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Abstract: The purpose of this study is to review theoretical and empirical findings in
economics with respect to the challenging question of how to manage invasive species. The
review revealed a relatively large body of literature on the assessment of damage costs of
invasive species; single species and groups of species at different geographical scales.
However, the estimated damage costs show large variation, from less than 1 million USD
to costs corresponding to 12% of gross domestic product, depending on the methods
employed, geographical scale, and scope with respect to inclusion of different species.
Decisions regarding optimal management strategies, when to act in the invasion chain and
which policy to choose, have received much less attention in earlier years, but have been
subject to increasing research during the last decade. More difficult, but also more relevant
policy issues have been raised, which concern the targeting in time and space of strategies
under conditions of uncertainty. In particular, the weighting of costs and benefits from
early detection and mitigation against the uncertain avoidance of damage with later control,
when the precision in targeting species is typically greater is identified as a key challenge.
The role of improved monitoring for detecting species and their spread and damage has
been emphasized, but questions remain on how to achieve this in practice. This is in
contrast to the relatively large body of literature on policies for mitigating dispersal by
trade, which is regarded as one of the most important vectors for the spread of invasive
species. On the other hand, the literature on how to mitigate established species, by control
or adaptation, is much more scant. Studies evaluating causes for success or failure of
policies against invasive in practice are in principal non-existing.
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1. Introduction

Intentional and unintentional introductions of invasive species into new environments have had,
and continue to have profound ecological, human, social and economic effects at national, regional
and global scales. Natural habitats of indigenous species have been disturbed, ecosystem
functioning degraded, and aesthetics of natural environments impaired due to biological invasions.
This worrying phenomenon has received recognition from ecologists, economists and public
entities with environmental protection and management oversight. For example, [1] estimates
damage costs of 79 harmful invasive species (HIS) to be some $185 billion at the maximum, which
corresponds to 1.4% of GDP (gross domestic product) of the US in 1993. Later studies also
indicate large damage costs as related to GDP, up to 12% (see review in [2] and Table 1 in Section 3).
The damages and their causes are much explained by economic activities; as vectors of HIS
through international trade and as drivers increasing ecosystem vulnerability through changes in
land uses and environmental pollution. This, in turn, implies that strategies for managing HIS can
be found in economic solutions to these causes and their effects. Non-economic factors that
influence HIS introduction include among others activities undertaken for the purposes of deriving
non-material benefits from species’ introduction for aesthetics, educational (e.g., ornamental plants for
horticultural studies; invasive fish for aquaculture experiments, efc.) and cultural heritage (e.g.,
religious values).

However studies on the economics of biological invasive species and their associated problems
were scarce in the mainstream economic literature, until recently. In the last few decades, the
economic field has been witnessing a relative explosion of both theoretical and empirical
expositions aimed at shedding light on the economic problem of invasive species. In principle, we
can identify three main questions addressed in this literature; (i) what is the damage cost of HIS?
(if) which is the best management strategy? and (iii) which policy instruments should be used in
order to affect peoples’ behavior? The literature on the first question arose relatively early, some
studies are found in 1980s, and have been subject to reviews in mid 2000s [3—5]. These reviews
showed large differences in estimated damage costs of single species, which is explained by
differences in methods applied, and the spatial and dynamic scale of the studies. The two other
questions started to be addressed and analyzed in the economic literature approximately 20 years
later. Some of this literature is reviewed in [6], who concluded that much of the literature so far
was theoretical and in its infancy. Nevertheless, [6] pointed out important lessons that were
already apparent, such as the need to use tariffs on trade or inspections of cargos with care, given
they can be counter-productive and even increase the risk of HIS, as well as the trade-off between
early detection and response and risk of spending large resource on invasive species that would not
cause any harm.

Here, we provide an updated review of the literature on the economics of invasive species
management. In particular we provide an overview of recent developments in economics, and which
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challenges remain. We review both theoretical and empirical studies addressing various management
strategies and using different methodological approaches. The biological invasion chain, commonly
applied on the ecological literature, serves as a point of departure for the review, which is discussed in
the next section. The remaining part of the study is structured around the three main questions raised in
the economic literature. Section 3 then contains brief review of studies on estimates of damage costs of
HIS, and the subsequent sections review studies on efficient HIS management and choice of policy
instruments. The paper ends with a discussion and concluding remarks.

2. Invasion Chain and Management Strategy

Biological invasions as an uncertain or stochastic process comprise four stages—introduction,
establishment, naturalization and spread/dispersal, and damage creation. In the first stage, species

[3

are conveyed from their previous range by some means and routes, called the “vector” and
“pathway” respectively. They are consequently transported and introduced into a new environment
either intentionally (e.g., importation of exotic plants for aquaculture or horticultural production)
or unintentionally (e.g., organisms found in ballast water of ships or soil of potted plants;
pests/viruses carried by humans). The number of individuals surviving after their release or escape
into the novel environment depends both on the species-specific traits (e.g., environmental tolerances),
and the length and harshness of the pathway [7]. Next in the process is the establishment of the
species population in their new location, when growth and reproduction gathers pace. With an
increase in population, the species then spreads both within and then beyond the system it
originally invaded, and, in the final stage, may cause considerable ecological, human health or
economy-wide damage. Nevertheless, typically only 10 percent of imported (accidentally brought
into the country) and/or introduced (those found in the wild) species are likely to become
successful invaders or established (found outside control or captivity as a potentially self-sustaining
population) [8,9]. This is the much publicized tens rule quoted “...the statistical rule holds that 1 in
10 of those imported appear in the wild (introduced or casual), 1 in 10 of those introduced become
established, and that 1 in 10 of those established become a pest” [8]. The caution here is that the
interpretation of the tens rule is dependent on the precision with respect definition of “imported”,
“introduced”, “established” and “pest” or HIS. Notable exceptions to the tens rule have, in recent
times been established. A review by [10] reveal that mean invasion success of animals from one of
step of the invasion chain to another is about five times more than what is suggested by the tens
rule. This is further corroborated by [11] in a study of introduced mammals and birds.

Once established, invasive species are notable for their capacity to rapidly transform both structural
and functional properties of ecosystems over remarkably short time scales [12,13]. While newly
colonized alien species may spend decades present with low abundances and minimum ecological
impact, once they enter the invasive phase, they can rapidly induce changes in the abundance and
distribution of native species, causing local extinctions and large shifts in community structure [14].
Such impacts are relatively well-studied. However, it is also recognized that HIS also alter the
magnitude and stability of ecosystem functioning, and delivery of supporting, provisioning,
regulating and recreational/cultural ecosystem services [12,15]. Furthermore, evidence has
recently emerged that dramatic ecological changes can occur as a result of interactions between



Diversity 2014, 6 503
species invasions and other agents of global change, including changes to climate and nutrient
cycles [16—18]. Many HIS are tolerant species with rapid growth rates, allowing them to rapidly
exploit excess nutrients and outcompete native species, particularly in systems subjected to
additional abiotic or biotic disturbances [16,18]. HIS also often carry new pathogens into the
invaded areas, which can act as drivers of disease epidemics, representing a substantial threat to
the biodiversity of native organisms [12,19], and destabilizing ecosystem functioning, and
ecosystem service delivery [20,21]. Finally, when reaching the final stage, the impact of invasive
species on ecosystem services can be large [22].

Management strategies available to the decision-maker along the invasions chain include prevention,
early detection, rapid response and eradication, control/mitigation and adaptation (Figure 1).

Figure 1. Stages common to all invasions by nonindigenous species (left column), and
major policy and management options (right column) associated with each stage of
invasion. From the top to the bottom of the left column, each arrow is thinner than the
preceding one because the proportion of species that proceeds from one step to the next is
less than the previous one. Nevertheless, because the number of species entering pathways
is increasing as global trade increases, the number of species causing harmful impacts is
increasing with time.
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Prevention involves measures, such as inspection of ships and containers at the port of entry, which
aim at reducing the likelihood of a species entering a new host region. Action in the second stage, early
detection and rapid response (EDRR), encompasses timely response management strategies aimed at
detected species (in small populations) that slip through prevention efforts. Mitigation and control
involve actions that reduce the growth and spread of an established species, such as construction of
physical barriers in streams to prevent the spread of invasive crayfish. The final option is adaptation
in situ to the invader which can involve chemical application (e.g., use of pesticides) and harvesting of
the invasive species [6,24].

Generally, invasive species management along the invasion chain is thought of as the “weakest
link” public good in the sense that it is nonexclusive and non-rivalrous [25]. Its provision benefits
everyone in terms of enhanced protection to human, animal and plant health and the consequent effect
on productivity improvements in agriculture, forestry, aquaculture and fisheries [26]. Given its public
good characteristics, invasive species control will be undersupplied if left to the market to produce,
given the incentive to “free ride”, hence creating market inefficiencies—this justifies the need for some
(public) policy to correct the externality thus created. A classical example of the “public good” element
in the prevention of biological invasions in the case of a national quarantine policy to protect against
some invasive pathogens is exemplified by [25]. The quarantine program reduces the risk to everybody in
the country—the benefits of which are neither rival nor exclusive. Provision of the quarantine service and
the benefits to all people does not affect the cost of quarantine not reduce the benefits of quarantine to
others. Now, given the nonexclusive nature of public goods, economic agents have a rather strong
incentive to free-ride on the efforts of others. The prevention of these potentially noxious invasive species,
if left to the market, would be undersupplied—a case of socially sub-optimal control, [25] conclude that
although the providers of the quarantine service may be private, the quarantine of nonindigenous
species is typically a public service.

A common theoretical approach in economics for answering the three questions, i.e., estimating
damage costs of HIS and for identifying optimal control strategies, is to use bio-economic modeling.
This implies an integration of models describing biological processes with those presenting economic
behavior. An evaluation of the optimal management objective requires that given control costs
(depends on amount being controlled and size of invasion being controlled), the decision-maker
chooses control at each point in time minimize expected discounted control costs and invasion
damages over time (both costs and damages must be measured in similar unit currency so they can be
summed) to a biological transition function for invasion constraint. Alternative objectives such as
minimization of costs of eradication or adaptation (containment) of an invasion or maximization of
amount of control subject to a budget constraint have also been used in other studies [27].

3. Damage Costs of Invasive Species

The magnitude of damage costs of an invasive species depends on the probabilities of passing each
of the stages in the invasion chain in Figure 1, and on impacts on different ecosystem services. The
costs of the impacts are then measured as the difference in the value of ecosystem services with and
without the invader under study. This requires information and data not only on the invader as such,
but also on alternative developments of the ecosystems under study. For example, an invasive aquatic
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weed causing impaired bathing water quality could be replaced by an endemic weed with the same
effects. In this case, there would not be any costs of invader. The information is needed irrespective of
ex-ante or ex-post estimates. In case of ex-ante estimates, the status without the invader is known, but
the effects are unknown, and vice versa for ex-post studies. However, although relatively simple in
theory, it is very difficult to obtain necessary data on the invasion chain, and environmental impacts
under different scenarios, and on the probable development of the invaded systems had the invasion
not occurred.

Most of the studies reviewed in this section are ex-post evaluation where damage costs of
established HIS are calculated. Starting in early 1960s there is now a large body of literature in
environmental economics on methods for assessing values on environmental impacts in monetary
terms (see review in [28]). Monetary values are assigned to the impacts perceived by humans, such as
harvest losses, or impacts on health and biodiversity. Some of these values can be traded on the
market, such as losses in crop and timber harvests, and values are then obtained by means of market
prices. Other values, such as improved health and biodiversity, are not traded, and their assessments
need to be obtained in other ways. In principle, we identify two types of approaches: preferences
obtained directly from hypothetical markets and revealed, directly or indirectly, through real markets.
Both these methods have their pros and cons, which are related to the two types of values of a single
non-market service, such as biodiversity, that are usually estimated; use and non-use values. Use
values refer to the utility experienced by actually using a service, where recreational values of fishing
provide one example. Non-use values refer to values assigned to have the option to use a resource in
the future, or simply to the pure existence of the service as such. The method resting on hypothetical
market has the ability to estimate both these types of values, which the revealed preference method
does not have. Both types of methods share two types of difficulties: One is how to find measurement
on a continuum of environmental changes, and not only one or few, and the other is how to derive
estimates for several simultaneous changes at an ecosystem, such as improved fishing and bathing
opportunities. Furthermore, it is well known that calculations of effects can be made only under
conditions of risk and uncertainty, which requires assessment of monetary values under these
conditions. Methods have been developed in order to resolve this problem, such as the choice
experiment methods, but the issue of measuring preference formation under stochastic and long term
conditions remains.

The application of the two methods for measuring preferences requires quantification of the
environmental or ecological impacts of the invasive species, which may be difficult or even impossible
to achieve. In this case, a common approach used is the so-called cost based method. This method
measures costs for measures along the invasion chain to control the invader and its damages. The
underlying justification for the method is that society would not bear these costs unless they are
covered by perceived values. This method has quite often been applied to the estimation of damage
cost of invasive species, the literature of which started in the 1980s. Today, there is large variation in
studies and assessments with respect to both methods, scale and scope of species and regions. Here, we
distinguish between large scale and scope studies which include several groups of species and
sometimes regions, and studies focused on single species. Starting with the large scale studies, there is
considerable variation in the estimates (Table 1).
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Table 1. Studies with national scale and estimates of damage costs of invasive species
(billion USD per year in 2008 prices and % of GDP).

Aust  South . .
US . . India Brazil UK Ireland Germany Sweden Canada
ralia  Africa

Billion  131-185%;

, 177 397 1177 477 152 04° 1.9° 33° 157
USD/year 1217%220°
% of 1.0-1.4; 0.4;
1.0 1.4 12 4.5 0.01 0.1 0.9
GDP 0.9; 1.7 <0.001

'[11,%[29], *[30], *[31], 7 [32], °[2], " [33].

The results presented in Table 1 show a large variation in estimated costs, ranging between less than
0.001% of GDP to 12%. The relatively large values are obtained for species causing production losses
in agriculture as calculated by [29]. [1] also show relatively high damage costs and provides one of the
first large scale and scope study and reports both ecological and economic impacts of 79 noxious
species over the period 1906-1991. In a worst-case scenario for 15 potential high-impact
nonindigenous invasive species, they report a future economic loss of another $134 billion. For
noxious aquatic weeds, a cumulative increase of only three harmful fish species and aquatic
invertebrates would cause a total of $631 million and $1.6 billion, respectively to the US (see [1] for
detailed estimates).

Environmental and economic costs associated with nonindigenous invasive species in the US are
estimated [30,34,35]. Out of the 50,000 introduced nonindigenous species into the US, only 5,000 are
considered harmful [34]. Their results show that if they had been successful at assigning monetary
value to species extinctions and losses in biodiversity, ecosystem services and aesthetic impairment,
the actual costs of destructions from nonindigenous species would be several times higher than $137
billion per annum. In an updated study of the US, [30] considered 6000 harmful alien species, and
estimated annual environmental damages and losses of approximately most $120 billion. Invasive
mammals and birds (wild horses and burros, feral pigs, mongooses, rats, cats, dogs, pigeons, starlings,
brown snake, and fish) would cause major environmental and economic losses of $46 billion per
annum in damage and control costs per annum in the US. Further, economic damages from
nonindigenous species invasions in the US, UK, Australia, South Africa, India and Brazil amounts to
more than $336 billion [29]. The study by [30] and others have been critiqued for assuming no
adjustment of economic behavior to changing market conditions from HIS. This assumption is often
premised on fixed or exogenous prices to the economic system which is deemed unrealistic since there
are often behavioral adjustments (to income, output and substitution effects) by people and markets to
biological conditions such as HIS with the resultant feedbacks making prices endogenous [36]. The
result is that these “fixed-prices” models typically overestimate damages costs or financial impacts
from HIS. By accounting for people’s adaption to invasive emerald ash borer (Agrilus planipennis) in
their model for Ohio, [36] estimate annual damages caused by the beetle to be $70 million compared to
exogenous price models with estimated damages within the range of $377-$967 million.

The total costs of 13 alien invasive species in Sweden has been estimated, with an average cost of
$3.3 billion [2]. Another study estimates economic impacts on various sectors (agriculture, forestry,
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aquaculture and fisheries, tourism, construction, transport, human health) of both invasive and
non-native species to total $0.4 in total for Ireland and Northern Ireland [31].

However, these large scale and scope studies apply relatively simple methods for assessing damage
costs, where actual costs of control or production losses have been the main sources of damage.
Results from [1] and [29] have been heavily criticized for failing to incorporate impacts on ecosystem
services or explicit consideration of potential benefits provided by some of the invasive species. Also,
failure to use systematic empirical cost estimation methods and the anecdotal nature of their estimates
are seen as major flaws [37].

Studies that are more focused in scope and/or scale, which calculate damage costs of only one
species or group of species, were carried out first in the 1980s, and there exist today several reviews of
such single species studies [3—5]. Two of them, [3,5], review studies on damage costs of aquatic alien
species, and [4] provide a survey of studies on damage and mitigation costs of alien species in general.
In Table 2 we present results of these reviews and give some examples of single species studies. For

each study, we also inform on species and region under study, type of cost, and result.

Table 2. Reviews and examples of studies on damage costs of single species or group

of species.
Species and region Type of damage costs Cost in billion USD/year
or per person/year
Surveys
[3] Aquatic weed, US Production losses, recreational values  1-10
[4] Fynbos, South Africa Production losses, recreational values ~ 0.07—12
[4] Weeds, Australia, New production losses in agriculture, 0.2-1
Zealand, forestry and fishery
[5] Sea Lamprey, US Production losses in fishery, 0.03-5
restoration costs, recreational values
[5] Ruffe, US Losses to sport fishery, control costs 0.01-0.6
[5] Zebra mussel, US and Destruction cost on facilities (power 0.1-5
Canada plants etc)
Examples of non-
survey studies:
[38] Comb jelly in Black Sea Production loss from anchovy fishery ~ 0.02
[39] Aquatic plants, 13 Florida Production loss from fishery 6.0
lakes, US
[40] Signal crayfish, in Sweden Production loss in endemic noble 8/person
crayfish
[41] Yellow floating heart, lake in ~ Recreational values 90/person
Sweden
[42] US Estate market value 0.0002 marginal cost of an
infested lake
[43] Zebra mussel in Great lakes, ~ Aquaculture, sport fishery, boats, 35

US Canada

aesthetic
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Table 2. Cont.

Species and region Type of damage costs Cost in billion USD/year

or per person/year

Examples of non-

survey studies:

[44] Zebra mussel in Lake Consumptive water uses, recreational (.24
Okeechobee, Florida, US angling and wetland ecosystem
services
[45] Invasive upland plants, Reduce flow of forestland benefits 0.87
Florida, US
[46] Wood and phloem boring Loss in forest and urban trees 2.5

insects (borer species),
continental US
[47] Aquatic plants, UK Control cost 0.1

The surveys reveal considerable damage costs of a specific species, in particular for aquatic weeds
in US and fynbos in South Africa. [3] focused on damage costs of aquatic weeds in US and included
relatively few studies, less than 10 studies, but with equal proportions on estimates of costs as
reduction in recreational values or as control costs. [4] reviews more studies, approximately 30, and
distinguish between ex-ante and ex-post studies, evaluate the methods used, and also discuss if and
how uncertainty in the estimates were considered. They conclude that the majority of studies make
ex-post valuations, use mainly control cost as a measure of damage costs or assess impacts on
agriculture and sylvicultural sectors, and do not explicitly address uncertainty in effects or damages.
[5] covered approximately 30 studies on aquatic HIS in addition to species specific studies, where
most of the studies calculate costs of the zebra mussel (12), Sea lamprey (8), and aquatic weeds (8).
The vast majority of studies estimate costs in terms of expenses for control of the species or as losses
in profits or benefits for different production sectors, mainly fishery.

Except for [38], we present non-survey studies not included in any previous survey. The reason for
including [38] is the early innovative approach with bio-economic modeling where the dynamics of the
invader, comb jelly, was modelled together with resident species, anchovy, in order to calculate damage
costs as losses in the fishery. A similar approach was applied by [39,40]. Econometric estimates of the
dynamics of the invader, signal crayfish, and the endemic species, noble crayfish have been made [40].
Damage costs were then estimated as losses in the value of harvests of the noble crayfish. A
bio-economic model of invasive aquatic plants (hydrilla, water hyacinth and water lettuce) is developed
and applied to 13 large Florida lakes in the US [39]. Similarly, [44] estimates the potential economic
impact of zebra mussel on consumptive water uses, recreational angling and wetland ecosystem
services by using a probabilistic bio-economic simulation model under alternate policy scenarios. The
model is then applied to Lake Okeechobee in Florida. Under the do nothing scenario (i.e., no public
management), zebra mussels yield an adverse expected net economic impact of $244.1 million.
However, with public management (i.e., investment in prevention and eradication), we expect a net
gain of $188.7 million over a 20-year planning horizon. Still in the state of Florida, [45] suggest that a
state program being implemented beginning in the late 1990s to control invasive upland plants are very
effective and could yield as much as $865.1 million in present value net benefits through 2016.
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Non-native forest insects have also been found to cause substantial costs to forests and urban trees.
Suggestions are made that wood- and phloem-boring insects to both homeowners and municipal
governments in excess of $2.5 billion annually, with the largest economic cost imposed on local
governments ($1.7 billion) [46].

Two of the studies, [41,42], apply choice experiment and hedonic methodologies, respectively, in
assessing damage costs of aquatic invasive species. Costs of Yellow Floating Heart with respect to
recreational values (bathing, boating and scenic beauty) were calculated for a small lake, Viringen, in mid
Sweden, and found that recreational values of boating were most strongly affected by the weed [41]. The
hedonic method was used by [42] by estimating the effects of aquatic invasive species, Eurosian
Watermilfoil (milfoil), on property values across an extensive system of over 170 lakes in the northern
forest region of Wisconsin. Based, on a spatial difference-in-differences specification, the results show
that lakes invaded with milfoil experienced an average 13% decline in land values after invasion, and
that the cost of an additional infested lake can be 0.0002 billion USD/year.

The use of control costs as a measure of damage costs has been used also in later studies,
where [47] estimates that the Great Britain-wide cost of controlling is approximately 0.1 billion USD
per annum. They also find cost estimates to be highest for Canadian pondweed (Elodea Canadensis)
and zebra mussel (Dreissena polymorpha).

4. Optimal Management of HIS

While almost all studies presented in Section 3 calculate costs of species that have managed to pass
all the stages in the invasions chain, several other studies instead focus on which stage to act against
HIS. A general principle is that a certain amount of resources should be allocated where the give the
greatest effect. This effect, in turn, depends on included time perspective, spatial connectivity, and
uncertainty. A longer time perspective implies that actions today generate outcomes for a relatively
long time, which is, however, counter acted by a positive discount rate which reduces the net value of
future outcomes in present terms. The spatial dimension generates search for “hot spots”, i.e.,
mitigation of HIS with relatively large potential of dispersal of damages. The consideration of
uncertainty and existence of risk aversions in society favors actions that affect both expected and
variability in damages. Most studies focus on one of these aspects, some of which are presented in
the following.

4.1. Optimal Prevention, Control and Adaptation Strategies

A relatively large body of the literature on optimal management investigates the trade-offs between
prevention, control, and adaptation strategies (e.g., [48—52]) or focus on the best practice within one of
these stages by exploring dynamics of the invasive species and its interaction with resident species
(e.g., [53-58]). The advantage of prevention measures is the avoidance of future damage costs in case
of successful establishment and spread of the species under study. Disadvantages are that relatively
more resources need to be spent on implementation of measures, such as inspection of vessels, at all
possible entrance points, and that resources may be spent on prevention of harmless species. The
relative advantage of control and adaptation measures is that they are directed towards definite
invasions or damage (e.g., [50]). On the other hand, associated control costs can be large because of
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the difficulty of reducing the size and spread of the population since the risk of irreversible damage
from potentially harmful species increases with time. The relative magnitude of these counteracting
forces is, however, determined by the choice of discount rate, population sizes, and the rate of growth
of the detected species. For example, the relatively high costs of complete eradication of an invader
can be justified for relatively small population sizes with high growth rates [48]. Similar conclusions
are obtained by [51] but in another setting where the role of cooperation between two countries,
Canada and US is investigated. The results showed that it is economically efficient to allocate
resources toward prevention in a cooperative strategy with a lower steady state stock of invasive
species and damages to both countries, and that reactive and non-cooperative strategies imply that US
and Canada are worse off than under any other scenario with the highest steady state stock of invasive
species and damages.

Finnoff et al. [49] developed a bio-economic model to analyze the cost-effective management of
invasions by accounting for feedbacks matter in the management of zebra mussels. Firms affected by
zebra mussels, such as power plants and water treatment facilities, can apply control and adaptation
measures as long as marginal benefits from control are higher than marginal costs. By introducing
prevention and control, the policy maker can reduce the firm’s incentives to implement control and
adaptation measures. Escape of farmed salmon is treated as biological invasions by [52] and they show
how the demand, recreational anglers, for salmon, wild and farmed, and cross breading affecting the
growth rate and stock of salmon affects optimal control. When the anglers don not have specific
preferences for wild salmon, a release may increase the overall net surplus of fishing, and a policy
controlling the invasion would lead to a net loss for society.

Another class of studies investigates the implication of interactions between invader and resident
species, and/or different age-classes of the invader and/or the resident species [53—58]. the An early
study is provided by [53] on this topic, and he developed an economic model based on two
principles—that the economic impacts imposed by the invader will depend on the exact nature of the
interaction with the resident species in the host region. Explicit modeling of weed dynamics and
interaction with grain production can improve precision in herbicide application and increase profits
over time [54]. The optimal management of an invader, lake trout, in Yellow Stone lake which
threatens the native cutthroat trout was analyzed by [55]. They pointed out the importance of
hyperbolic discounting (where the discount rate is reduced over time) as compared to a constant rate.
The hyperbolic discount rate favors relatively early prevention and control measures.

Buhle ef al. [56] combined biological data on the population dynamics with control costs options to
determine the minimum cost of a set of strategies for control of an established invader. They show by
applying their model to oyster drills (Ocinebrellus inornatus) that the effective control strategies are
sensitive to both life history and rate of population growth of the species. A contribution was made by [57]
in the demonstrating the relative advantage of optimal control strategies based on removal rather than
change of life histories for invasive species. With specific application to specific invasive species
Spartina alterniflora in Willapa Bay, WA, they showed that the optimal strategy in any time period is
prioritization of removal of a single age or stage class. Further, a numerical model is developed to
analyze the role of species life history and age structure for optimal adaptation strategy by harvesting
of a commercial resident species which compete for food and resource with the invader [59]. Using
a bio-economic model of invader and resident species, they show the relevance of reproduction
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and mortality traits of both species and the age structure of the invader at the time of invasion.
They also demonstrated that commercially harvested species with low juvenile survival and high
reproduction are economically robust against invasions; and that species with such life-history are

the most damaging.
4.2. Spatial Dimension

There is significant variation across spatially differentiated landscapes with respect to expected
economic damages of invasive species to assets and expected costs of successful prevention and/or
removal of the species. The key spatial concern is whether an ecosystem has a physical niche that can
be exploited spatially by a new species, since establishment success and invasion magnitude are often
created where resilience of an ecosystem is weak, for example due to environmental degradation
(e.g., ([16,18,60]). A review was carried out by [61] who observed that economic studies so far were
either relatively simple either with respect to number of potential invasion sites, usually distinguishing
between invaded and non-invaded regions, or with respect to assumption on heterogeneity among cites
where many sites are included but assumed homogenous. They therefore developed a static model
accounting for both heterogeneity and a large number of potential sites, and show that targeting of
habitats affects cost effective control of the invader.

Subsequent studies explored the importance of heterogeneity and number of habitats
(e.g., [60,62,63]). A spatial-dynamic model of optimal early detection and rapid response (EDRR)
policies was developed by [60] and applied to Brown treesnake (Boiga irregularis) in Oahu, Hawaii.
They found that myopic strategy where search only occurs when and where current expected net
returns are positive is attractive to managers, and that early search of high priority areas can reduce
control costs. The policy implication from their model is that extensive or non-targeted search is an
ill-advised option. A spatially explicit two-dimensional model of species spread was developed by [62]
that allows for differentiated control across space and time. They found that strategies targeted to slow
or prevent spread of an invasion should be in the direction of greatest potential long-term damages.
The importance of public attention was posited by [63] who showed that soliciting/enlisting the help of
the public through “passive surveillance” enhances search effort in the face of resource constraint.
Using a spatially explicit simulation model of spread of a hypothetical invasive species, the roles of
active and passive surveillance and their interaction are investigated. Sensitivity analysis revealed that
it is generally optimal to allocate more funds during the first few years of a program, resulting in early
eradication leading to smaller overall expenditures over the program cycle.

4.3. Management under Uncertainty

Several studies account for uncertainty when investigating the optimal choice of prevention,
control, and adaptation [24,48,64—72]. In principle, these studies address similar questions as those
presented in Section 3, i.e., the optimal combination of prevention, control and adaptation policies, but
add the dimension of risk. This, in turn, makes it necessary to account for society’s risk attitudes,
which in general are guided by risk aversion. Available options are then to avoid outcomes with
relatively large risks and/or to affect the risk by improving techniques for monitoring of HIS at the

different stages in the invasion chain.
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Studies focusing on avoiding risk treat it as exogenous, and identify the best management
strategy [48,64,70,72]. A relatively early contribution was provided by [64] where risk is assigned as a
restriction in the decision problem. They present a quantitative bio-economic model to analyze risks
from alien invasive species and apply it to the aquatic invasive species zebra mussels (Dreissena
polymorphia) in US lakes. By applying stochastic dynamic programming, they identify the optimal
allocation of resources to prevention as against control, acceptable invasion risks and effects of optimal
allocation for investment purposes.

Other studies insert risk in the objective function [48,70,72]. It was shown by [48] that an increase
in the likelihood of a larger introduction of invasive species leads to an increase in the absolute amount
of prevention because of risk aversion. The previous modeling frameworks was extended by [70] by
examining optimal allocation of prevention efforts as well as mitigation of impact of arrival of an
invasion in an ecosystem hosting a renewable resource faced with threat of invasion. They showed that
uncertainty in the timing and nature of an invasion are important for optimal management strategy for
the native ecosystem. A more recent study was carried out by [72] who developed a bioeconomic
model and used stochastic dynamic programming techniques to investigate when and to what extent to
act in the invasion chain. Parameterizing the model framework for a potential Asian clam (Corbicula
fluminea) invasion in the warm water discharge area of a nuclear plant on the northern shores of the
Baltic sea, they found that choice of optimal strategy is highly sensitive to the unit costs and
effectiveness of the required measures, level of externalities and the post detected invasion clam
population size.

The studies that add the possibility of affecting risk focus mainly on improvements in monitoring
efforts [68,69,73—77]. However, [68], who provided an early contribution to the treatment of risk as
endogenous, showed how risk can be affected by prevention and control measures. The role of
detection was addressed by [69] who argued that increasing resources to detection of invasive species
increase managers’ chances of finding a species at a smaller population level—lessening damages and
control less costly and more effective. By capturing both stochastic and dynamic aspects, they
illustrated that optimal detection strategy depends mainly on ‘detectability’ (ease of detection) and the
biological relations of each distinct species.

A similar problem is modeled by [73] for controlling an invasive species in the presence of
imperfect information about the extent of infestation. Modeling for optimal management as a function
of beliefs about the level of infestation, they showed that the optimal policy involves choosing no
action in the presence of a sufficiently large probability of no infestation and, with costless and perfect
monitoring, expected costs change as the cost or quality of information from monitoring changes. The
complementary role of passive surveillance by members of the public (i.e., enlist help of the public to
detect infested sites) was explored by [75], and the results showed that increasing passive surveillance
can reduce total cost and increase the probability of eradication.

Other studies investigate the effects of and possible adjustment to insufficient detection. A
mathematical bio-economic model of zebra mussel invasion was developed by [77], which showed
that slow response as a result of poor detection methods or inadequate control efforts would lead to a
moderate probability of a significant infestation but that rapid reaction upon detection will reduce the
probability of zebra mussels infecting a lake and generate much higher expected net benefits. A similar
framework was used by [74] and the results indicate that spending time improving knowledge about a
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pest’s habitat preferences before searching for it is optimal. Adaptation by chemical control was
suggested by [76] as a substitute for poor detection equipment. They developed a bioeconomic model
of integrated pest management strategies utilizing chemical and biological controls under uncertainty
and irreversibility. Solving the general stochastic optimal control framework, they found that the
introduction of natural predators is sufficient to manage infestation albeit chemical is considered
effective when detection of infestation is delayed or when biological control agent fails to increase
mortality of the invasive species.

5. Choice of Policy Instruments

The literature addressing the third main question posed by economic studies, optimal choice of
policy instrument, analyses effects of policies at different stages in the invasion chain. However, the
focus of most studies has been on prevention of species entrance into new regions by regulation of
trade. The underlying premise for this focus on trade is perception of trade as an important vector of
HIS. We therefore review studies that have attempted to estimate the explanatory power of trade in
relation to other factors such as vulnerability of ecosystems or institutional aspects before presenting
studies on prevention policies. In principle they can involve tariffs on trade and/or command and
control policies, such as import bans or quarantine of contraband goods from entering certain
geographical territories.

5.1. International Trade as a Vector of HIS

Increased globalization and the consequent effect on expanding world trade are recognized as the
primary source of introduction of aquatic invasive species [1,24-26,78,79]. Aquarium fish trade is the
source of at least 27 nonindigenous fish species established in continental U.S [1]. It is also estimated
that 81 percent of invasive weeds entered the U.S. through commodity transport ([1,5]). It was also
observed that increased rate of new invasions is also driven by human activities which creates diverse
channels of transfer mechanisms (vectors) for movement of invasive organisms throughout the world [78].
In particular, ships are a leading source or dominant vector for biological invasions in coastal areas
mainly through ballast water discharge (BWD) [79].

In analyzing the nexus between globalization, trade and the incidence of biological invasions, it is
important to note that free trade serves an important springboard for increased specialization in
production which also promotes specialization in ecosystems and biodiversity as well as improved
standards of living [5,80—-82]. For instance, [80] shows by combining a simple trade model with a
species-area curve to derive the effect of trade on biodiversity conservation that when trading partners
contain similar species in autarky, trade has little impact on global biodiversity but lowers local
biodiversity. Conversely, specialization causes significant declines in both local and global
biodiversity; but overall utility may decline with a move toward free trade in the absence of corrective
conservation policy. Similarly, [82] study the linkage between protection from damages from invasive
species within the context of two-way trade and trade integration. They conclude that invasive species
damages induced by trade integration are most likely to increase because production does not fall as
imports increase.
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It is well noted that quantifying a definitive link between trade and non-indigenous invasive species is
very challenging and complicated [37,83] (see [84] for a synthesis of the trade and environment nexus).
However, a number studies have attempted to estimate the explanatory power of trade for the
occurrences of invasive species in different countries by the use of econometric tools [83,85-90].

Common to all studies is the inclusion of explanatory variables on openness of the economies to
trade and on economics prosperity measured by GDP. It was found by [85] that both merchandize
imports and import duties were of the expected signs (positive and negative respectively) albeit the
former failing the test of statistical significance. In related and recent study, [87] modeled total number
of biological invasions as dependent on openness to international trade and the health of the receiving
ecosystem (induced by the level of anthropogenic disturbance due to local economic activities). Their
results confirm theoretical prior by showing that trade, agricultural imports, factors of disturbance to
local ecosystems are important drivers of biological invasion. A regression analysis was conducted
by [86] of the density of alien plants in 28 European and North African countries using several
land-use and socio-economic parameters as determinants, and established significant and positive
impact of import trade as well as Human Development Index as key drivers of alien invasion plants.
Historical data were used by [83] to parameterize species accumulation models by relating
international trade to the establishment rates of nonindigenous species in the U.S. over the past
century. The results show a relationship trade and exotic-species-accumulation curves similar to those
developed for ecological sampling. Significant effects of trade were found by [88] on the occurrence of
invasive species in countries, in particular on island nations. The importance of the combined effect of
economic development and institutional capabilities was pointed out by [89], measured by corruption
indexes, for the number of invasive species.

Another interesting discussion in the trade-HIS literature relates to how to design ideal policy
interventions with respect to preventing high risk species import as against the impact of its
establishment. Quantitative estimates were provided by [91] of the expected returns to a screening
program relative to an open-door policy for imported reptiles and amphibians into the U.S. They
estimate that the “...present value of expected net benefit per species assessed from implementing an
optimal screening system ranges approximately from $54K to $150K”. The results from their model
lend support to the rationality of the risk assessment approach to evaluating policy options for
preventing importation of HIS.

5.2. Tariffs on Trade

Thus, much evidence point to the important role of international trade as a vector of invasive
species. Quite a few studies have looked at optimal design and application of import tariffs in
general [82,92-97]. Several of these are reviewed in [6] where it is concluded that import tariffs on
invasions risks may give rise to counter-productive increases in HIS. This may occur from
economy wide adjustment where agriculture responds by increasing production and thereby
susceptibility to invasions [94], through firms’ speeding up of nursery sales of exotic plants before the tax
introduction [92], or through lobbying groups’ success in affecting the level and object of the tariff [93].
Studies comparing tariffs with a command and control type policy, namely port inspection, showed that
it can be optimal for a host country to increase its inspection and decrease the tariff [95]. This
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counteracts higher domestic prices, and thereby reductions in consumer welfare and changes in land
use, on rejected import goods. The focus in [97] was on how import tariffs can interact with other
policies, such as agricultural policies for commodities. In their empirical illustration of the model to
citrus canker, the authors revealed that an analysis that ignores the implications of import tariffs on other
polices, such as crop insurance, might be misleading. Another aspect was presented by [96] who looked at
existing tariff escalation in agro-forestry product markets and its implication for the risk invasive
species. They found win-win situations where reduction of tariff escalation through lowering of tariff
on processed goods increased allocative efficiency thereby reducing the invasive species externality.

5.3. Non-Tariff Policies

Despite the difficulties provided by WTO for introducing tariff policies for single countries, there
are relatively few studies analyzing policies that are not related to international trade of goods and
services [49,51,55,71,98-104]. A majority of these studies were reviewed by [6] and found that most
of the studies analysed policies for control of an established species within a country. The policies
investigated were compensation payments for control measures [105], trading market system and
charges on ballast water for vessels [100,101]. One study investigated policies directed towards
damage reduction by liability rules [98]. It was concluded that a main difficulty in designing policies is
to relate a certain firm, or a vessel, with its spread or damage of HIS.

Later studies developed the uncertainty and/or spatial-dynamic consideration of policy design in
order to improve the precision and effect on HIS and thereby the management cost (e.g., [71,103,104]).
The optimal design of liability rules was analyzed by [102] when there is uncertainty in terms of
asymmetric information, i.e., when the authority has less information than the regulated firm on, in this
case, costs of controlling marine invasive species in maritime shipping—ballast water inside the ship
and biofouling on the hulls outside the ship. The results showed that there is potential for a
combination of incentive policies (liability with subsidies or liability with taxes) that can avert marine
invasive species in cases of risk of damages and asymmetric information between ports and shippers.
A contribution was made by [71] by addressing policy design for improving detection of HIS. They
developed a spatially-explicit simulation model and demonstrated that mall increases in detection or
reporting rates substantially reduce eradication costs and increase the probability of eradication. They
surmised that the probability of passive detection is enhanced through awareness campaigns and
bounty schemes that provide incentives to members of the public to search for and report detections
(see [105] for details on the economics of monitoring versus incentives). Another perspective was used
by [104] who considered uncertain and endogenous development of control and adaptation
technologies, and found that it favors non-prevention policies.

6. Conclusions

The literature on the economics of invasive species management continues to engage the attention
of researchers in recent years. This rapid development of the literature and its associated dynamics
warrants an assessment of existing studies in the areas measurement of damages of invasive species,
and costs-benefits of various management options. This paper reviews and updates the economics of
invasive species management focusing on theories, models, impacts, measurements, uncertainty,
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spatial dynamics, international trade and the role of human behavior. The review shows that there is
relatively many studies on estimation of damages costs of invasive species, which also appeared
relatively early, in the 1980s. It is also evident that the estimated costs vary considerably among the
studies, from less than 1 million USD per year to costs corresponding to 12% of gross domestic
product for affected countries. This is explained by differences in methods, regional scale, and number
of species included in the studies. Because of the sometimes very simplified methods there is a risk of
overestimating the damage costs. On the other hand, the studies include only a fraction of the total
number of invasive species which instead result in an underestimation of the costs of all HIS.

With respect to optimal choice of optimal management strategy, which involves decisions on when
in the invasion chain to act and which policy instrument to use, there has been a rapid and interesting
development during the last decade. In particular, with respect to the targeting of invasive species
when they interact with other species, differ in survival and reproduction among age classes, and show
uncertain spread in time and space in the landscape. During the last years, uncertainty has been tackled
by search of information from improved monitoring techniques and efforts, which show that society
could be better off from delayed mitigation action and instead invest in gaining more information on
potential harms of the species under study. This contradicts to some extent the old finding of early
detection and rapid response by eradication of (small) populations because of their potentially large
damage and control costs of delayed action.

However, some urgent issues remain to be solved, which mainly involves design and evaluation of
policies in practice. There has been much focus on theoretical optimal design of strategies, with
relatively few empirical applications, although they are increasing. The policy studies have, to a large
extent, investigated properties of different types of barriers to international trade, which is regarded as
an important vector of HIS. Studies on which policies to use for mitigating established HIS by control
or adaptation are more scant, but has increased in urgency because of the increasing number of
established HIS in many countries. Another grey area of research in the literature on the economics of
HIS is the evaluation of funding gaps for implementing control programs. Empirical evidence
by [106,107] show from willingness-to-pay (WTP) studies for control of invasive species in the US
that current federal governments’ annual investments into control programs are much lower than
observed in WTP studies — a case for additional management to reduce or eradicate HIS. This could be
a potential area for future review studies as interest in the field grows.

Finally, many countries have introduced measures against HIS, such as measures to protect food
safety, plant or animal health, which are allowed by the General Agreement on Tariffs and Trade
(GATT) and the SPS, of the World Trade Organization (WTO). However, studies evaluating these
measures and policies in practice are lacking, which we otherwise find for other environmental policies
such as energy taxes or subsidies promoting renewable energy. In addition to learning from best policy
practice, evaluation studies may raise other type of issues prevalent in practice, such as transaction
costs and development of technologies for HIS mitigation, which remain to be addressed and analyzed.
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