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A B S T R A C T

Biological invasions entail massive biodiversity losses and tremendous economic impacts that justify significant
management efforts. Because the funds available to control biological invasions are limited, there is a need to
identify priority species. In this paper, we first review current invasive species prioritization methods and ex-
plicitly highlight their strengths and pitfalls. We then construct a cost–benefit optimization framework that
offers the theoretical foundations of a simple method for the management of multiple invasive species under a
limited budget. We provide an algorithm to operationalize this framework and render explicit the assumptions
required to satisfy the management objective.

1. Introduction

Biological invasions are causing tremendous damages to ecosystems
and economic activities (Pimentel et al., 2005; Vilà et al., 2011;
Blackburn et al., 2014; Jeschke et al., 2014). In Europe alone, it is es-
timated that more than ten thousand non-native species have become
invasive, with a total estimated monetary damage of 12 billion euros
per year (EEA, 2012).1 The impacts of invasive species on economic
activities, as well as their impacts on ecosystems and native biodi-
versity, justify meaningful management efforts. However, budgets al-
located to biological invasions management are limited and both the
implementation costs and the benefits of management programs vary
greatly (Scalera, 2010; Oreska and Aldridge, 2011; Hoffmann and
Broadhurst, 2016). We are faced with an uncomfortable choice: which
management strategies should we employ? How do we best spend a
limited budget when addressing multiple endangered species, multiple
invasive species, or multiple invasion pathways?

Solving this prioritization problem is a major concern for policy
makers, conservationists, and land managers. To achieve effective
management, progress indicators and decision-support tools must be
developed in order to best allocate budgets (McGeoch et al., 2016).2 As
highlighted by Aichi Target 9 of the Convention on Biological Diversity,

the ultimate goal for invasive species management is that “by 2020,
invasive alien species and pathways are identified and prioritized,
priority species are controlled or eradicated and measures are in place
to manage pathways to prevent their introduction and establishment”.

However, while invasive species prioritization is acknowledged to
be an essential task, selecting the appropriate course of action remains
controversial (Simberloff et al., 2013). In some instances, invasions are
unmanaged even when immediate actions are urgently required in
order to avoid substantial damages. In France for example, a reiterated
but unattended call for management funds was made at the early stage
of the invasion of the Asiatic hornet, Vespa velutina (MNHN, 2009).
From two nests formally identified in 2004, 1613 nests were localized
in 2007, the colonization covering up to 150,000 km2 in 2008. Despite
reported impacts on apiculture and expected collateral impacts on
pollination services due to its massive predation of the European honey
bee, Apis mellifera, as of 2009, no coordinated control policy was im-
plemented and no funds were allocated.3 In other instances, significant
amounts of money are spent managing invasive species that do not
appear to be particularly harmful. In the European Union, for example,
a considerable amount of effort and money has been devoted to the
eradication of the North American ruddy duck, Oxyura jamaicensis. As a
result of inter-breeding, the ruddy duck has become a threat to the
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survival of the white-headed duck, Oxyura leucocephala, the only stiff-
tailed duck indigenous to Europe. The European Union co-funded an
eradication program in the United Kingdom, which cost 3.7 million
euros for the 2005–2011 period alone, that is, approximately 0.5 mil-
lion euros per year.4 While one cannot dispute the fact that the ex-
tinction of the white-headed duck would be a tremendous loss, one
could also argue that with a EU management budget of only 132 million
euros per year (Scalera, 2010), we should take into account costs and
benefits while setting management priorities. Another example is the
effort to control the spread of Impatiens glandulifera Royle in several
European countries. Impatiens is ranked as one of the top twenty “high
impact” invasive plants in the United Kingdom (UKTAG, 2008). It also
occurs on Swiss and Norwegian black lists of harmful invasive species
and is considered to be an invasion threat in Germany, against which
specific control measures are directed (Kowarik, 2003). However,
Hejda and Pyzek (2006) and Hulme and Bremner (2006) show that this
species does not represent a major problem for the preservation of
native biodiversity in Europe. Given the limited economic impacts re-
ported and its relatively large control costs, management in affected
riparian areas may appear questionable.5 Looking at management costs
in the UK, for instance, 1 million pounds per year is spent on control,
with management cost estimates ranging from 150 to 300 million
pounds for eradicating the species from the territory (Hemming, 2011).
In this context, which prioritization framework seems best-suited to
help policy makers and park managers more efficiently allocate funding
for the management of invasive species?

This paper contributes to the invasive species prioritization litera-
ture in three important ways. First, we review current invasive species
prioritization methods and explicitly highlight their pitfalls. We argue
that a cost–benefit approach rooted in optimization theory can over-
come these pitfalls. Second, we develop a cost–benefit optimization
model which allows us to approach accurately and exhaustively the
cascade of benefits resulting from invasive species control. Two key
theoretical contributions are made: i) we explicitly model species in-
terdependencies allowing per se to apprehend the complexity of impacts
resulting from invasive species, and ii) we assume a multi-component
objective function combining ecological and economic considerations.
Consequently, as in Weitzman’s Noah’s Ark approach (Weitzman, 1998)
and related literature (Baumgärtner, 2004; van der Heide et al., 2005;
Simianer, 2008; Courtois et al., 2014), a multi-component objective as
well as species interrelations are accounted for in our optimization
procedure. Finally, a last contribution and key motivation of this paper
is to develop the theoretical foundations of a cost–benefit decision
criterion enabling decision-makers to efficiently allocate their budget
toward the management of multiple invasive species. Echoing the in-
creasing demand for simple tools that guide managers and politicians to
optimize their investments based on objective and measurable criteria
(Tilman, 2000; Roura-Pascual et al., 2009; Dana et al., 2014; Koch
et al., 2016), we define the theoretical groundwork of a general ranking
formula that could be used as a rule of thumb in order to design a
reliable, easy to apply, and economically sound tool to derive man-
agement decisions.

The paper proceeds as follows. In Section 2, we discuss the main
invasive species prioritization tools and their limits. In Section 3, we
consider a simple stylized prioritization model with two native and two
invasive species. We define the optimization framework assuming
specific functions and analyze the budget allocation decision faced by a
manager aiming to minimize disruptions due to multiple biological
invasions. In Section 4, we generalize this optimization framework by

considering any number of species as well as a broad class of objective
functions. We develop an optimization algorithm that could be used in
order to design an easy to apply decision criterion for management
decisions. Section 5 concludes and discusses relevant extensions of this
work.

2. Related Literature on Species Prioritization

While well-developed and globally-applicable indicators and deci-
sion-support tools are still lacking (Dana et al., 2014), species prior-
itization is often grounded on the basis of invasive species watch lists,
the best known being the IUCN GISD blacklist of the 100 worst invasive
species worldwide, developed in the early 2000s.6 Because the impacts
of invasions are often site-specific, national and regional lists were si-
multaneously developed and are key indicators used to support man-
agement for pre-border assessments (Faulkner et al., 2014).7 Three key
criticisms of these lists are: i) they are miss-perceived as comprehensive
(Daehler et al., 2004) while they clearly underestimate the number of
invasions (McGeoch et al., 2012), ii) they reflect expert judgments and
may under or over estimate economic and/or ecological impacts
(Pheloung et al., 1999), and iii) they fail to account for range and risk
measures of the invasiveness of ecosystems, e.g. Pheloung et al. (1999)
and Roura-Pascual et al. (2009).

Closely related to invasive species lists and partly developed to
overcome their flaws, most other methods are based on risk assessment
and scoring approaches that involve ranking invasive species on the
basis of a set of criteria (Heikkilä, 2008; McGeoch et al., 2016; Kerr
et al., 2016). In scoring approaches, the species with the highest overall
score (or lowest, depending on the convention used) is considered the
top management priority. It requires environmental managers or sta-
keholders to choose from pre-defined ordered categories that are then
translated to a set of ordered scores; e.g. high-risk invaders are those
with a high resulting score. Non-exhaustively, Batianoff and Butler
(2002, 2003) compiled a list of expert ranked scores on the degree of
invasiveness of a variety of species and compared the ranking they
obtained to impact scores. Thorp and Lynch (2000) implemented ad-
ditional criteria such as the potential for spread and sociological values
to rank weeds. Liu et al. (2011a,b) proposed a framework that speci-
fically accounts for uncertainty while prioritizing risks. Randall et al.
(2008), Nentwig et al. (2010), Vaes-Petignat and Nentwig (2014) and
Blackburn et al. (2014) developed impact-scoring systems based on a
set of ecological and economic impacts. Finally, Kumschick and
Nentwig (2010) and Kumschick et al. (2012, 2015) developed frame-
works to prioritize actions against alien species according to their im-
pacts, incorporating expert opinions as well as the diverging interests of
various stakeholders, thereby capturing, to some degree, a political
issue that often underlies prioritization.

Although the scoring approach has proven useful for guiding man-
agement prioritization (Roura-Pascual et al., 2009), the method has
been developed outside of any formal optimization framework. In
particular, this approach exhibits four major flaws: i) the assessment
inevitably reflects expert judgments and scores can be controversial, ii)
scores’ aggregation is problematic, iii) management constraints and, in
particular, costs associated with management activities are rarely ex-
plicitly taken into account, iv) interactions among species are, at best,
superficially accounted for. While the first two flaws could be qualified
by the fact that scoring procedures are documented and usually vali-
dated by peer review processes, the last two are troublesome and can
induce the scoring approach to lead to inefficient allocations.

As argued by Dana et al. (2014), despite the advancements

4 It is currently being hailed for its success and adapted to other European countries,
and may likely lead to the first continental-scale eradication of an invasive species
(Robertson et al., 2014).

5 Control costs range from £0.50/m2 for a single chemical application, or manual
control by strimming up to £10/m2 when habitat restoration is included (Tanner et al.,
2008).

6 Similarly, red lists of threatened species were also provided to ground conservation
prioritization.

7 For example, regional lists were developed in the US, in Brazil or in the UK. France is
currently building national and regional lists within the definition of the French national
strategy against biological invasions.
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