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1 | INTRODUCTION

Michael Bode*

Abstract

The eradication of invasive species from islands is an important part of manag-
ing these ecologically unique and at-risk regions. Island eradications are com-
plex projects and mathematical models play an important role in supporting
efficient and transparent decision-making. In this review, we cover the past
applications of modeling to island eradications, which range from large-scale
prioritizations across groups of islands, to project-level decision-making tools.
While quantitative models have been formulated and parameterized for a
range of important problems, there are also critical research gaps. Many appli-
cations of quantitative modeling lack uncertainty analyses, and are therefore
overconfident. Forecasting the ecosystem-wide impacts of species eradications
is still extremely challenging, despite recent progress in the field. Overall, the
field of quantitative modeling is well-developed for island eradication plan-
ning. Multiple practical modeling tools are available for, and are being applied
to, a diverse suite of important decisions, and quantitative modeling is well
placed to address pressing issues in the field.

species extinction and threat. Almost half of all recorded
animal extinctions have been species that were endemic

Despite their small landmass, islands support a large pro-
portion of global biodiversity and an even greater propor-
tion of threatened biodiversity (Mittermeier et al., 2004).
Through a combination of environmental uniqueness,
isolation, and their sheer number (there are hundreds of
thousands of recognized islands; Sayre et al., 2019),
islands have evolved into hotspots of endemism: approxi-
mately 15% of the world's vertebrate species and 20% of
the world's vascular plants are endemic to islands (Mil-
lennium Ecosystem Assessment, 2005). In the
Anthropocene, high human population densities, along
with the acceleration of existing invasion processes, and
the creation of new ones, have made them hotspots of

to islands (Duncan, Boyer, & Blackburn, 2013; Tershy,
Shen, Newton, Holmes, & Croll, 2015).

Islands are not only biologically unique, they present
unique conservation challenges. Their remote location
creates logistical challenges that drive up the costs of
management and risks of failure (Holmes et al., 2015).
However, this same spatial isolation can be beneficial, as
it may make it easier to quarantine the island from future
human impacts—although invasive species are currently
more prevalent on more isolated islands (Moser
et al., 2018). Their small spatial scale not only makes
intensive management feasible (e.g., invasive species
eradications), but it also means that their ecosystems are
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small and vulnerable, both to environmental and demo-
graphic stochasticity. Small ecosystems are more prone to
instability, which can exaggerate natural population
dynamics into threatening cycles (Gerlach, 2001).
Invasive species are a major driver of island extinc-
tions, and effectively managing invasive populations can
deliver enormous benefits to island species and ecosys-
tems (Jones et al., 2016; Veitch & Clout, 2002). Consis-
tent, long-term control of invasive populations can be
effective, but eradication is often the goal of conservation
organizations, since it has several benefits
(Simberloft, 2014). Firstly, a successful eradication project
has a finite timespan, and securing funding for short-
term projects with specific outcomes can be easier than
asking for indefinite funding for ongoing control
(Bomford & O'Brien, 1995). Eradication completely
removes a threat from the ecosystem, which can have sig-
nificant benefits compared to keeping a species at low
density: single individuals of invasive predators can cause
huge damage and the mere presence of a species can
cause behavior change in others (Lima, 2002). Eradica-
tion of invasive species from islands has already delivered

enormous benefits to global conservation (Simberloff
et al., 2018), including species conservation benefits to
236 species (Jones et al., 2016).

Island eradications are complex projects, affected by
diverse factors. Quantitative modeling and optimization
have important role to play in supporting island eradica-
tion decisions. A mathematical formulation helps to
make explicit our assumptions and understanding of
complex system dynamics, predict the efficacy of man-
agement alternatives, and forecast novel environmental
changes. It should take the form of equations that can
clearly compare the relative performance of any two
potential conservation actions. In conjunction with
modeling, optimization methods can support conserva-
tion decision-making by pinpointing efficient and effec-
tive management strategies (Garcia-Diaz et al., 2019).

There is an important distinction between a mathe-
matical model and decision-support tools, and both are
important when discussion modeling to support deci-
sions on islands (Table 1). Models are primarily for
predicting or estimating aspects of the system. For
example, to estimate the current population density of

TABLE 1  Glossary of important terms for modeling and decision-making in conservation, with references for further detail on their

meaning and implementation

Key term

Adaptive management

Decision-support tool

Multiobjective decision analysis

Return on investment (ROI)

Quantitative model

Uncertainty

Value of information (VoI)

Meaning

A method that formalizes “learning by
doing” within a decision-making and
mathematical framework

A piece of software that can assist in
decision-making, which
communicates estimates of impact of
different interventions

A framework for making decisions
when the objective includes multiple
distinct aims, such as values on costs.

An estimate of the benefit conservation
project (the return) compared to the
cost required to do the project (the
investment)

A mathematical encoding of our
understanding of a system. These
underly decision-support tools

A description of how confident we are
in an estimate of something. It is
important for both parameter
estimates and for model predictions.

A method for estimating how important
new data is for improving a decision,
and it is useful for questions
including “should we act now or wait
and collect more data?”
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a species, or to predict how many years it would take
to eradicate an invasive species, for a certain manage-
ment strategy. In contrast, decision-support tools typi-
cally use the results of a mathematical model to help
determine the effectiveness of different management
strategies. For example, to determine how to split
resources between baiting and trapping to achieve
eradication quickly.

2 | PURPOSE OF THE REVIEW

In this study, we review island invasive eradication chal-
lenges that have been productively addressed using quan-
titative modeling approaches and decision-support tools.
Broadly, these modeling approaches belong to two cate-
gories. First, we review strategic problems, which decide
which islands should be targeted for invasive species
eradication (Figure 1a). These models support between-
island decisions, and their choices are based on large
databases, and statistical or expert-derived models of
eradication cost and feasibility. Second, we review tacti-
cal problems, which focus on individual islands (Fig-
ure 1b). These models estimate quantities such as the
probability of reinvasion, or the effectiveness of survey

FIGURE 1
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methods at detecting the presence of invasive species,
and help managers to choose between the different
options available to them. These within-island decisions
generally offer a more diverse set of choices than the
between-island models. For example, which species to
target, what eradication methods to use, or for how long
to apply those methods.

These categories reveal two key limitations to our
review. First, a whole section of eradication planning
problems falls outside the scope of these models. For
example, the jurisdiction, governance, and regulation of
islands are often unusual and will influence conservation
decisions. Stakeholder value systems are also important
to consider, as different people and organizations priori-
tize species and ecosystems differently. On inhabited
islands, issues of community consultation (Blackburn
et al.,, 2010; Myers, Simberloff, Kuris, & Carey, 2000;
Oppel, Beaven, Bolton, Vickery, & Bodey, 2011) and
social dynamics (Aley, Milfont, & Russell, 2020; Crandall
et al., 2018; Glen et al., 2013; Russell & Taylor, 2017; Rus-
sell, Taylor, & Aley, 2018) will also affect which actions
will be feasible or successful. On these and many other
questions, quantitative decision-support tools currently
have relatively little to say (as does our personal exper-
tise). Second, our two categories have an implicit

(b)

Panel (a) shows an example of a strategic, between-island eradication decision problem. The map shows the Marquesas

Island group, in French Polynesia. Many of these islands contain invasive vertebrates, and differ in size, biogeography, threatened and

invasive species, and so on. Bathymetry, an important determinant of reinvasion risk, is shown by shaded contour lines. Invasive eradication

projects have already occurred on Teuaua (indicated by the arrow) which were successful for Rattus exulans, but unsuccessful for Rattus

rattus. Projects are planned for six other islands in the group. Panel (b) focuses shows an example of tactical, within-island eradication
decisions on Mohotani (indicated by the red box in panel A). Here, a planned eradication program will target rats (R. rattus), cats (Felis

catus), and domestic sheep (Ovis aries). These three species require different eradication actions and have varied probabilities of success. In
addition, cats and rats have a predator-prey relationship which will be disrupted by eradication actions. The dashed line suggests a potential
internal fence, which may reduce both the cost of eradication, and the risk of failure, for some species
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sequence: we first decide where to act and we then decide
what to do when we arrive there. In truth, the two deci-
sions are interdependent: between-island decisions will
depend on what within-island actions we will take. Most
decision-support tools place an artificial hierarchy on this
process, but some methods have tried to weave these
scales together (Helmstedt et al., 2016; Lohr, Hone,
et al., 2017). Finally, throughout this review, we focus on
methods relevant to the eradication of invasive mam-
mals, both because they are the major island invaders
(Bellard, Rysman, Leroy, Claud, & Mace, 2017), but also
because they are the focus of most of the literature. We
include references to other vertebrates, invertebrates, and
plants where these are available. We also call upon
modeling in noninsular problems, provided that the
mathematical concepts are useful to island projects.

An overview of island eradication modeling offers an
opportunity to review the contributions made by quanti-
tative methods to island conservation, but also highlights
scope for improved modeling, and emerging challenges.
We therefore finish our review by asking: what is the
future role of modeling in island invasive species
eradication?

3 | BETWEEN-ISLAND
PRIORITIZATION: WHERE DO
WE ACT?

3.1 | Why prioritize?

A substantial proportion of the world's islands contain
one or more invasive species (Blackburn, Cassey, Dun-
can, Evans, & Gaston, 2004; Sax, Gaines, & Brown, 2002).
Any island with human inhabitants is likely to have inva-
sive species, since humans bring organisms both purpose-
fully (e.g., domesticated animals, agricultural plants) and
accidentally (e.g., ship rats), and because even a single
human visit can be enough to deliver non-native species
(although multiple invasion events may be more com-
mon; Cristescu, 2015). Governmental and non-
governmental conservation actors are therefore faced
with a set of options that vastly exceeds their resources;
they must choose a subset to target for eradication. A
jurisdiction that exemplifies, this issue is Western Austra-
lia, where the state government Department of Parks and
Wildlife has authority over 3,424 offshore islands,
supporting 104 known endemic taxa (Morris, 2012;
Ward, 2009). A large number also support populations of
invasive species. 13 exotic mammal species have been
recorded on 121 different islands, including 9 with rats
(mostly Rattus rattus), 16 with house mice (Mus
musculus), 4 with cats (Felis catus), and 11 with foxes

(Vulpes vulpes). Many Western Australian islands are
therefore suitable candidates for eradication programs
(and the state has undertaken at least 74 successful eradi-
cations since the 1970s), but the budget for island conser-
vation is only sufficient to manage a handful each year.
While this is just one department, similar issues are faced
broadly by management agencies (Gregory, Henderson,
Smee, & Cassey, 2014).

Island eradication therefore begins with a between-
island prioritization exercise—Which islands should be
targeted, given our limited resources? In mathematics,
this type of combinatorial optimization is called a “knap-
sack problem” (Hajkowicz, Higgins, Williams, Faith, &
Burton, 2007); in spatial conservation prioritization, it is
often known as Noah's Ark problem: we need to choose a
set of objects (islands) that maximize our conservation
benefits (usually threatened species persistence), while
still fitting into our knapsack (our eradication budget). In
the past three decades, multiple prioritization tools have
been proposed to solve this problem for island eradica-
tions. All of them can be classified as variants of the
knapsack problem, differing in their definition of the
conservation goal, the set of islands they consider, the
invasive species they focus on, and the system model.

3.2 | An overview of island
prioritizations

The first published island eradication prioritization tool
was written by Brooke, Hilton, and Martins (2007), and it
offers an appropriate type specimen of the decision-sup-
port tool. The goal of their proposed island eradication
program was to benefit the conservation status of 130
globally threatened bird species that are found on islands.
Their objective function assumed that a bird species’ con-
servation status would improve if a larger proportion of
its island range was invasive free. They placed greater
importance on species that belonged to higher threat cat-
egories and on species that were more severely impacted
by invasive species. This benefit function clearly repre-
sents only a subset of the total biodiversity that might
benefit or be harmed by the removal of invasive species
from these islands, but it does represent a clear, tractable
goal that could be pursued by a funding organization (e.
g., an international bird conservation organization).

To maximize this benefit, the authors selected the 20
highest-priority islands from the set of 367 islands that
are smaller than 1,000 km?, have globally threatened
birds, and have at least one known invasive vertebrate.
Their conservation action was to eradicate species of
invasive vertebrate, which they categorized as either
ungulate, carnivore, rodent, or bird. Their model of the
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system dynamics was particularly simple—they assumed
that when an island was targeted for eradication, all inva-
sive species were removed; eradication was guaranteed to
be successful; and reinvasion would not occur. However,
they did consider the effects of removing a range of inva-
sive species, and they further considered how the cost of
eradication (and therefore the number of projects that
could be pursued with a fixed budget) depends on the
size of the island, its location, and the species present.
Brooke and colleagues’ primary result is also typical of
island eradication prioritization analyses—they decided
on their list of 20 islands by applying a greedy optimiza-
tion algorithm to the data set.

Brooke and colleagues undertook a sophisticated
between-islands prioritization exercise, particularly given
its publication date, but they did omit several important
factors, including the likelihood of reinvasion, the possi-
bility of eradicating only a subset of the species on each
island (e.g., cats, but not rats), and uncertainty in their
various parameter sets. In the years that followed, new
prioritization methods would engage with these various
factors.

3.3 | Proliferation of prioritizations

There are now a very large number of published articles
that describe island eradication prioritization methods—
all variants on this original theme. Some define alternate
conservation benefit functions, using either a broader set
of species (Dawson et al., 2015, p. 201), or a more narrow
set (e.g., three species of petrel; Ratcliffe, Mitchell,
Varnham, Verboven, & Higson, 2009).

Like Brooke et al. (2007), many of these analyses
choose high-priority islands from across the whole world
(Dawson et al, 2015; Holmes et al, 2019; Spatz
et al., 2017). However, others restrict their attention to
particular jurisdictions, such as the islands of Northern
Western  Australia (Lohr, Passeretto, Lohr, &
Keighery, 2015), British Columbia (Donlan, Luque, &
Wilcox, 2015), Western Mexico (Latofski-Robles, Aguirre-
Muiioz, Méndez-Sanchez, Reyes-Hernandez, &
Schliiter, 2015), or the United Kingdom (Ratcliffe
et al., 2009). More spatially restricted analyses lack the
scope and impact provided by a global map, but they
offer a better match to the crucial scales of budgets and
governance. Most island eradication programs are funded
and regulated at national or subnational scales; these
governance constraints are as real as the challenges pres-
ented by remote location or large size.

Different island eradication prioritizations target dif-
ferent sets of invasive species for eradication. Nogales
et al. (2013), for example, focus on the eradication of cats,

Ajoumal of the Society for Conservation Biology

a critical threat to seabirds on the world's islands. Capi-
zzi, Baccetti, and Sposimo (2010), Ratcliffe et al. (2009),
and Harris, Gregory, Bull, and Courchamp (2011) all
focus on the eradication of rodents, the most widely dis-
tributed invasive vertebrate, while Lohr et al. (2015) pri-
oritized the eradication of invasive weeds. Finally, a few
of these articles assume that the process of eradication is
more complicated than complete and guaranteed eradica-
tion of all invasives, as modeled by Brooke et al. (2007).
For example, Helmstedt et al. (2016) offer the option of
eradicating only the most important invasive species on
each island, rather than every last one. Other methods
take into account the very real risk of reinvasion (Harris
et al., 2011), project failure (Dawson et al., 2015), or com-
munity opposition (Holmes et al., 2019).

3.4 | Common prioritization issues

An abundance of prioritization analyses creates an abun-
dance of high-priority lists. To some extent, these lists of
priority islands can coexist alongside each other, since
they often focus on different locations, different invasive
species, and different conservation goals. However, in
cases where there is conflict between competing lists, it is
important to identify which prioritization will achieve
superior conservation outcomes. Three flaws commonly
occur in island prioritization analyses. The first is about
how outcomes are valued, the second concerns the
expected project cost, and the third involves the treat-
ment of uncertainty. As we discuss below, these are criti-
cal aspects of an effective prioritization methodology.

3.5 | Flawed methods

Some prioritization analyses apply ad hoc methodologies
known as “scoring schemes” to combine the different ele-
ments of the between-islands problem into a single met-
ric that can be ranked. The shortcomings of scoring
schemes are outlined at length in Game, Kareiva, and
Possingham (2013), but they can generally be identified
by two factors. First, the absence of a clearly defined,
quantitative conservation objective (Game et al., 2013). A
quantitative island conservation objective could be to
maximize the number of invasive-predator free islands,
given a fixed eradication budget. A quantitative conserva-
tion objective provides a transparent and explicit basis for
choosing between better and worse actions. It is also criti-
cal when decisions depend on a combination of different
elements (e.g., economic cost and social acceptability).
Island priorities should be determined in a return-on-
investment framework (Murdoch et al, 2007), or
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evaluated using multiobjective decision-making (Ken-
nedy, Ford, Singleton, Finney, & Agee, 2008).

3.6 | Absent costs

Some prioritizations do not consider how the costs of
eradication vary between different locations, or between
different invasive species. Instead, they recommend that
islands be ranked by their biodiversity value, or by their
urgency (Donlan & Wilcox, 2007). This will not result in
a cost-efficient prioritization, a fact that has been recog-
nized in conservation planning since the mid-1990s
(Boyd, Epanchin-Niell, & Siikamiki, 2015). Cost is a cru-
cial element of conservation prioritization (Ando, Camm,
Polasky, & Solow, 1998; Bode, Watson, Iwamura, &
Possingham, 2008; Brown et al., 2015) and is generally
more heterogeneous (and therefore more important for
determining priorities) than factors such as threat or spe-
cies richness (Bode, Wilson, et al.,, 2008; Naidoo
et al., 2006). This is particularly true for island eradica-
tions, where logistics are critical and where resources are
scarce, relative to the scale of the problem (Martins
et al., 2006). Moreover, island biogeography theory tells
us that larger islands contain more biodiversity (Mac-
Arthur & Wilson, 2001), and this will tend to attract the
attention of prioritization analyses that do not consider
cost. However, eradication costs scale rapidly with island
size (Bode et al., 2013; Campbell et al., 2011; Martins
et al., 2006), and so in many cases the benefits offered by
larger islands are a mirage. This situation—where costs
are positively correlated with benefits—is where the
inclusion of costs is most critical (Boyd et al., 2015).

Some papers argue that costs are so hard to estimate
that they should be ignored (Donlan & Wilcox, 2007). We
disagree that statistical estimators can explain a substan-
tial proportion of cost variation in previous projects (Mar-
tins et al., 2006), and it is almost always better to include
uncertain cost information than to ignore it (Brooke
et al, 2007, Naidoo et al., 2006). Although we do
acknowledge that estimating costs can be challenging
and that we should avoid using point estimates without
uncertainty bounds. However, provided cost estimates
incorporate our best knowledge of uncertainty, costs
should be included in prioritizations.

3.7 | Uncertainty

The rationale for ignoring costs is based on a kernel of
truth: cost estimates for island eradications are indeed
highly uncertain. Moreover, all of the key parameters that
drive prioritizations are uncertain—the presence,

abundance, and conservation status of the threatened spe-
cies; the probability of eradication success; and the proba-
bility of reinvasion among them. Data with large
uncertainties should not be ignored—and this includes esti-
mates of eradication costs—but nor should it be treated as
though it were accurate. Nevertheless, existing island prior-
itizations typically use parameter estimates without fully
accounting for the effect of uncertainty. We return to the
treatment of uncertainty in our final recommendations.

3.8 | Data-based prioritization decisions
A prerequisite for making between-island prioritization
decisions is that broadly comparable data for every island
being considered is available. Generally speaking, these
information requirements (a) are details on the native
species on each island that are threatened by invasive
species; (b) the invasive species present on each island;
(c) the expected cost of eradicating each of those species,
in isolation or conjunction; and (d) the probability that
such an eradication would be successful, if attempted
(Island Conservation, 2018). At its most primitive, this
information can be a series of lists that can be combined
in a cost-effectiveness equation (Joseph, Maloney, &
Possingham, 2009; Murdoch et al., 2007).

Data sets are available to parameterize the key com-
ponents of between-island prioritizations, although their
quality and completeness varies considerably. Alongside
databases on island biogeography (e.g., size, location,
environment, topography [Sayre et al., 2019]), lists of
native and invasive species on islands are freely available,
from national (e.g., [Department of the Environment and
Energy, 2016]) and international (Invasive Species Spe-
cialist Group ISSG, 2015 p. 1; Threatened Island Biodiver-
sity Database Partners, 2018) sources. These types of
information can be gathered before an eradication is
attempted. In contrast, data on the cost of eradication, on
the probability that an eradication project will succeed,
and on the probability of reinvasion, will not always exist
for specific islands until eradication has been attempted
or achieved. For these types of data, statistical estimators
can be used to predict the values in advance. Large data
sets exist that collate historical island eradication data—
both for successful and wunsuccessful projects
(DIISE, 2015). A subset of these projects has even
recorded the costs incurred in the process (Campbell
et al., 2011; Holmes et al., 2015; Howald et al., 2007). Sta-
tistical models have proven capable of explaining some of
the variation in cost and probability of success, highlight-
ing the role of island isolation, invasive species identity,
and island size (Jardine & Sanchirico, 2018; Martins
et al., 2006; Wenger et al., 2017).
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3.9 | The demand for detailed data

As between-island prioritizations increase in complexity
and scope, they demand more information, and more
specific information. These prioritizations might require,
for example, quantitative estimates of the abundance of
threatened species on each island (e.g., Capizzi et al., 2010;
Helmstedt et al., 2016; Lohr, Hone, et al., 2017). They
might also ask for predictions about postmanagement
scenarios. For example, Joseph and colleagues' prioritiza-
tion requires an estimate of how much feral cat eradica-
tion will decrease the extinction probability of the
Chatham Island oystercatcher (Joseph et al., 2009).
Helmstedt et al. (2016) methods not only require abun-
dance estimates for each threatened native species on
each island, they require a prediction of what those abun-
dances would be in the presence of different invasive spe-
cies communities (e.g., when cats, rats, and mice are
present; when rats and mice are present, when only mice
are present, etc.). To estimate the range of potential bene-
fits for their three island prioritization, they were there-
fore required to estimate 204 abundance parameter
values under multiple different invasive species commu-
nities. The Island Decision Support System outlined by
Lohr, Hone, et al. (2017) is the most complex prioritiza-
tion scheme yet proposed: each of its insular ecosystems
is modeled by a bespoke multispecies ecosystem model.
3.10 | The role of experts

The information requirements of large-scale prioritiza-
tion models are complex, numerous, and hard to estimate
statistically. Instead, these analyses generally use expert
elicitation to parameterize their models (e.g., Holmes
et al., 2019), based on formal, semi-structured elicitation
techniques (Speirs-Bridge et al., 2010). Expert judgment
can rapidly estimate many prioritization parameters, but
the results are of uncertain accuracy. Expert ecologists
are vulnerable to the same cognitive frailties as the rest of
the population, and their estimates of quantitative model
parameters can be both uncertain and poorly calibrated
(i.e., overconfident; Burgman et al., 2011; Sutherland &
Burgman, 2015). These facts make a formal analysis of
uncertainty even more important for complex, expert-
based prioritizations.

4 | WITHIN-ISLAND
PRIORITIZATION: WHAT DO
WE DO?

If we hold to our strictly hierarchical decision framework,
then once the between-islands decision has been made,
we thereafter need to determine precisely what to do on

Ajoumal of the Society for Conservation Biology

those high-priority islands. For example, which invasive
species should we target first and how should we reduce
their abundance? The most straightforward way in which
quantitative models can support decision-making is for
them to forecast how candidate actions will affect the
future state of an island ecosystem. How these models
manifest depends greatly on their intended use and the
target system. Nevertheless, underpinning all of the work
we discuss in this section are models that forecast how
management actions will perform if implemented.

41 | Should we act?

Before we proceed with any eradication, there are case-
specific issues that must be considered that will not be
captured by between-island prioritization modeling. Two
questions can determine whether the project should pro-
ceed. First, how likely is it that the species can be
removed and prevented from reinvading? Second, how
certain are we that removing the candid