyrsaetos)
populationsthat prey on the pigs (Roemer et al. 2002). In
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Fig. 1 Ecological release following removal of
an exotic species. Grey boxes are exotics,
white boxes are natives, dashed arrows indi-
cate competition, and solid arrows point to
consumers from the organism consumed. Font
size indicates population size. In systems
where (a) exotic predators consume both native
and exotic prey or, (b) exotic herbivores con-
sume both native and exotic plants, removal of
the top consumer can lead to release of exotic
(c) prey or (d) plant populations that can
outcompete their native counterparts. In (e),
removal of an exotic prey species from situa-
tion (a) leads an exotic predator to consume
more native prey, a phenomenon known as
prey-switching. In (f), removal of one exotic
plant species leads to ecological release of a
second exotic plant species, with no benefit to
native plant populations. This phenomenon
has been termed “the Sisyphus effect” by Mack
and Lonsdale (2002). Figure adapted from
Zavaleta et al. 2001.
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this case, the reduction of the native raptor will be wel-
come; predation by pig-inflated golden eagle popul ations
appears responsible for sharp reductions in endemic is-
land fox (Urocyon littoralis) populations.

Similarly, top-down regulation of prey by predators (in-
cluding regulation of plant populations by herbivores)
(Terborgh et al. 1999) impliesthat removing exotic preda-
tors can increase populations of both native and exotic

prey (Fig. 1a-d).

Thiskind of ecological release — of exotic prey or plants
previously consumed by an introduced animal that gets
removed — has occurred in arange of settingsinvolving a
range of exotic species (Fig. 1a-d). In some cases, an ex-
otic predator controls populations of exotic prey species
until the predator isremoved. Mesopredator release, the
rapid expansion of aprey population once top-down con-
trol by apredator has disappeared, could lead to negative
effectsif the expanded prey population competes with or
consumes native biota. Eradications of feral cats (Felis
catus) inthe Orongorongo Valley, New Zealand (Fitzgerald
1988) and on Isabelaldland, Mexico (C. Rodriguez, unpub.
data) haveled to increased populations of introduced rats.
Merton et al. (2002) describe an explosive irruption of
exotic crazy ant (Anoplolepisgracilipes) populationsfol-
lowing, and possibly resulting from, the removal of rats
from Bird Island in the Seychelles. Certain common in-
vaders are known to feed on other exotic animalsin ava-
riety of settings. Datafrom Fitzgerald (1988) indicate that
where introduced rabbits are absent, exotic rats generally
make up more than two thirds of the diet of introduced

Table 1 Exotic rats in the diet of introduced
cats on islands. Data from Fitzgerald (1988).

Islandswithout Occurrence of

introduced rabbits ratsin diet (%)
Galapagos:. Isabela 73
Galapagos: Santa Cruz 88
Lord Howe 87
Raoul 86
Little Barrier 39
Stewart 93
Campbell 95

Islandswith Occurrence of

introduced rabbits ratsin diet (%)
Gran Canaria 4
Te Wharau, NZ 3
Kourarau, NZ Trace
Orongorongo, NZ 50
Mackenzie, NZ 2
Kerguelen 0
Macquarie 3

NZ=New Zealand
Reprinted from Zavaleta et al. (2001) with permission from Elsevier
Science

cats on several islands where rats and cats co-occur
(Fitzgerald 1988; Fitzgerald et al. 1991) (Table 1). On
islands where introduced cats, rats, and rabbits al co-oc-
cur, rats make up amuch smaller part of cats' diets— sug-
gesting that in these settings, cats might be eating many
rabbitsinstead of rats.

Mesopredator release can potentially lead to cascading
changesin entire ecosystems. On subantarctic Marion|s-
land, pre-eradication studiesfound that feral catsfed heav-
ily on exotic house mice (Mus musculus). The mice, in
turn, atelarge numbers of an endemic moth, Pringleophaga
marioni, important to nutrient cycling on Marion (Bloomer
and Bester 1990, 1992; Crafford 1990). Cat eradication
could have released mouse popul ations, whichinturn could
have reduced moth abundance and subsequently changed
patterns of soil nutrient availability.

Even more frequently, removal of an exotic herbivorere-
leases populations of exotic plants from top-down con-
trol. Many islands have large numbers of exotic plantson
them in addition to the more often focused-on exotic her-
bivores (e.g. Frenot et al. 2001). Bullock et al. (2002)
describe how rabbit eradication from Round Island, Mau-
ritius hasincreased plant biomass, but mainly by increas-
ing the dominance of exotic species in the island’s flora
like Chloris barbata (North et al. 1994). Klinger et al.
(1994, 2002) describe a similar outcome following the
removal of sheep from SantaCruz Idand, U.S.A. On Santa
Cruz vegetation cover hasincreased, but certain endemic
plants species have declined, and exotic plants have pro-
liferated in areasformerly grazed by the sheep. On nearby
Santa Catalina lsland, the removal of feral pigs and goats
hasincreased plant diversity and vegetation cover, reduc-
ing potential for further topsoil erosion (Schuyler et al.
2002). However, exotic species contributed much of the
gainin plant diversity and increased in both absolute and
relative cover (Laughrin et al. 1994).

Only one exatic plant need be present in an ecosystem to
pose athreat. The most dramatic exotic plant release de-
scribed in this volume (Kessler 2002) involved a single
specieswhose presence was unknown prior to exotic mam-
mal eradication. Following removal of feral goatsand pigs
from Sarigan Island in the Commonwealth of the North-
ern Marianalslands, the exotic vine Operculina ventricosa
rapidly became superabundant. It now covers much of
the island, but its effects on ongoing regeneration of the
island’s native forests and faunaremain unclear. On San
Cristobal 1sland in the Galapagos, removal of feral cattle
from areas containing suppressed populations of exotic
guava (Psidium guajava) led to rapid development of
dense, mature guava thickets (Eckhardt 1972). In acase
like San Cristobal, herbivore removal can creste a Situa-
tionthat for practical purposesmay beirreversible. Brows-
ersand grazerswill consume guava seedlings and damage
saplings, but they cannot reduce numbers of established,
woody guavas once succession to these exatics has been
allowed to progress.
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In every one of these cases, successful eradication removed
a damaging exotic from a threatened ecosystem. These
cases make clear, though, that greater conservation gains
arepossibleif theseinitial eradicationsareviewed asonly
first stepsin alarger processof island restoration. In some
settings with multiple invasions, ecological releases of
other exotics can be anticipated, and steps can be taken to
head off potential problemsbefore, during, and after eradi-
cation. In others, unanticipated releases can be caught
and managed effectively through acombination of contin-
gency planning for surprise outcomes and post-eradica-
tion monitoring.

Diet switching and competition

Eradication of exotic prey without the simultaneous re-
moval of introduced predators can also spell troublewhen
these predators are forced to switch their diets to native
prey species (Fig. 1€). In New Zealand, introduced stoats
(Mustela erminea) feed largely on introduced rats (Rattus
rattus) and common brushtail possums (Trichosurus
vulpecula) (Murphy and Bradfield 1992; Murphy et al.
1998). Effortstoreduceall three of these speciestogether
resulted in successful control of the rats and possums, but
not the stoats. With the exotic prey species much reduced,
the remaining stoats switched their diets to include more
native birdsand eggs. Thistype of prey switching, under
thewrong circumstances, could potentially extirpate ana-
tive prey speciesin anisland setting. Since removing the
exotic predator first could lead to increased exotic prey
abundance (Fig 1. a,c), whether to remove exotic predator
or prey first can pose a serious quandary. The solution to
this scenario depends on, among other things, the feasibil-
ity of a successful dual eradication; the ability of native
prey populationsto withstand temporary increasesin pre-
dation; and theincreased difficulty of successful prey eradi-
cation that would result from an exotic prey population
expansion following predator removal.

Competition plays important roles in the responses of
multiply-invaded ecosystemsto eradications, both in con-
cert with trophic links and on its own. When an exotic
herbivoreisremoved from amultiply-invaded island, top-
down control may cease to be the main force suppressing
both exotic and native plant populations. 1nthe new, her-
bivore-free setting, competition between native and ex-
otic plantsmight play abigger rolein shaping who “wins.”
Invasive exatic plants often havelife history traitssuch as
large and frequent seed crops and short timesto reproduc-
tive maturity (Mack 1996; Rejmanek and Richardson
1996). These can provide a competitive advantage over
island natives and endemics, so that the winners of these
“contests’ at least in the short term are, unfortunately, of-
ten the exotics. Variations on this shift from top-down to
competition-driven threats posed by exotics havefollowed
pig, sheep, goat, rabbit, and other herbivore eradications
onislandsaround theworld, inthe Channel IslandsU.S.A,
Mauritius, Oceania, the Galapagos, Hawaii, and Mexico,
among other locations.
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The removal or control of a single exotic plant species
from an ecosystem containing multiple exotic plants can
also produce competition-medi ated rel eases, with discour-
aging results. Mack and L onsdale (2002) provide several
examples of exotic plant removals on land and in aquatic
systems that appear to have led to increases of other ex-
otic plant populations released from competition, with no
clear benefits to native biota. Exotic plant removal may
achievedesirableresultsonly if al invasive species present
are targeted together, or if native plants are actively re-
stored to prevent other exotics from grabbing resources
freed by the removal.

Habitat and indirect interactions

The second class of interaction that can complicate eradi-
cation planning and execution isapositive association be-
tween a native and an exotic species. Elsewhere in this
volume, Carter and Bright (2002) describe how exotic but
non-invasive Japanese red cedar (Cryptomeria japonica)
plantations on theisland of Mauritius provide refuges for
native birdsfrom introduced predatory macaques (Macaca
fascicularis). Inacaselikethis, removal of an exotic spe-
cies (Japanese red cedar) would indirectly increase the
impacts of another exotic species on endemics with high
conservation value. Inthe western U.S.A, large areas of
invasive saltcedar (Tamarix ramosissima) trees have re-
placed the historical riparian forest habitat of the endan-
gered south-western willow flycatcher (Empidonax trailii
var. extimus) (USFWS1997). Intheseareas, theflycatcher
now depends on the invasive saltcedar as nesting habitat.
Large-scaleremoval of these saltcedar stands without ac-
companying native forest restoration could, some govern-
ment officials argue, threaten the endangered songbird.
Saltcedar control within the range of the flycatcher will
likely need to include careful planning and restoration
measuresto meet the requirements of the U.S. Endangered
Species Act.

A third class of species interaction, which can create a
need for significant post-eradication restoration work, is
an indirect negative effect of an exotic on native species
that persists after the removal of the exotic. The clearest
examples of thistype of interaction involve exotic plants
that alter site properties. Invasiveiceplant (Mesembryan-
themum crystallinum) salinises soils so much that native
vegetation may not be able to recolonise after its removal
(El-Ghareeb 1991, Vivrette and Muller 1977). Restora
tion of iceplant-invaded areas on Santa Barbara Island,
Channel Islands National Park, U.S.A is expected to re-
quire substantial soil restoration measures beyond the re-
moval of the exotic plant (Philbrick 1972; Halvorson
1994). Similarly, invasive trees and shrubs of the genus
Tamarix in the south-western United States salinise
streamside soilsto levels not tolerated by many native or-
ganisms (Jackson et al. 1990; Busch and Smith 1995;
Shafroth et al. 1995; Wiesenborn 1996). Nitrogen-fixing
plants, such asinvasive Scotch broom (Cytisus scoparius)
and French broom (Genista monspessulana) in coasta
California, U.S.A, can increase soil nitrogen availability
over time (Bossard et al. 2000). When these species are
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removed from long-invaded sites, thishigh nutrient avail-
ability can increase site susceptibility to re-invasion by
exotic annuals (K. Haubensak pers. comm.). Incaseslike
these, atered site conditions might recover over timewith-
out intervention. Leaving these kinds of sites to recover
on their own, though, can come at cost. Soil erosion, sus-
ceptibility to re-invasion, and an absence of forage and
habitat for native animalsall could create bigger and more
costly management challenges than pursuing active site
restoration from the start.

With eradicationstaking placeinincreasingly complex and
altered settings, awide range of unexpected outcomes are
possible (Table 2). Some of these potential outcomes are
less likely than others because the particular conditions
required to produce them are rare, such as the case of a
predator removal releasing exotic plant populations
through cascading changesin ecosystem interaction webs.
Others, such as the failure of areduced or extinct native
population to recover, or the ecological release of an ex-
otic competitor or prey species, occur with undeniable
regularity. Are these “side-effects’ of well-intentioned
eradi cationsjust noise around overwhelmingly successful
conservation projects, or can they completely undo the
good intentions of an eradication project and create even
more serious problems? The answer is probably both,
depending on context and on the steps taken to cope with
them before and while they occur.

What we can do

Removing exotic speciesfrom ecosystemsisrarely anend
initself. Theultimate goal of most eradications should be
to restore the diversity and functioning of native ecosys-
tems (but see Browns Island case (Veitch 2002)). Most
practitioners now recognise this objective, so narrow defi-
nition of the goals of eradication is not really a problem.
For instance, nearly every eradication case study in this
volume specifies its goa in terms of alowing recovery,
protecting native species, restoring biological diversity, or
some other aspect of conservation.

What fewer of these case studies describeisan active pur-
suit of their conservation goal's, through specific stepslike
restoration planning or monitoring. This may be partly
becausethe focus of thisvolumeisthe process of eradica
tionitself. Still, fewer than half of the case studiesin this
volume mention any pre- or post-eradication monitoring
other than search for missed target individual s and imme-
diate non-target effects. Given the explicit conservation
and restoration goals of most eradication projects, thisis
surprising. Without pre-eradication evaluation of a
project’s context, managers cannot reliably avert or plan
for the undesired side effects of eradication in a complex
setting. Without at least some post-eradication monitor-
ing, managers cannot possibly catch totally unanticipated
side effects or know whether and when toimplement con-
tingency plansfor dealing with undesired outcomes.

Table 2 Potential, undesired effects of exotic species removals. Removals of exotic plants, her-
bivores, and predators (top row) can alter interactions with other exotic and native species in an
ecosystem (left columns) in ways that move the system further from a desired state (table cells).
Exotic species removals can also be insufficient to permit natural ecosystem recovery, as when
exotic plants have rendered site conditions inappropriate for native establishment. See text for
further discussion. Bolded statements indicate outcomes documented by at least one case study

discussed in this paper or elsewhere.

Species affected Exotic species removed
Plant Herbivore Predator
Plant exotic Competitive Top-down Cascading release
release release
native Site alteration Small population Loss of dispersal
preventsrecovery prevents recovery vector
Herbivore  exotic Food switching Competitive Top-down
to native plant release release
native L oss of Small population Small population
protection/habitat preventsrecovery preventsrecovery
Predator exotic Thrivein native Switch to native Competitive
vegetation prey release
native Loss of Declinedueto
protection/habitat absence of prey
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Leveraging information to guide eradication

Without post-eradi cation follow-up, eradication expertsas
acommunity al so cannot accumulate val uable knowledge
about project outcomes. Cromarty et al. (2002) identify a
need not only to define long-term restoration goals, but
also to better understand the downstream effects of remov-
ing exotics. We need both of these pieces: only by under-
standing downstream effects can we determine how to meet
thoselong-term goals, and only specific, defined long-term
goals can consistently guide decisions that produce
(mostly) the“right” downstream effects and not (as many
of) the “wrong” ones. In the long run, knowledge accu-
mulated through consistent follow-up monitoringisama-
jor way for the global eradication community to improve
and refine its techniques and to communicate the impor-
tance of invasive species removalsto new and sometimes
sceptical audiences.

While avoiding surprise outcomes and improving eradi-
cation techniques require understanding the ecological
systemswhere eradicationstake place, thisunderstanding
hasto come with the recognition that many islands are, to
varying degrees, in states of crisis. There are costs to
waiting for information to be gathered. Asmuch aspossi-
ble, research needs to be incorporated into actual conser-
vation projects. Short-term, pre-eradication studies can
provide useful insightsinto potential ecosystem responses
toaninvasive speciesremoval. For example, careful, pre-
eradication food trial experimentsto quantify theplant food
preferences of introduced rabbits on islands have qualita-
tively predicted plant community responsesto rabbit eradi-
cation on small, simple islands with very few plant spe-
ciesand no other exotic herbivores (Donlan 2000). These
kinds of studies may not work aswell, though, in the com-
plex settings where predictive toolsare most needed. The
same food preference trials yielded little information on
islands with modestly diverse (<50 species) floras and
multiple exotic herbivores (E. Zavaleta and B. Tershy,
unpub. data) (Fig. 2). Constructing exclosures while ex-

Fig. 2 A feral rabbit (Oryctolagus cuniculus)
selects an exotic forb (Tribulus cistoides) over
an endemic bunchgrass (Aristida pansa) in a
food preference trial on Clarion Island, Mexico.
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otic herbivoresarestill present can also provide awindow
into how vegetation might respond to herbivore removal
in more complex settings. Interannual and spatial vari-
ability and timelagsin community response, however, all
limit the ability of one or afew years of exclosure datato
predict an entire island’s response over decades.

Within the planning of any given eradication, then, a bet-
ter alternativeto collecting large quantities of information
in search of clear answers might be to identify the mini-
mum information necessary to suggest wise decisions.
Models exist for how to both identify and use minimum
necessary informationinthisway. Qualitative assessment
methods, such as decision trees (Reichard and Hamilton
1997) and rule-based models (Starfield et al. 1989;
Starfield 1990) allow one to characterise a species or a
whole system with little or no quantitative information.
For example, the North American woody invaders deci-
sion tree of Reichard and Hamilton (1997) allows one to
assess Whether any woody speciesis safe to import based
on yes/no answers to two to seven questions about its ba-
sic ecology. It should also be possible to improve deci-
sions about island eradication planning with aqualitative
understanding of key aspectsof theisland’s condition and
ecology. Basic knowledge of the exotic speciespresent in
asystem, the likelihood for interactions among them and
with native species, and the extent of damage they have
caused can flag areas to consider more carefully in eradi-
cation planning. Figure 3 provides a rough example of
what such a planning guide could look like for island
eradications. It startswith three qualitative questions about
the ecology of the island on which eradication is to take
place:
m Isthere (or could there be) more than one exotic spe-
cieson theisland?
m Hasthetarget specieseliminated or greatly reduced any
native populations on the island?
m Hasthetarget speciesaltered site conditionsin any long-
term way, such as severe soil erosion or salinisation?

If the answer to any of these questionsis“yes,” planners
could consider additional questions about the eradication
and restoration process. Perhaps the most critical aspect
of this processisthe evaluation of tradeoffs before taking
action: what are the worst-scenario costs of proceeding
with no further planning or information? And what are
the worst-scenario costs of waiting? In some cases the
best strategy for avoiding disaster, such as an extinction,
may still be to proceed with immediate eradication. In
other situations, the best strategy may call for adding “ sur-
veillance” steps, such as post-eradication monitoring to
catch unwanted changes early, or “action” steps, such as
native species re-seeding/re-introduction in conjunction
with exotic species removal (see Zavaletaet al. 2001) or
simultaneous removal of more than one species (Murphy
et al. 1998).

Often, the single best strategy, from a holistic conserva-
tion standpoint, will not be obvious because outcomes
cannot be fully predicted. On Clarion Island in the
Revillagigedo Archipelago, Mexico, exotic rabbit, sheep,



START

I8 Thare maie than cne
we ol apecivs (pland e Hﬂ

Zavaleta: Can we eradicate better?

Hag the targed species
dirminaled o graaly iediiced

H populaians of sy nilive HO

abdralh on e HEland?

e

Is thim other species lkely mbenacing
with the targed species?

spicies o the lsland?

lm

5 the epet ewchic Bing a func Banel m'e
ro bonper bled by a redeced or absend
ratrie species

+ Han tha Bige! species
slipred aile condilion?

¥ ?.EE

EVALUATE ‘whehed g

HO

e

T -

ND

W VES (10 any)

T

et oo to ol bow

ait “Take steps 10 avsid re-intraducing 2xotics

EVALURTE FUTER AL FUH EVALUATE {=e eff=ct
LUORRALER vare [ ;. wlir

el L , .

L]
CORSIDER:
ESTABLIEH iahat e
: FERENCY [DEIn N el & | e ea st
" drmirn |o ceboh
Onia vou fae considerad sach fan-langsl exctic

Go to 2

Go fo 3.

LOMSIDER:

Take appropriate
action

Fig. 3 A prototype planning guide for averting unexpected eradication outcomes on islands. To
walk through issues to consider for a particular eradication project, start with the upper left-hand
box (START). Use your yes/no answers to choose which arrow to follow from each question box
(thick outline). When you reach a guideline box (thin outline), read through it then follow the arrow

from it to the next step.

and pig eradication will amost certainly reduce widespread
areas of bare soil throughout the island, stemming topsoil
erosion and aiding recovery of heavily impacted native
species such as a potentially endemic variety of Opuntia
englemanii (Fig. 4; pers. obs.). However, small to signifi-
cant (>1 ha) patches of up to seven new noxious exotic
weeds, including Bermuda grass (Cynodon dactylon) and
bufflegrass (Cenchrus echinatus), exist near the island’'s
inhabited military garrison. If these exotic plants spread
over large areas of theisland when released from herbivory
pressure, they may become impossible to ever remove.
Littleinformation exists, however, to suggest whether ex-
otic plant releasein thissettingisalikely outcome. A pre-
emptive, costly, multi-year weed eradication attempt be-
fore eradicating herbivores could safeguard against po-
tential exotic plant spread but is riskier than immediate
herbivore eradication from the standpoint of reversing
declines in seabird populations, soil conditions, and cer-
tain native plant populations. The many unknowns com-
plicating thisweighing of optionsinclude how native and

exotic plant species will respond to herbivore removal,
whether the spread of new exoticswould negatively affect
island biodiversity and functioning more than feral her-
bivores do, and how imminent are threats of extirpation or
extinction to certain native species.

Plannerscannot, inthisvery typical kind of situation, pres-
agethe optimum path to completeidiand restoration. What
they can do isto choose afirst step wisely, identify out-
comesto this step that they absol utely want to avoid, quali-
tatively evaluate thelikelihood of such outcomes, and take
steps to prevent them. Eradications have been a singu-
larly effective conservation tool on islands; they have
hel ped save numerous speci es from extinction and numer-
ous ecosystems from collapse. Eradications can do more.
As eradication advances in a technical sense, with ever-
improving baits and traps, hunting strategies, and hard
tools, itspractitioners should al so strive towardsthe state-
of-the-art in an ecological sense. This means taking ad-
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Fig. 4 Prickly pear (Opuntia englemanii), once
widespread in the lowlands of Clarion Island,
Mexico, now survives only on rocky outcrops
that protect it from feral herbivores.

vantage of adifferent set of tools—monitoring, speciesre-
introduction and translocation, revegetation and erosion
control, and qualitative, systems-level ecology. It means
placing more emphasis on achieving and verifying, not
just identifying, long-term ecosystem restoration goals. As
knowledge about the ecological context of eradications
evolves alongside technical expertise, the conservation
value of invasive species management can only grow.
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