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While the subset of introduced species that become invasive
is small, the damages caused by that subset and the costs of
controlling them can be substantial. This chapter takes an
in-depth look at the economic damages non-native species
cause, methods economists often use to measure those damages, and tools used to assess invasive species policies.
Ecological damages are covered in other chapters of this
book. To put the problem in perspective, Federal agencies
reported spending more than half a billion dollars per year in
1999 and 2000 for activities related to invasive species
($513.9 million in 1999 and $631.5 million in 2000
(U.S. GAO 2000)). Approximately half of these expenses
were spent on prevention. Several states also spend considerable resources on managing non-native species; for example,
Florida spent $127.6 million on invasive species activities in
2000 (U.S. GAO 2000), and the Great Lakes states spend
about $20 million each year to control sea lamprey
(Petromyzon marinus) (Kinnunen 2015). Costs to government may not be the same as actual damages, which generally fall disproportionately on a few economic sectors and
households. For example, the impact of the 2002 outbreak of
West Nile virus exceeded $4 million in damages to the
equine industries in Colorado and Nebraska alone (USDA

APHIS 2003) and more than $20 million in public health
damages in Louisiana (Zohrabian et al. 2004). Zebra mussels
(Dreissena polymorpha) cause $300–$500 million annually
in damages to power plants, water systems, and industrial
water intakes in the Great Lakes region (Great Lakes
Commission 2012) and are expected to cause $64 million
annually in damages should they or quagga mussels
(Dreissena bugensis) spread to the Columbia River basin
(Warziniack et al. 2011).
Studies on economic impacts from invasive species vary
in their rigor and usefulness for informing policy decisions.
This chapter discusses economic impacts and methods used
to calculate them, how to distinguish impact studies that
were done well from those that were done poorly, and appropriate use of values calculated in impact studies. The chapter
also discusses key contributions of economics to invasive
species science and provides a quick overview of behavioral
and economic responses to invasive species risk.
The chapter is organized according to four main themes.
The first section focuses on introduction and establishment
of species into an area. Economic research on the introduction of species has focused on people’s understanding of
invasion risk and potential impacts and how they respond to
that risk, human-mediated vectors of introductions, and
development of trade and regulatory policies that prevent the
movement of invasive species into uninvaded areas. The sec-
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ond section provides an overview of methods used to measure damages and costs related to invasive species. There
exists a rather mature literature on market damages from
invasive species, a maturing literature on non-market damages from invasive species, and a very young literature linking the production of ecosystem services with their market
and non-market values. These estimates are essential to formulate a realistic examination of policy, as discussed in the
third section on optimal policies and strategies for preventing and controlling invasive species. New models on optimal
policy link introduction and establishment through the use of

geographical models that depict invasion and its negative
impacts in temporal and spatial domains. Such models indicate that establishment in one area makes introduction into
neighboring areas more likely, and are often used to estimate
the cost-effectiveness of control or slow-the-spread measures that are applied, subject to geographic constraints on
policy and various environmental variables. The chapter concludes with a discussion of future research needs and a table
(Table 14.1) summarizing damages from invasive species
found in the literature.

Table 14.1 Representative studies estimating potential impacts and sources of risk of invasive species, broken down roughly by stage of
invasion
Pre-invasion modeling/risk assessment
Species
Impact estimate
Asian carp
$78.5 million (total committed)

Vampire bats (Desmodus
rotundus)

$7–9.2 million, annually

Feral swine (Sus scrofa)

$12 million (from modeled 45-day
foot-and-mouth outbreak in Missouri)
$593 million–$2.14 billion, annually

Brown tree snakes (Boiga
irregularis)
Emerald ash borer (Agrilus
planipennis) in Eastern
United States
Sudden oak death caused
by non-native pathogen
Phytophthora ramorum in
California
455 non-native
phytophagous forest
insects
Miconia (Miconia
calvescens)
Red streaked leafhopper
(Balclutha rubrostriata)
Invasive plants

$10.7 billion (25-State area),
2009–2019
$142 million, 2010–2020

$2.53 billion, 2011–2021

$4.7 million–2.36 billion from 50 years
to 200 years after introduction
$132 million–1.7 billion, 2015–2040 in
Louisiana
$34.7 billion, annually, in the United
States
$138 million, annually (2007 US
dollars)
$59–67 million in Columbia River
basin, annually

Non-indigenous aquatic
species
Zebra mussel (Dreissena
polymorpha) and quagga
mussel (D. bugensis)
Hemlock woolly adelgid
$24.6 million, 2007–2011 (7500 km2 in
(Adelges tsugae)
New England)
Impacts of Established Species
Zebra mussel (Dreissena
$300–$500 million, annually
polymorpha)
Burmese python (Python
bivittatus)

$1.4 million (Key Largo woodrat);
$101.2 million (wood stork recovery)

Background
Fed. gov’t committed funds for prevention to date

Input-output model (impacts of bat-introduced
rabies if vampire bats introduced rabies to South
Texas)
Bioeconomic model (potential disease spread and
IMPLAN)
Input-output model (medical, power, tourism
impacts)
Cost of potential emerald ash borer damage in
US communities; estimated treatment removal
and replacement costs
Cost of potential damage to coastal live oak in
California communities; estimated treatment,
removal, and replacement costs plus residential
property value loss
Estimated Federal gov’t, local gov’t, and
household expenditures; residential property
value loss; and landowner timber loss, via expert
elicitation with Bayesian estimation
Optimal control estimates of impacts of potential
spread in Hawaii
IMPLAN input-output model (lost economic
output)
Bioeconomic forecasting of invasive species by
ecological syndrome
Structured expert judgment and cost-benefit
forecast
Bioeconomic model (estimating damages and
relative sources of risk)
Potential loss in residential property value
(estimated by value transfer)

1999–2009, State agency expenditures on
recovery for these species to date

Author, date
U.S. Fish and
Wildlife Service
(2012)
Anderson et al.
(2014)
Cozzens et al.
(2010)
Shwiff et al.
(2010)
Kovacs et al.
(2010)
Kovacs et al.
(2011)

Aukema et al.
(2011)

Kaiser (2006)
Piper and Liu
(2014)
Schmidt et al.
(2012)
Rothlisberger
et al. (2012)
Warziniack et al.
(2011)
Li et al. (2014)

Great Lakes
Commission
(2012)
U.S. Fish and
Wildlife Service
(2012)
(continued)
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Table 14.1 (continued)
Pre-invasion modeling/risk assessment
Species
Impact estimate
Borers (emerald ash borer, $760 million (household tree removal);
Agrilus planipennis)
$830 million (property value loss);
$130 million (timber loss)
$130 million (household tree removal);
Sap feeders (hemlock
$260 million (property value loss);
woolly adelgid, Adelges
$4.2 million (timber loss)
tsugae)
$160 million (household tree removal);
Foliage feeders (gypsy
$410 million (property value loss);
moth, Lymantria dispar
$18 million (timber loss)
dispar)
Noxious weeds
$83.5 million/year (lost income)
Southern pine beetle
(Dendroctonus frontalis)

$3.7–78.2 million (1982 dollars, Texas)

West Nile virus

$2.98 million (California, 2005)

Emerald ash borer (Agrilus
planipennis)
Leafy spurge (Euphorbia
esula)

$70 million, annually (Ohio)

Knapweed (Centaurea
spp.)
Saltcedar (Tamarix spp.)

Tropical soda apple
(Solanum viarum)
Gypsy moth (Lymantria
dispar dispar)
Cost of Control
Sea lamprey (Petromyzon
marinus)

$129.5 million, annually (Montana,
North Dakota, South Dakota,
Wyoming)
$42 million, annually (1994 dollars)

Background
Net present value of damage costs based on
estimated tree impacts

Author, date
Aukema et al.
(2011)

Net present value of damage costs based on
estimated tree impacts

Aukema et al.
(2011)

Net present value of damage costs based on
estimated tree impacts

Aukema et al.
(2011)

Input-output model of Oregon

The Research
Group (2014)
Holmes (1991)

Price and welfare effects of catastrophic forest
damage from southern pine beetle (supply and
demand model)
Direct cost estimates of medical costs,
productivity loss, vector control
Computable general equilibrium (welfare impact)
Input-output model

Input-output model

$8.1 million, annually (2006 dollars)

Water provision replacement cost, farm budget
residual method, hydropower replacement cost,
river recreation contingent valuation/willingness
to pay, avoided flood damages, wildlife
contingent valuation/willingness to pay
IMPLAN model

$1175/acre

Hedonic price method

$7.33–16 billion, 55 years (1998
dollars)

$20 million, annually

Barber et al.
(2010)
McDermott et al.
(2013)
Leitch et al.
(1996)
Hirsch and
Leitch (1996)
Zavaleta (2000)

Salaudeen et al.
(2013)
Payne et al.
(1973)
Great Lakes
Commission
(2012)
U.S. Fish and
Wildlife Service
(2012)
Elser et al.
(2016)

Nutria (Myocastor coypus)

$2 million (2005)

US Fish and Wildlife Service eradication in
Maryland

Birds

$185–238 million (immediate);
$21–29 million (long run)

Borers (emerald ash borer,
Agrilus planipennis)
Sap feeders (hemlock
wooly adelgid, Adelges
tsugae)
Sudden oak death
pathogen (Phytophthora
ramorum)

$92 million (Federal); $1.7 billion
(local)
$14 million (Federal); $170 million
(local)

Partial equilibrium model estimating impacts to
total surplus of fruit tree growers partaking in
bird management
Net present value of control costs based on
estimated tree impacts
Net present value of control costs based on
estimated tree impacts

Aukema et al.
(2011)
Aukema et al.
(2011)

Net present value of control costs based on
estimated tree impacts

Aukema et al.
(2011)

$0.1 million (local)

Note: many studies cover multiple stages of invasion
Southern pine beetle is a domestic species but has experienced population explosions and associated damages well beyond its normal range
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particular pathways. For example, Aukema et al. (2010)
found that establishment of wood-borers increased faster
than any other insect guild since the 1980s; they attributed
this increase to the increased volume of containerized
More than 450 species of non-native forest insects and at freight and accompanying wood packaging material. The
least 16 pathogens have been established and detected in the magnitude of economic factors that influence trade flows
United States since 1860, with approximately 2.5 estab- (and the potential introductions of non-native species) is
lished non-native forest insects detected per year between projected to increase (Pysek et al. 2010). Hopefully, anal1860 and 2006 (Aukema et al. 2010). Intentional introduc- yses of evolving world trade networks can facilitate the
tions attributed to nurseries, botanical gardens, and private development of new approaches for preventing the moveplant enthusiasts are responsible for most introductions of ment of non-native species (Banks et al. 2015). Recent
terrestrial plant species into the United States (Reichard and analyses have shown the increasing importance of counWhite 2001). Unintentionally introduced species, often tries such as China and South Korea as world trade hubs
called “hitchhikers,” arrive on trade and transportation vec- (Fagiolo et al. 2010), a trend that is consistent with
tors. For example, herbaceous invasive species are often increasing detections of wood-boring insects originating
introduced through crop seed contamination (Baker 1986; from Asia. Although it is difficult to demonstrate the
Mack 1991); aquatic species are often introduced via bio- effectiveness of international trade policies on the rate of
fouling and ship ballast water (Baker 1986; Drake and accumulation of forest pests, Lovett et al. (2016) find that
Lodge 2007; Keller et al. 2011); wood-boring insects are rates of introduction to the United States from China of
often introduced with wood packaging materials and by wood-boring species decreased after policies were put in
movement of fuel wood (Barlow et al. 2014; IPPC 2002; place that require phytosanitary treatment of wood packJacobi et al. 2011; Koch et al. 2012; Liebhold and Tobin ing material.
2008; McNeely et al. 2001); and non-native plant insects
Several modeling approaches have been developed that
and diseases often arrive on live plant imports (Liebhold take into account local and long-distance dispersal (due to
et al. 2012). Nearly 70% of damaging forest insects and factors such as transportation networks). For example, gravpathogens established in the United States between 1860 ity models and random utility models have been used to preand 2006 most likely entered on imported live plants dict invasions when human-mediated dispersal is important
(Liebhold et al. 2012).
(Bossenbroek et al. 2009; Chivers and Leung 2012). Each
Human-mediated transport facilitates the spread of non- takes into account distance as well as the attractiveness of
native species populations at rates and distances well beyond alternative locations, and therefore can incorporate differenwhat would occur naturally (Blakeslee et al. 2010). Patterns tial traffic to each site and its consequences on patterns of
of historical trade and settlement (Brawley et al. 2009), spread.
marine trade, road transportation (Bain et al. 2010; Kaluza
Eliminating all risks of invasive species to a region is usuet al. 2010; Yemshanov et al. 2013), and recent economic and ally not possible without significantly affecting local econodemographic changes (Pysek et al. 2010) have all been mies, so economic research often focuses on the “right”
linked to the distribution of invasive species. In recent amount of risk, or the “optimal amount of invaders.” Risk of
decades, long-distance transport of raw commodities of both introduction is assessed in relation to the appeal of owning
domestic and international trade has grown as a key driver of exotic species (e.g., exotic house and landscaping plants,
species spread (Aukema et al. 2010; Bain et al. 2010; Pysek aquarium plants and fish, and exotic pets), the role of trade in
et al. 2010; Warziniack et al. 2013), a trend that is expected economic growth, and gains from trade (Fraser and Cook
to continue as the proportional growth of trade volume 2008; Knowler and Barbier 2005; Warziniack et al. 2013).
exceeds rates of economic growth (UNCTAD 2007; WTO When considering protective regulations, agencies face the
2008).
possibility of making Type I (false positive) and Type II
Non-native insects, pathogens, and other organisms are (false negative) errors, which can lead to either over-
often inadvertently transported to novel territories in ship- regulation or under-regulation, respectively. The challenges
ping containers and commercial transports where they associated with quantifying the costs of Type II errors, in
may become established as ecologically and/or economi- combination with political influences (Simberloff 2005),
cally harmful invasive species (Hulme et al. 2008; Hulme may cause biosecurity agencies to focus on minimizing the
2009; Kaluza et al. 2010; Lounibos 2002; Tatem et al. costs associated with Type I errors (e.g., management costs)
2006; Westphal et al. 2008). While the rate of accumula- while neglecting the potential for economic damage
tion of forest pests has been relatively constant since 1860 (Davidson et al. 2015).
(Aukema et al. 2010), changes in trade and phytosanitary
By controlling the vectors of introduction or influencpractices have likely altered the relative importance of ing the composition of goods produced in a region, manag-
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ers can affect exposure (Tu et al. 2008), and thus should an
invasion occur, people can adapt to environmental changes
(Settle and Shogren 2004). Not only does the environment
respond to human activity, but human activity also responds
to environmental conditions (Finnoff et al. 2005; Merel
and Carter 2008; Shogren 2000). Damage estimates should
be sensitive to the fact that people can adjust their behavior
both pre and post invasion. For example, Finnoff et al.
(2010) proposed an endogenous risk framework in which
probability of a species’ presence in the transportation network depends on prevention choices. Should an invasive
species enter the transportation network, managers can try
to either eradicate the species or control it to reduce severity of damages. Should all efforts prove either ineffective
or too costly, society can limit damages through
adaptation.

14.3

 stablishment of Species in an Area
E
and Measurement of Damages

The presence of harmful non-native organisms causes damages to economically valuable host resources and negatively
affects the state of native ecosystems and economically
important crops. Assessing economic risks entails a valuation of economic consequences and impacts from an introduction and spread of non-native organisms. The severity of
economic damages may justify the establishment of quarantine and other regulatory actions aimed at containing the
invading populations or, if containment is no longer possible,
at slowing the rate of spread. This section discusses the state
of the science for valuation methods used in those
decisions.
Partial Budgeting, Replacement Costs, and Costs of
Control Partial budgeting helps evaluate the economic consequences of small adjustments in production (such as agricultural crop production) and is based on the principle that a
small change in production may reduce some costs and revenues while adding other costs and revenues (Soliman et al.
2010). Partial budgeting methods generally focus on the net
decrease or increase in income resulting from a change in
production. The method requires a relatively modest amount
of data and personnel time (Holland 2007); accordingly, it
has been widely used to assess the economic impacts of agricultural and forest pests (FAO IPPC 2004; Macleod et al.
2003). While the analyses can be scaled up to the national
level (see Breukers et al. 2008; Macleod et al. 2003), the
method cannot measure multi-sectorial impacts because it
relies on fixed budgets with defined prices to describe the
economic activities of the firm or enterprise (Soliman et al.
2010).
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Using replacement and control costs to estimate the economic impact of an invasive species is also a relatively
straightforward and easy way to interpret and measure damages. For example, to estimate the economic impact of emerald ash borer (EAB), Agrilus planipennis, Kovacs et al.
(2010) estimated the discounted cost of treatment, removal,
and replacement of landscape ash (Fraxinus spp.) trees on
developed land within communities in a 25-State study area
centered on Detroit using simulations of EAB spread and
infestation over the next decade (2009–2019). An estimated
38 million ash trees exist on this land base. The simulations
predicted an expanding EAB infestation that will likely
encompass most of the 25 States and warrant treatment,
removal, and replacement of more than 17 million ash trees
with a discounted cost equal to $10.7 billion. Note that
replacement and control costs address only one side of the
cost-benefit analysis; they do not determine whether or not
those costs are worth incurring.
Single-Industry
Impacts
(Partial
Equilibrium
Models) Partial equilibrium modeling represents another
common assessment technique, especially useful when an
invasion is expected to change the producers’ surplus or
consumers’ demand value (Mas-Colell et al. 1995). The
methodology evaluates the welfare effects on participants in
a market that is affected by an introduction of a harmful
non-native species. The approach defines relationships for
supply and demand for the commodity of interest (such as
agricultural or forest commodities that may be negatively
affected by the introduction of the invader) to determine the
final combination of prices and quantities that leads to a
market equilibrium (Mas-Colell et al. 1995).
As shown in Box 14.1 on partial equilibrium impacts,
such models estimate the aggregate impact of a non-native
species by measuring differences in equilibrium price and
quantity and changes in welfare before and after the introduction. Introduction of harmful organisms may lead to an
increase in the production costs and a decrease in the quantity (or quality) of a susceptible host resource (such as valuable crops or forest tree species), which also affects the
supply curve and the equilibrium price. Changes in welfare
are estimated from the aggregated changes in producers’ and
consumers’ welfare (Just et al. 1982). Partial equilibrium
models have been used widely as policy assessment tools in
agriculture, forestry, and trade (Cook 2008; Elobeld and
Beghin 2006; Holmes 1991; Kaye-Blake et al. 2008; Qaim
and Traxler 2005; Schmitz et al. 2008), for risk assessments
of quarantine pests (Arthur 2006; Breukers et al. 2008;
Surkov et al. 2009), and to evaluate changes in exports and
access to markets (Cook 2008; Elliston et al. 2005; Julia
et al. 2007).
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Box 14.1: Partial Equilibrium Model of Invasive Species
Impacts

Consider the following example, adapted from Arthur
(2006), that looks at the trade-off between gains from
trade to Australian apple consumers and damages from
an invasive apple blight. Without trade, the domestic
production of apples in Australia is Q0, and Australian
consumers pay P0. Pre-trade welfare is measured by
the sum of consumer surplus (triangle XP0Y, the area
below the demand curve D but above the price) and
producer surplus (ZP0Y, the area above the initial supply curve S0 but below the price). Opening the market
to trade allows consumers to buy apples at world price
PW, which increases consumption to Q1 and decreases
domestic production to Q2. Producer surplus falls to
PWTZ, but consumer surplus increases to XPWU. The
shaded triangle marked GAINS represents the increase
in welfare from trade. Trade, however, also brings
potential damages from apple blight. Prevention measures and crop damages increase costs of production to
Australian growers, causing the domestic supply curve
to shift to SINV and domestic production to fall to QINV.
Consumer surplus is not affected, but producer surplus
shrinks. The shaded area marked LOSS shows the loss
to Australian apple growers from the invasion. The
total impact of trade, accounting for losses of invasion,
is GAINS – LOSS, which could be either positive or
negative.

Economy-Wide Impacts (Input-Output and Computable
General Equilibrium Models) Input-output and computable
general equilibrium (CGE) models are used when impacts
from invasive species are likely to affect multiple sectors of
the economy, when indirect effects are likely due to impacts
on factors of production, or when income effects are likely to
be large. Input-output analysis elucidates the
interdependencies of sectors in an economy and predicts an
economy-wide impact of changes within a particular sector

T. Warziniack et al.

(Leontief 1986). Input-output analysis also requires a
description of the monetary flows of inputs and outputs
among the productive sectors of an economy (Miller and
Blair 1985). Changes in product demands in a sector generate
effects on the economy as a whole and cause direct changes
in the purchasing policies of the affected sector. The suppliers
of the affected sector must change their purchasing policies
in order to satisfy the changed demands, and so on. Inputoutput analysis can estimate the impact of an invasive species
on an economy by adjusting the final demand in the affected
sector (such as agriculture or forestry) in response to the
expected changes in demand (such as decrease in the
production of agricultural commodities or reduction in
exports) (Elliston et al. 2005; Julia et al. 2007). Overall, the
approach helps measure short-term impacts across broad
sectors of the economy.
CGE models are composed of sets of equations that
specify demand, production, and interactions between
domestic production and imports, prices, and other equilibrium conditions. CGE models are similar in flavor to inputoutput models, but they place more emphasis on the
behavioral equations that underlie the economic system
and allow for price adjustments. CGE helps assess economy-wide impacts across sectors and regions, and considers long-term consequences. CGE models are also
appropriate when assessing impacts of trade restrictions
due to invasive species policy and when agents in the economy can substitute away from sectors of the economy
impacted by the invasion (Warziniack et al. 2011). Using
the invasive emerald ash borer as an example, McDermott
et al. (2013) developed a CGE model for the State of Ohio
and estimated annual damages from the beetle to be about
$70 million. The majority of this damage ($57 million) is
incurred by the parks and recreation sectors, households,
and State government. The parks and recreation sectors
must add the costs of removing infested ash trees to their
primary production costs. Households must reduce their
disposable income by the cost of ash removal while these
expenditures flow to the garden sector as an increase in
demand for their services. The government must make revenue adjustments to account for ash removal with those
expenditures moving to the garden sector.
Impacts on Non-market Values and Ecosystem
Services Some more difficult-to-assess risks include impacts
on social infrastructure, recreational use (such as fishing),
existence values of native species threatened by invasive species, aesthetics, and factors associated with human health
(such as water quality). The value of damages and impacts on
these ecosystem services is more difficult to measure because
these services are not traded in markets and therefore do not
have observable prices. Thus, economists estimate the value of
changes in non-market ecosystem services by leveraging the
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information conveyed by individuals’ observable decisions.
Information obtained from observable decisions in hypothetical markets created by the analyst is known as stated preference data. In contrast, revealed preference data are obtained
from observable choices concerning “consumption” of non-
market ecosystem services such as where to recreate, how
votes on ballot referenda might influence non-market ecosystem services, and how people behave in markets for a weak
complement to the non-market ecosystem service. In such
cases, the choices and trade-offs people make reflect their
willingness to pay to access or obtain ecosystem services.
Stated and revealed preference methods used to estimate
the value of non-market ecosystem services are reviewed by
Ninan (2014) and Binder et al. (2016). Applications to estimate people’s willingness to pay for forest insect control
programs that reduce insect-related damage to non-market
forest ecosystem services are reviewed in Rosenberger et al.
(2012). New and promising areas of research extending non-
market valuation methods to the suite of ecosystem services
provided by natural areas are discussed in Charles and Dukes
(2007) and Boyd et al. (2013). Two key examples of revealed
preference techniques include hedonic pricing models and
travel costs methods. Hedonic price studies look at the effect
of an invasion on the value or market price of a closely
related good—most often housing prices. Travel cost methods use expenditures people incur to visit a location (most
often a recreation site) as a proxy for willingness to pay for
that visit. Olden and Tamayo (2014), for example, used a
hedonic model to measure damages from Eurasian milfoil
(Myriophyllum spicatum) in King County, WA. They found
the presence of Eurasian milfoil decreases the value of homes
near invaded lakes by $94,000, or about 14%. Using similar
methods, Horsch and Lewis (2009) found Eurasian milfoil
decreases home values by about 13% on invaded lakes in
Wisconsin. Nunes and van den Bergh (2004) used travel cost
methods to measure the impact of algal blooms caused by
non-native species along Dutch beaches. They found management actions required to reduce algal blooms would be
worth about 225 million euros to area residents and visitors.
Information Needs of Various Types of Impact
Studies The assessment of economic impacts from nonnative invasive species often initiates from qualitative estimates based on expert judgments (Brunel et al. 2009;
Sansford 2002; Soliman et al. 2010). Expert judgments are
used because of very low costs and availability of expert
knowledge, but often lack transparency and rigor (Sansford
2002). From there, the application of partial budgeting, partial equilibrium, input-output analysis, and CGE is often dictated by the goal of the study, the methodology used, and the
level of detail available (see Dixon and Parmenter 1996;
Holland 2007; Miller and Blair 1985). Partial budgeting is
better suited to estimate immediate impacts of invasive spe-
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cies introductions, whereas partial equilibrium models can
provide insights on the changes in the production volumes
and effects on commodity prices that may be affected by the
introductions. Partial equilibrium models can also include
many sectors so that the spillover effects between sectors can
be analyzed. This method, however, requires defining the
structure of the affected markets and the level of homogeneity for products from exogenous markets, and may require
large amounts of data (Baker et al. 2009; Rich et al. 2005). If
nationwide economic impacts or multi-sectorial effects are
expected, then input-output analysis or CGE would be an
appropriate choice because they each recognize the feedback
loops that exist within the economy and address behavioral
complexities that many of the other methods cannot deal
with. However, input-output analysis and CGE also require a
large amount of data and computational expertise.

14.4

Optimal Policies and Strategies

Biological invasions usually proceed in stages where each
stage is associated with one or more management actions
and a vector of economic costs and damages (Fig. 14.1).
Economic analysis proceeds by seeking efficient strategies
either within a stage (partial analysis) or across stages (global
analysis). This section identifies research on prevention and
control strategies, as well as factors such as risk and uncertainty that make designing an optimal policy extremely
difficult.
Preventing Arrival and Introduction Prevention policies
focus on trade vectors and optimal inspection rates and must
balance costs of policy, risk of introduction, and gains from
trade (Chen et al. 2018; Leung et al. 2002; McAusland and
Costello 2004). International trade is the major pathway for
the introduction of non-native forest pests (Liebhold et al.
1995), and the importation of live plants is the most probable
pathway of introduction for most damaging forest insects
and pathogens established in the United States (Liebhold
et al. 2012). Wood packing materials are the most common
pathway of introduction for wood-boring forest insects, and
the rapid acceleration in the use of these materials over the
past decade is an increasing concern (Aukema et al. 2010;
Strutt et al. 2013).
A general economic strategy for preventing the introduction of invasive species is to internalize the costs of biological
invasions using tariffs in combination with improved port
inspections (Perrings et al. 2005). Economic optimization
suggests that the importing country should set the tariff equal
to the sum of expected damages from contaminated units not
detected during inspections plus the costs of inspections
(McAusland and Costello 2004). When it is possible to estimate the probability of a successful invasion, each biosecurity
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affected by management actions. Management actions determine economic outcomes, and economic values should inform management
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facility should optimally set the marginal cost of undertaking preventive measures equal to marginal expected benefits (damages avoided), taking into account the probability
that a species might invade through a different facility
(Horan et al. 2002).
Inspection of shipments at ports of entry is one approach
to reduce the introduction of invasive pests. For example,
inspection of live plant imports is a prominent component of
the system used by the US Department of Agriculture,
Animal and Plant Health Inspection Service (USDA APHIS)
Plant Protection and Quarantine program to protect US agriculture and natural resources from unwanted and damaging
pests (Venette et al. 2002). Inspectors examine a number of
selected plant units from each incoming shipment. If a regulated pest or pathogen is detected in the sample units, inspectors may require that the shipment be treated, returned, or
destroyed. Inspection strategies have been developed to allocate a fixed inspection budget among shipments to minimize
the expected number or cost of accepted infested shipments
(Springborn 2014; Surkov et al. 2009). Alternatively, the

inspection budget can be allocated among shipments to minimize the expected number or cost of infested plant units in
accepted shipments (slippage) (Chen et al. 2018; Yamamura
et al. 2016). Sampling strategies that minimize expected slippage instruct inspectors to focus on larger shipments with
higher plant infestation rates, while strategies that minimize
the number of accepted infested shipments allocate sampling
effort to shipments with higher infestation rates with less
regard to shipment size. For live plant import inspections,
optimization, based on the number of accepted infested
plants, is most relevant because the number of introductions
of a pest into the environment is a key predictor of
establishment.
Most of the analysis on trade focuses on international
imports and trade with foreign partners. However, of the 100
of the World’s Worst Invasive Alien Species listed in the
Global Invasive Species Database (Lowe et al. 2000), 86 species have already been introduced to the United States or are
increasing their range within the United States, 7 species are
indigenous or non-threatening to other areas of the United
States, and only 7 species have not been introduced.
Surprisingly, few studies acknowledge how this change in
perspective has affected optimal policies and methods for
measuring impacts. Warziniack et al. (2013), for example,
demonstrated that correcting the externality with a tax on the
risky vector is virtually impossible when hitchhiking species
are linked to tourism and the incidence of private and recreational vehicles coming into the area.
Surveillance
and
Eradication
to
Prevent
Establishment The probability of successful establishment
depends on the frequency and size of arrivals (propagule pressure), spatial habitat suitability, and temporal environmental
fluctuations (Leung et al. 2004; Von Holle and Simberloff
2005), all of which are highly uncertain. Most preventative
strategies are based on reducing propagule pressure, which is
a measure of the expected number of individuals (e.g., the
number of fecund adults of the species of interest) reaching
an uninvaded location and is commonly expressed in terms of
the rate, probability, or likelihood of arrival (Johnston et al.
2009; Simberloff 2009). However, if new species are repeatedly introduced through similar or novel invasion pathways,
Allee effects and stochastic population dynamics are much
less likely to cause initial populations to go extinct, thereby
increasing the likelihood that isolated populations become
established.1

An Allee effect, as defined by Drake and Kramer (2011), “is a positive association between absolute average individual fitness and population size over some finite interval.” In some cases, Allee effects
imply a minimum population size necessary for a species to become
established.

1
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Surveillance systems designed to detect newly established
species that evade port inspections are critical to reducing the
potential for ecological and economic damage (Lodge et al.
2006). Cost-effective surveillance systems for newly established populations balance the intensity and cost of surveillance (which increase with the level of effort) with the costs
of damage and eradication of newly detected populations
(which may be less if detected early) (Epanchin-Niell and
Hastings 2010). Economic models that account for this
trade-off have assumed the pest location is unknown (Mehta
et al. 2007); rates of pest establishment, spread, and damage
vary across locales (Epanchin-Niell et al. 2012, 2014); small
invasive populations establish ahead of an advancing front
(Homans and Horie 2011); or that the likelihood of detection
increases with the size of an infestation (Bogich et al. 2008).
Research efforts have also focused on the properties of optimal one-time surveillance across multiple sites when species’ presence is uncertain prior to detection, accounting for
heterogeneity in species occurrence, probability, and detectability across sites (Hauser and McCarthy 2009). Other models of one-time surveillance have investigated the impact of
uncertainty regarding the extent (rather than simply the presence) of an infestation (Horie et al. 2013) and to maximize
the coverage of the locations from where an invasive species
is likely to spread to the uninvaded area (Yemshanov et al.
2015).
Economic models of long-term surveillance programs
with constant surveillance effort have been developed using
optimization algorithms and indicate that greater surveillance effort is warranted in locations that have higher establishment rates, higher damage and eradication costs, or
lower sampling costs (Epanchin-Niell et al. 2012, 2014). In
applying their model to the design of an optimal surveillance program for gypsy moth (Lymantria dispar dispar)
detection and eradication in California, Epanchin-Niell
et al. (2012) found that California’s 2010 county-level trapping densities correspond closely to the optimal trapping
policy derived from the model; however, reductions in trapping densities in just 3 counties (out of 58 counties) might
reduce long-term costs of surveillance and eradication in
California by up to 30%. Using optimal control theory to
calculate time-dependent surveillance policies that minimize the total cost of sampling, eradication, and damage by
an invasive, Holden et al. (2016) developed rules of thumb
to determine when intense initial sampling, followed by a
sharp decrease in sampling effort, is more cost-effective
than strategies that are constant through time. For invaders
with high rates of establishment from an outside source,
constant effort surveillance strategies are cost-effective.
However, when reintroductions are infrequent, an intense
early search for the invader can drastically reduce costs,
depending on initial pest prevalence and the economic benefit-to-cost ratio of sampling.
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Active research is currently underway to develop optimal
surveillance and eradication policies when there is uncertainty about invasion dynamics and detectability. This line of
research recognizes that surveillance may not provide accurate information, and therefore researchers have used partially observable Markov decision processes to address
optimal invasive species surveillance (Regan et al. 2007),
monitoring, and control strategies (Haight and Polasky
2010). More generally, partially observable decision models
have been used to allocate management resources for networks of cryptic diseases, pests, and threatened species
(Chadès et al. 2011).
Optimal Control to Slow the Spread When a non-native
species becomes established, various strategies can be used
to reduce the expansion of its range, including initiating a
domestic quarantine to reduce the chances of accidental
movement of organisms to uninfested areas, detecting and
eradicating isolated colonies, or applying control treatments
to slow or stop the spread of the core population. Research
has focused on developing optimal control strategies for
slowing or eradicating populations and addressing questions
such as when, where, and how much control should be
applied (see Epanchin-Niell and Hastings 2010 for a review).
Invasive species control models generally include pest
population dynamics and a stated objective of minimizing
the sum of discounted control costs and invasion damages
over time. The most basic models of invasive species dynamics focus on the numbers of individuals or the area of infestation and ignore spatial description (Eiswerth and Johnson
2002; Saphores and Shogren 2005; Sharov and Liebhold
1998). A general principle emerging from this research is
that, if the invasive species stock is initially greater than its
optimal equilibrium level, the highest level of management
effort should be applied initially, and then should decline
over time until the steady state is reached (Eiswerth and
Johnson 2002). When the goal is to control the population
front, the optimal strategy changes from eradication to slowing the spread to doing nothing; as the initial area occupied
by the species increases, the negative impact of the pest per
unit area decreases or the discount rate increases. Preventing
population spread is not viewed as an optimal strategy unless
natural barriers to population spread exist (e.g., Sharov and
Liebhold 1998). These basic population models have been
extended to account for uncertainty in invasion growth. The
optimal control strategy is obtained using discrete-time stochastic dynamic programming (Eiswerth and van Kooten
2002; Olson and Roy 2002) or a real options framework in
continuous time (Marten and Moore 2011; Saphores and
Shogren 2005).
Policy is also complicated by politics—the political scales
of policies rarely match the ecological scales of invasions.
Effective management depends in part on coordination
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across jurisdictions, heterogeneous landscapes, heterogeneous populations (Epanchin-Niell et al. 2012), and international borders (Gren et al. 2010; Knowler and Barbier 2005;
Tu et al. 2005). When bio-invasions occur at landscape scales
and with multiple landowners, each landowner’s control
decisions can impact their neighbors’ decisions by affecting
invasion spread across boundaries (Epanchin-Niell et al.
2010; Epanchin-Niell and Wilen 2015; Wilen 2007). When
landholders make control decisions based only on damages
occurring on their own land, an externality occurs because
those landholders taking action confer uncompensated benefits to those in advance of the invading front (Wilen 2007).
As a result, managers may under-control from a systemwide
perspective, leading to increased invasion of the landscape
(Wilen 2007). Decision makers responsible for controlling a
bio-invasion can internalize this diffusion externality and
increase total net benefits across ownerships (e.g., Bhat and
Huffaker 2007; Feder and Regev 1975; Richards et al. 2010;
Sims et al. 2010).
Recently, spatially explicit models of invasive species
dynamics and control have been developed for invasive
plants (Blackwood et al. 2010; Büyüktahtakın et al. 2015),
reptiles (Kaiser and Burnett 2010), insects (Sims et al. 2010;
Kovacs et al. 2014), and generic pests (Epanchin-Niell and
Wilen 2012; Hof 1998). All of the aforementioned models
define the landscape as a set of discrete patches or map cells,
define control activities for each patch, and predict the
growth and dispersal of the invasive species among patches
as a function of the selected controls. Spatial-dynamic models use a variety of models of pest population dynamics,
including pest occupancy (Epanchin-Niell and Wilen 2012),
pest population size (Blackwood et al. 2010; Büyüktahtakın
et al. 2015; Hof 1998; Kaiser and Burnett 2010), and host
and pest population sizes (Kovacs et al. 2014; Sims et al.
2010), depending on the characteristics of the ecological
system.
Although these spatial-dynamic models are complicated
to solve, they can provide pragmatic guidance to forest
managers. For example, Kovacs et al. (2014) developed a
spatial-dynamic model for the optimal control of EAB in the
Twin Cities metropolitan area of Minnesota. They focused
on managing valuable host trees by applying preventative
insecticide treatment or pre-emptively removing infested
trees to slow EAB spread. The model incorporates spatial
variation in the ownership and benefits of host trees, the costs
of management, and the budgets of municipal jurisdictions.
The authors developed and evaluated centralized strategies
for 17 jurisdictions surrounding the infestation. The central
planner determines the quantities of trees in public ownership to treat and remove over time to maximize benefits associated with net costs of managing surviving trees across
public and private ownerships, subject to constraints on
municipal budgets, management activities, and access to pri-
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vate trees. The results suggest that centralizing the budget
across jurisdictions, rather than increasing any one municipal budget, does more to increase total net benefits. Further,
strategies incorporating insecticide treatments are superior to
those with pre-emptive removal because they reduce the
quantity of susceptible trees at lower cost and protect the
benefits of healthy trees. Finally, increasing the accessibility
of private trees to public management substantially slows
EAB spread and improves total net benefits. The change
from local to centralized control increased the percentage of
healthy trees remaining on the landscape by 18% and more
than doubled the total net benefits.
Much of the literature on invasive species management
in multi-ownership landscapes examines two polar cases
characterizing control choices. In the first case, myopic
landowners choose their own control without considering
the impact of their choices on the probability that other
landowners’ at-risk lands will become infested. In the second case, a social planner is assumed to control actions for
landowners at a landscape level, thus internalizing all externalities by choosing controls that maximize social welfare.
Epanchin-Niell and Wilen (2015) point out that this dichotomy fails to capture the often-observed case in which landowners cooperate with other managers to control the spread
of an invasive species by engaging in an invasive species
cooperative control district. The classical way to boost
cooperation has been addressed in the economics literature
is through a bargaining mechanism such as a transfer payment. For example, Cobourn et al. (2016) developed a theory of cooperation for invasive species management using
an axiomatic Nash bargaining game assuming that the
threat exists for an invasive species to spread from an
infested to an uninfested municipality. Without bargaining,
the infested municipality chooses control efforts that maximize its own benefits and likely invests too little from a
social perspective because its choice of control influences
the probability that the invasive species will spread to the
uninfested municipality. Therein lies the potential for bargaining: the uninfested municipality has an incentive to
bargain with the infested municipality to share in the latter’s control costs, using a transfer payment in exchange for
applying a higher level of control that would effectively
reduce the probability that the invasive species will spread.
Cobourn et al. (2016) calibrate their bargaining model to
represent the emerald ash borer invasion in the Twin Cities
of Minneapolis and St. Paul, MN. Their results suggest that
bargaining improves the public benefits across communities relative to the case without bargaining. Further, bargaining may achieve the social planner’s optimal level of
control when the uninfested municipality possesses a substantial advantage in terms of relative bargaining power.
Short-term bargaining agreements are unlikely to succeed,
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suggesting that there may be a role for a higher government
involvement to facilitate long-term bargaining agreements.
In many situations, land managers specify a desired outcome in terms of ecosystem attributes, such as species composition, vegetation structure, pest population size, or
likelihood of pest occurrence, striving for a management
strategy that achieves these attributes at least cost. A manager may have many mutually exclusive least-cost projects
to select for investment given a limited budget. Conservation
priorities are generally made with an eye solely on benefits
of management actions, largely ignoring costs (Brooks et al.
2006; Groves et al. 2002). A more thorough (and efficient)
method would use return-on-investment (ROI) as a decision
criterion for prioritizing projects, making use of both benefit
and cost data. As discussed in Polasky (2008), a number of
studies have shown that, for a wide range of conservation
objectives, more variability exists in costs of land management options than exists in the ecological benefits. Bode
et al. (2008), for example, used seven different taxonomic
measures of biodiversity to allocate funding among 34 of the
world’s terrestrial biodiversity hotspots with the objective of
minimizing total species loss. They found the optimal decision was far less dependent on the measure of biodiversity
than it was on cost of conservation. Similar studies using
ROI as a decision criterion have been conducted for ecological restoration in Hawaii (Goldstein et al. 2008), temperate
forests in North America and Mediterranean ecoregions
(Murdoch et al. 2007), and Mediterranean forests, woodlands, and scrub (Underwood et al. 2008). The ROI criterion
could be used as a decision criterion for prioritizing invasive
species management projects.
Optimal Control and Risk Across Invasion
Stages Economic models that focus on a single stage of the
invasion process cannot provide globally optimal solutions
because they ignore potential trade-offs among defensive
actions across the stages of an invasion. Optimal allocation
among prevention and control depends on the nature of prevention and control cost curves and the decision maker’s
preferences over risky events. Research has shown that,
under some conditions, invasive species can be managed
most cost-effectively using greater investments in prevention
relative to control because damages can be catastrophic
(Leung et al. 2002). Other research has shown that, if decision makers are risk averse and if control options are thought
to be more certain than prevention, then control may be preferred to prevention (Finnoff et al. 2007). Recent innovations
in the analysis of trade-offs among invasion stages include
the development of spatial models of prevention, detection,
and control (Sanchirico et al. 2010). Such interdependencies
between prevention and control are highlighted in Burnett
et al. (2006), with examples from Hawaii for both a current
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invader (miconia, Miconia calvescens) and a potential
invader (brown tree snake, Boiga irregularis). The primary
lesson is that focusing on a subset of transmission pathways,
on only one or two controls, or on a single region ignores
important interactions that are critical in identifying cost-
effective policy recommendations.
Investments in prevention should also be made recognizing the ability to detect the invader in the environment
and the ability to control or eradicate it should it become
established (Haight and Polasky 2010; Mehta et al. 2007).
Studies such as Homans and Horie (2011) and EpanchinNiell et al. (2014) consider optimal control decisions post
detection when determining optimal levels of investment in
surveillance.
Special methods have also been introduced to develop
optimal policies to manage invasive species in the presence
of uncertainty (Eiswerth and Johnson 2002; Haight and
Polasky 2010; Hester and Cacho 2012; Horie et al. 2013;
Hyytiainen et al. 2013; Olson and Roy 2002). Adding the
dimensions of risk and uncertainty requires that decision
makers consider their perceptions of risk, such as risk aversion (Olson and Roy 2005). Often, risk of invasion is treated
in optimal management policies as exogenous (Leung et al.
2002; Ranjan et al. 2008), with fewer attempts to represent
the risk of invasion as endogenous (Finnoff and Shogren
2004).

14.5

Gaps and Future Research Needs

Invasive species science has largely remained in the domain
of natural sciences. Greater research in economics and other
social sciences could help to better integrate governance and
management policy, address the objectives of multiple stakeholders, account for risk perceptions, and promote bargaining
and cooperative behavior among decision makers. To date,
there has not been a comprehensive investigation of impacts
from terrestrial and aquatic invasive species, including the
full value of ecosystem services lost. Acquiring such data is
necessary for conducting cost-benefit analyses. This omission
prevents policymakers from establishing a meaningful list of
priorities and realistic management strategies. Table 14.1
gives a few representative damage estimates from the literature, focusing primarily on local and regional studies.
Estimates of damages from invasive species at national (or
even global) scales usually combine values from several studies or generalize across diverse landscapes, invaders, and
impact methods. While the large impact numbers such studies
generate are popular with policymakers and scientists looking
to emphasize the importance of their research problem, they
violate some of the most basic rules of economic analysis and
generally do more harm than good to the science.
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Uncertainty about invasive species remains a serious
challenge in the development of effective control and management policies, and will require special analytic and modeling tools to factor uncertainty into optimal management
policies. Another important issue that remains to be
addressed is the practical validation of optimal management
policies that have been developed. While many countries
have introduced strategies to reduce the rates of non-native
species introductions, such as sanitary and phytosanitary
policies that regulate the movement of pest-associated commodities, more efforts will be required to assess the practical utility and transaction costs of implementing those
measures.
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14.7

Key Information Needs

• Expanding applications of non-market valuation methods
to address the suite of ecosystem services provided by
natural areas that are at risk because of invasive species
would facilitate more comprehensive cost-benefit
analyses.
• Developing models that account for cooperative management among landowners and across policy jurisdictions
would help to address behavioral interactions among
landowners and jurisdictions.
• Conservation priorities are often determined solely on the
basis of the benefits of proposed management actions, not
including costs. A more thorough analysis, such as ROI,
14.6 Key Findings
would employ both benefit and cost data, when decision
criterion for prioritizing projects is desired.
• Changes in trade and phytosanitary practices have altered • Economic models that focus on a single stage of the invathe relative risk of species introductions and the imporsion process cannot provide globally optimal solutions
tance of particular pathways. Introductions of wood-
because they ignore potential trade-offs among defensive
borers increased faster than any other insect guild since
actions across the stages of an invasion. Ideally, economic
the 1980s due to the increased volume of containerized
models should consider such trade-offs to provide a fuller
freight and accompanying wood packaging material
accounting of invasion economic effects.
(Aukema et al. 2010).
• Effective control and management depends on model
• For live plant import inspections, optimizing based on the
improvement to account for uncertainty surrounding
number of accepted infested plants is most relevant
impacts and the probability of introductions.
because the number of introductions of a pest into the • Additional studies are needed to investigate the spread of
environment is a key predictor of establishment. This
invasive species through domestic trade, and how policies
optimization results in strategies that allocate limited
may differ between foreign and domestic sources of risk.
sampling resources to larger shipments that have higher
infestation rates (Chen et al. 2018).
• For invaders with high rates of establishment from an
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