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Abstract In analyses that attempt to estimate the
costs of species invasions, it has been typical to report
the costs of management and/or to multiply per-unit
costs by the number affected to arrive at a total. These
estimates are of limited value for most policy ques-
tions. We start our discussion by recognizing that
biological pollutants such as aquatic invasive species
are like conventional pollutants in important ways and
appeal to the well-developed literature on conven-
tional pollution to guide our thinking into how best to
conceptualize the problem. We use a standard pollu-
tion control framework to identify the margins over
which costs and benefits should be estimated to guide
wise decision-making. We then use examples from the
literature to illustrate how transactions in related
markets can be used to estimate the benefits of
management. The roles of adaptation, mitigation,
and species population growth have particular rele-
vance and are highlighted. In the final section of the
paper, we think through the conditions under which
investing in genetic biocontrol methods would be
economically justified.
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Introduction

Aquatic invasive species are known to have dramatic
effects where they have become introduced and
established. Experience has shown that invading
species can out-compete or prey on valuable species,
can change important characteristics of aquatic eco-
systems, and can harm man-made underwater infra-
structure (Mack et al. 2000; Connelly et al. 2007). In a
general sense, aquatic invaders are biological pollu-
tants that reduce the services that aquatic systems
provide (Horan et al. 2002). These services might
include recreational opportunities for anglers that
depend on healthy aquatic ecosystems or the avail-
ability of water flows for commercial cooling pur-
poses. A fundamental question related to aquatic
invasive species is whether management activities
such as prevention, suppression and eradication gen-
erate economic benefits that are greater than the
associated management costs and, if so, by how much
(Finnoff et al. 2007; Simberloff 2009; Horan and Lupi
2010).

The papers in this issue discuss research into
techniques which will primarily affect management
costs. Is it possible to develop methods using genetic
biocontrol that are more effective or that can add to the
effectiveness of currently available methods? Might
these offer the promise of achieving permanent
reductions in invasive aquatic species populations?
Are these potential new methods more effective or less
costly to implement than existing methods? Is it
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possible to characterize the likelihood of success of
these new methods? In addition, what are the costs,
such as non-target ecological costs, beyond the
financial outlays incurred by management agencies
and individuals? Fundamentally, what is the least
costly way to achieve control with current technolo-
gies and how might new technologies reduce these
costs? Knowing the change in effectiveness that would
be achievable with the implementation of genetic
biocontrol is essential to the evaluation of whether the
time and effort involved in conducting research and
development and navigating the approval process will
prove to be worthwhile.

The central question in benefit estimation is about
the tradeoff between the goods we are interested in and
other goods of value. When goods are exchanged in
markets, the tradeoff is summarized by relative market
prices. However, ecosystem services like the increased
aquatic ecosystem services that come with reductions
in invasive species populations fall into the category of
non-market goods and so values must be inferred
either from markets for related goods (revealed
preference) or through direct elicitation (stated pref-
erence). The literature on estimating non-market
benefits is deep and extensive, and some of these
methods have been rigorously applied to specific
invasive species cases (e.g., Lupi et al. 2003; Horsch
and Lewis 2009; Lovell and Drake 2009). In addition,
back-of-the-envelope calculations using readily avail-
able data have been used to provide information about
damage caused by aquatic invasive species (e.g., OTA
1993; Pimentel et al. 2000).

Biological pollutants such as aquatic invasive
species are like conventional pollutants in important
ways. The well-developed literature on conventional
pollution can be used to guide our thinking into how
best to manage the problem. In this paper, we use a
standard pollution control framework to identify some
of the main concepts involved when considering how
aggressively to manage invasive species. We then use
examples from the literature to illustrate how transac-
tions in related markets can be used to estimate the
benefits of management. However, while there is a
strong analogy between biological and conventional
pollutants, it is unwise to carry the analogy too far. In
particular, unlike conventional air and water pollutants
which tend to dissipate quickly, biological pollutants
can reproduce. This population growth requires us to
think about the future consequences of current
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management choices. We examine some of these
considerations below. Finally, we return to the pollu-
tion control framework and think through the condi-
tions under which investing in genetic biocontrol
methods would be economically justified.

Framework

In the standard pollution control framework (Baumol
and Oates 1988), the baseline from which to begin the
analysis is the maximum amount of pollution—the
amount emitted without regard to the costs of pollution
on the environment. From this baseline, pollution can
be reduced up to the maximum abatement level at
which no pollution is emitted. Pollution abatement is
achieved using increasingly expensive means: the
marginal cost of pollution abatement increases as
pollution is reduced from its maximum. On the benefit
side, the marginal benefit of reducing the first few
units of pollution is high and declines as the environ-
ment becomes cleaner. In an applied setting, an
important first step would be to specify the scope of
the problem as a foundation for determining how
much each level of control would cost for the relevant
polluters and the types and values of the benefits
accruing to those affected by pollution.

Figure 1 provides an analogous conceptual view of
invasive species control. From the baseline at the
origin where the invader is not controlled, this figure
shows an increasing marginal cost of control from
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Fig. 1 Marginal benefits and marginal control costs of invasive
species control
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Table 1 Benefits and costs of control from two perspectives: net benefits and total costs

No control Eradication Control at point c*
Total benefits (damage avoided) 0 A+B+C A+ B
Total control cost 0 B+C+D B
Net benefits 0 A-D A
Total damage cost A+B+C 0 C
Total control cost 0 B+C+D B
Sum of damage and control cost A+B+C B+C+D B+ C

where the population is at its maximum up to the point
of eradication where species numbers are driven to
zero. Embedded in this curve is the idea that the easiest
and cheapest options are exploited first, and that further
reductions become more and more costly: the manager
uses the best option for each additional increment of
control. The marginal benefit of control (the damage
that is avoided by removing that unit of population
from the environment) is highest with the first few units
removed and declines as numbers are reduced. As with
the pollution model, this simple formulation is a
powerful conceptual framework yet is lacking in
important details that require careful definition in an
applied setting: the geographic scope, the species, the
time horizon, the affected parties, and so on.

The total costs and benefits of alternative levels of
control are the areas underneath the marginal control
cost and benefit functions. With no control of the
invader, total benefits and total costs are both equal to
zero; net benefits also equal zero. At this point, the
maximum damage occurs (A + B + C)—no dam-
ages are avoided. At the other extreme, if the species is
eradicated, all the potential damages are avoided, so
total benefits are equal to A + B + C. Total control
costs are equal to B + C 4+ D. Net benefits of
eradication are A — D, which may in fact be negative
if D is larger than A. Where marginal benefit equals
marginal control cost (c¥*), total benefits, i.e., total
damages avoided, are A + B and damages incurred
are C. Because control costs total B, net benefits are A.
This is the level of control at which highest net benefits
are achieved.

We may choose to view this problem in terms of
damage costs incurred rather than damage costs
avoided. Without control, the only cost in this sum is
damage cost: A + B + C. With eradication, the only

cost is control cost: B + C + D. The lowest sum of
control and damage costs (B + C) is found where the
two curves intersect. So, whether the goal is to
maximize net benefits or to minimize the sum of
damage and control costs, the best choice is the control
level where the marginal curves intersect (Table 1).

Figure 1 shows a case in which the best option is
somewhere between the two extremes of no control
and eradication. However, the optimal decision may
turn out to be at one of the two extremes. No control is
optimal if the marginal control cost curve is every-
where above the marginal benefits curve: even the first
unit of control is costlier than its benefits. Eradication
would be optimal if the marginal control cost curve is
everywhere below the marginal benefits curve: the
benefit of reducing the population from a low level to
zero is higher than the cost of doing so.

Any level of control between the extreme of no
control and the extreme of eradication can also be
evaluated to determine net benefits. Consider, for
example, Fig. 2. Figure 2a illustrates a low level of
control, where total benefits “a + b” less control costs
“b” yield positive net benefits “a”. With a high level
of control as shown in Fig. 2b, total benefits “e + {”
less control costs “f + g” yield net benefits “e — g”.
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These net benefits are positive if area “g” is less than
area “e”.

This straightforward framework helps isolate the
important inputs into wise decision making: at its most
basic, an action is worth taking if the benefits of that
action outweigh the costs. In addition, the smaller the
increments over which decisions can be made, the
more accurately a manager can identify the best
decision. If the choice is between no control and low
control, low control is often better. However, the
optimal level of control (identified in Fig. 1) would be
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better yet. An important empirical question in an
applied setting, then, is the magnitude of the benefits
and costs of incrementally reducing the size of the
invasive species population from the baseline.

Estimating benefits

Lovell et al. (2006) survey the growing literature on
estimating damages from aquatic invasive species.
They summarize many studies, some of which focus
on a particular species and others which attempt a
comprehensive assessment. They note a wide array of
approaches used to address the issue. It is worth
emphasizing here that damages and benefits are two
sides to the same coin: the benefits of invasive species
control are the damages that are avoided because the
species is controlled. Often, studies report the annual
total damages caused by invaders. These totals could
represent damages in the absence of control (area
A + B + C in Fig. 1, with zero benefits), damages
when little control effort is applied (¢ + d in Fig. 2a,
with benefits a + b) or damages with high control
effort (h in Fig. 2b, with benefits e + f). These
estimates, by themselves, provide only a sense of the
magnitude of the problem. They must be coupled with
control cost estimates, preferably at a range of control
levels, to suggest a course of action.

In estimating benefits, it is important to consider
first to whom the benefits would accrue in order to
determine the correct measure. For example, zebra
mussels (Dreissena polymorpha) are infamous for
attaching to underwater infrastructure such as water
intake pipes for power plants and water treatment
plants. Corporate financial statements are a good place
to look for evidence on how much prevention
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activities would be worth to plants on uninfested yet
vulnerable waterways. In another example, sea
lampreys (Petromyzon marinus) have damaged lake
trout (Salvelinus namaycush) populations in the Great
Lakes. Sea lamprey suppression programs have had
the effect of allowing trout populations to rebound,
benefiting recreational anglers (Swanson and Swed-
berg, 1980). In the sections below, we highlight some
of the important components of benefit estimation in
the context of aquatic invasive species research.

Zebra mussel studies
Benefits = avoided damages

Managers do not have, as yet, any effective means to
reduce zebra mussel populations in infested lakes.
Instead, management efforts are focused on preven-
tion of movement of zebra mussels to new lakes. The
“benefit” that can be estimated and represented in a
marginal benefit/cost framework is the damage that is
avoided in uninfested lakes due to prevention activ-
ities relative to the baseline case of infestation if no
prevention occurred. Therefore, to estimate benefits
we need to know the damages that would have been
caused had the zebra mussel invaded currently unin-
fested lakes. The best source of this information is the
damage caused by zebra mussels in lakes that have
already been invaded.

Market activity can substitute for a non-market
benefit

Clogged pipes increase operating costs because the
zebra mussels must be removed for water treatment
plants to operate. Pipes that have been cleaned out via
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chemical or mechanical means are equivalent to pipes
that have not been affected at all: the two are perfect
substitutes for each other. Therefore, the market activity
that provides information about the non-market benefit
of having an uninfested lake is the removal of zebra
mussels from underwater pipes. Because a lake is
infested, the power plant incurs costs that restore the
functionality of the affected pipes: these costs are
estimates of damage where zebra mussels have invaded
and can be used to estimate the benefits where zebra
mussel infestations have been prevented or delayed. The
accuracy of the estimate depends on how well removal
substitutes for having an uninfested lake to begin with.
In this case, removal is probably a good substitute for the
benefits to power plants of uninfested waters.

Adaptation may reduce damages

The zebra mussel case illustrates another important
point. Early estimates of projected zebra mussel
damage took the cost per power plant and assumed
that these costs would be incurred for each affected
plant into the foreseeable future (Pimentel et al. 2000).
However, the motivation to avoid the repeated costs of
removal inspired the design of a technological fix to
prevent zebra mussels from attaching to pipes. Once
the up-front cost of installing capital equipment has
been incurred, ongoing maintenance and its associated
costs can be reduced or discontinued. Connelly et al.
(2007) found that the current average annual costs per
facility are two-thirds of their levels in the early years
of the invasion. The present value of the damage cost
in an infested area is the (lower) capital cost and the
stream of lower maintenance costs rather than the sum
of high current maintenance costs extrapolated into the
future. Early work overestimated damage costs
because it was difficult to foresee the technological
innovation that would solve the problem. This lesson
may be applicable in other cases where large ongoing
costs are predicted: substitutes for currently available
technology may become available and estimates based
on current technology may prove to be too high.

Benefit estimates may be incomplete

With the zebra mussel case, it should be noted that
damage estimates that rely exclusively on costs to power
plants and water treatment plants are incomplete
because they do not account for damages to recreation

or to native ecosystems. In addition to examining busi-
nesses’ balance sheets, we must consider how individ-
uals’ welfare is affected by invaders and how to measure
these welfare changes. One species for which these kinds
of studies have been conducted is the sea lamprey.

Sea lamprey studies

The quality of outdoor recreation is not a commodity
traded in a market, yet has value to individuals. Two
measures of the dollar value of non-market goods to
individuals are commonly used by economists (Free-
man 2003): the willingness to pay for an improvement
or the willingness to accept a worse outcome. Devel-
oping methods to estimate these non-market values
has been a major contribution of economists in recent
years, and some of these methods have been used in
the context of invasive species.

Frank Lupi et al. (2003) sought to estimate the value
of reducing the size of the sea lamprey population in the
Great Lakes. For sea lamprey, a main source of value is
reversing the loss to recreational trout fishing. Improved
recreational fishing benefits are estimated using a travel
cost model where individuals reveal their preferences for
the nonmarket good—trout fishing quality—by incur-
ring travel costs to visit recreational fishing sites. The
travel cost model is coupled with a model that relates sea
lamprey populations to trout abundance. Lupi et al.
examined several scenarios relative to the baseline of no
control in order to evaluate the net benefits of different
levels of control. Their research illustrates three key
insights: marginal benefits may not be constant, evalu-
ating an entire marginal benefit function is difficult as a
practical matter, and the time dimension is important.

Marginal benefits may fall with increased control

Lupi et al. recognized that the benefits of improved
fishing quality are not directly proportional to the
increases in catch rates per unit effort. Unlike studies
such as Koonce et al. (1993), they allow for the possi-
bility of diminishing marginal benefit such that the first
few units of improvement are more highly valued than
subsequent units. This is critical: assuming constant
marginal benefits is appealing because of its simplicity,
but there is a danger of wildly overestimating the
benefits of improving catch rates if the benefit of all
improvements is assumed to be as high as the benefit of
the first improvement.
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Finding marginal benefits for all levels
of control is a challenge

This study evaluated only a few possible scenarios
rather than the full range from no control to complete
eradication. The complexity of the biological model-
ing coupled with the model of angler behavior makes it
difficult to examine every possibility. Practically
speaking, it is difficult to estimate the full range of
benefits from no control to eradication. Instead, it is
more reasonable to evaluate a finite set of well-defined
scenarios. Any action for which the net benefits exceed
the net benefits of “no control” would be worth taking,
and it would be best to select the scenario with the
highest net benefit. However, as this paper demon-
strates, selecting the best option is a complicated
matter and results can be sensitive to underlying
assumptions and modeling decisions.

The time dimension is fundamental to problems
involving biological pollutants

With problems involving biological populations, the
temporal dimension is key. It takes time to bring sea
lamprey populations down and for trout populations to
recover. The rate of time preference becomes an
essential part of the analysis because the management
alternatives yield different patterns of benefits and
costs over time. In their study, Lupi et al. found that the
conclusion about which management option is best
depended on the choice of the discount rate. More
generally, bioeconomic modeling (see Olson and Roy
(2008) for an invasive species application) emphasizes
that optimal management choices should be made in a
forward-looking manner, taking population dynamics
into account as well as the fact that all future
management actions will also be optimally chosen.

Non-market methods to estimate benefits

With zebra mussels, researchers have used industry
costs to estimate damages and, with sea lamprey, they
have used travel cost recreational demand models.
Besides these methods, economists have used property
value studies, stated preference approaches, and
averting expenditure methods. Some of these might
be fruitfully applied to aquatic invasive species.
Common carp were purposefully introduced in many
lakes and rivers in the United States in the nineteenth
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century (McDonald 1883). Carp consume vegetation
and alter habitat for native fish. In addition, because
they disturb sediment on lake floors, they increase
turbidity and nutrient concentrations leading to
declines in water quality (Breukelaar et al. 1994).
One of the sources of value for reducing carp
populations is, then, the resulting improvement in
water quality. Improving water quality in a lake can
lead to increased amenity and aesthetic values. For
nearby property owners, this increased attractiveness
may lead to improved property values which reflect
the present value of a higher stream of benefits coming
from the lake amenity. One approach to measuring the
value of improved water quality is, then, the hedonic
property value method (Rosen 1974) which assesses
the contributions of the features of the property
(square feet, number of bedrooms, quality of nearby
amenities) to its overall value. Other methods (e.g.,
travel cost) can account for the value of improved
water quality for those who travel to the water body for
recreation. This, linked with a model that relates the
carp population to water quality, could provide an
estimate of the value of reducing carp abundance.

A second category of methods involves direct
elicitation of preferences. These methods put individ-
uals in situations in which the answers they give to
questions provide information about how much they
value a non-market good. In one recent example,
Mclntosh et al. (2010) use stated preference methods
to find the value of delaying the onset of damages from
invasive species.

Common pitfalls

The goal of benefit estimation is to provide informa-
tion that will be useful in making management
decisions. However, it is often easy to misinterpret
data and research results. Here, we highlight two
potential pitfalls: using information about control
costs incorrectly and assuming that marginal benefits
are constant over the range of analysis.

Control costs

Information about public expenditures on invasive
species management is readily available in govern-
ment publications. When these expenditures are for
the purpose of reducing the size of the invasive species



Evaluating management options

13

population or limiting its spread, these are most
properly thought of as total (not marginal) costs that
belong on control cost side of the ledger. It is not
likely, however, that government agencies have esti-
mates of both the marginal control cost and marginal
benefit functions in hand when they make decisions
about how much effort to put into controlling invasive
species populations. Government expenditures on
control may be lower or higher than the amount
necessary to bring about the optimum. In the context
of Fig. 2, control costs may be low (b) with high
damage costs (¢ + d) or they may be high (f + g) with
low damage costs (h). Without more information, we
can’t know whether these control efforts achieve the
optimal level of population suppression.

Three points can be emphasized here. First, the
assumption is that managers are choosing the most
cost-effective strategies first before turning to more
expensive means: the marginal control cost curve
represents the cheapest way to achieve invasive
species population control. Second, control costs are
not the same as damage costs. Control costs come
from management activities (prevention, suppression,
etc.) and damage costs are suffered because of the
presence of the invader (clogged pipes, reduced
recreation, poor water quality, etc.). Third, while
knowing the amount spent on control by government
agencies may provide some sense of the magnitude of
the problem, this information alone is not enough to
answer the question of whether managers should scale
back or step up control efforts.

One way that information about control costs would
be informative about the damage side of the ledger is if
they are incurred by private individuals rather than by
government agencies. Then, the literature on the
“averting expenditure” method of estimating benefits
would be relevant (Courant and Porter 1981). A classic
example of the averting expenditure method is in the
context of air pollution. To avoid the effects of air
pollution, individuals may install air purifiers in their
homes. If an individual purchases an air purifier, the
benefit of reduced exposure to air pollution must be at
least as great as the cost of the air purifier. Therefore,
the cost of the air purifier is a lower bound on the value
of clean air to the homeowner. In the context of
invasive species, a lakeshore property owner may
apply herbicide to suppress aquatic plants near a dock
or swimming area. Because the property owner
incurred these costs, it must be that the value of the

result is higher than the cost of herbicide application.
Zebra mussel removal, discussed above, is another
example. For this logic to hold most cleanly, the action
taken must be a perfect substitute for the invader to be
absent and must not provide any other services. If, as
in the zebra mussel and aquatic plant examples, the
suppression activities provide no other services yet are
not a perfect substitute for the good, the averting
expenditure approach can provide a lower bound
estimate of the benefit to individuals (Abdalla 1994).

Government spending on control can’t be inter-
preted in the same way. The decision process through
which management agencies choose how intensively
to control invasive species populations is not the same
as an individual’s. Although citizens may exert
influence in order to persuade governments to take
action, there is no direct link between commonly-used
welfare measures and government spending. The
often-reported data on control costs reflect just
that—the costs incurred by governments to control
invaders, not estimates of benefits.

Constant marginal benefits

The simplest approach is to assume that the damage
cost is constant per unit of the invasive species so that
the marginal benefit curve is flat. For example, if one
additional Asian carp causes $100 in expected medical
costs, then ten Asian carp could be thought to cause
$1,000, and so on. The marginal benefit of reducing
the size of the population would then be $100 per
individual. Though it may be possible to come up with
examples where the constant per-unit damage assump-
tion is realistic, this assumption is not likely to hold up
in general. In an analogy to natural assets that are
thought to be beneficial like water birds affected by an
oil spill, if a single bird is worth $100, are ten birds
worth $1,000 and 1,000 birds worth $100,000?
Probably not: the willingness to pay to avoid damage
to birds likely falls as more birds are saved (Bockstael
et al. 2000). Economists would attribute this to
diminishing marginal utility of a good: demand curves
slope down because individuals with limited budgets
allocate their dollars where they add the most benefit/
satisfaction. Multiplying a per-unit value by the
number affected can lead to an unreasonably high
number that doesn’t account for limits on ability to
pay. For invasive species, the benefit of controlling the
first few is probably higher than getting rid of
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subsequent units: the marginal benefit of control likely
slopes down. Allowing for a declining marginal
benefit of species control would reduce values that
are calculated as the constant cost per unit multiplied
by the number of units removed. This downward
sloping marginal benefit curve probably accounts for
management programs that stop short of trying to
eradicate a problematic species, since the marginal
benefit of reducing an already small population is
dwarfed by the marginal cost of doing so. From a
practical standpoint, it is important to recognize that
the level and slope of the marginal benefit curve will
vary among species.

Alternative control technologies

Genetic biocontrol methods offer the potential of
improved control of invasive fish. Perhaps the most
active area of research is into methods to reduce
populations of common carp (see articles in this issue,
including Sorensen, Thresher, others). Common carp
are responsible for compromised water quality (Lougheed
et al. 1998), reduced aquatic vegetation, and reduced
native and game fish and waterfowl populations (Bajer
et al. 2009). Current control technologies include
chemical (e.g., rotenone), biological, and mechanical
(seining, barriers) means. These methods vary in their
effectiveness and their side effects, and none have
proven to be successful in eradicating carp, so they
must be applied on a continuous basis to keep
populations suppressed. Deploying control resources
more effectively lowers the marginal control cost
function, allowing the same amount of funds to
achieve more control (Fig. 3).

Before adoption of the new technology, the net
benefits of controlling at the optimal rate (c*) are area a.
After adoption, if the level of control is held constant, the
control costs are reduced by area b so that net benefits are
a + b. However, the optimal level of invasive fish
control increases because the marginal control costs are
reduced. If the invasive is controlled at this new post-
adoption optimal level (c**) the net benefits are
a 4+ b + d: these benefits are b + d greater than before
adoption. In this case, the net change in control costs is
e — b which, depending on the magnitude of the two
areas, may actually represent an increase in control
costs. However, the increase in benefits compensates for
the potential increase in control costs.
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Fig. 3 A new technology may reduce marginal control costs for
every level of control

In order to decide whether to adopt the new
technology, it is important to evaluate whether the
additional net benefits of this new technology (the
stream of benefits b + d over the foreseeable future)
are greater than the start-up investment costs. This
form of analysis can be extended to consider multiple
new technologies including, possibly, technologies
with more modest reductions in ongoing control costs
but with lower initial start-up investment costs.

An important consideration is that investment in
research and development (R&D) of new techniques
for controlling invasives may not always be success-
ful. This can be due to unsuccessful attempts at
developing a new technique, failure of a new tech-
nique developed in controlled settings to work prop-
erly in the field or failure of the new technique to
reduce the marginal costs of control. Of particular
concern with genetic biocontrol is the success of
transgenic or triploid fish at reducing populations in
complex natural aquatic ecosystems. The trait may not
perform as intended and/or the overall invasive fish
population may be able to overcome the suppressive
effects of biocontrol on a population subset (Kapu-
scinski and Patronski 2005).

In a rough sense, the uncertainty of success can be
represented by a probability (7) that the R&D will be
successful in the field and lower marginal control
costs. However, there is a probability (1-7) that the
R&D will be unsuccessful or fail to lower marginal
control costs. The additions to expected net benefits
are, then, m - (b + d). The value of the stream of
benefits from the new technology must be discounted
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relative to the case where we know for sure that the
technology will work. In addition, the present value
(PV) of a technology that will not be operational for a
number of years is lower than one that is available
now.

Replacing existing methods with genetic biocontrol
methods could achieve reductions in invasive fish
populations, but over a very long time horizon (John
Teem—-current issue). Continuous effort to introduce
altered fish would be necessary to reduce invasive fish
populations to acceptable level. Generally, we would
have to calculate the present value of net benefits (NB)
using a standard present value formula where 7 indexes
time and r is the discount rate:

[es) 1 1
PV(NB) = —— | NB(control level,).
B =) ) e )

In the simpler case where results are immediate and
net benefits are constant, this formula simplifies
considerably: the present value of net benefits is equal
to net benefits divided by the discount rate:

PV(NB) = @
r

With this simple formula, current one-time invest-
ments in research and development could be compared
with potential increases in expected net benefits into
the future, calculated as the probability of success (1)
times the area b + d. If the present value of expected
net benefits is greater then the cost of investment in
research and development, the present value criterion
suggests that new techniques should be pursued.

Expressing the problem in this way highlights the
factors influencing the decision to pursue genetic
biocontrol as part of the suite of management options.
First, increases in the probability of success would
increase expected net benefits. This would have the
effect of reducing the threshold increase in annual net
benefits required to justify investment. Second,
increasing the scope over which new techniques can
be replicated and applied would tend to shift the
marginal benefit function up, resulting in increases in
the present value of aggregate net benefits. Third, it is
worth emphasizing that the marginal control cost
curve in these examples is already optimized for any
level of population reduction. The lowest marginal
cost curve post-adoption may integrate both conven-
tional methods with the new techniques so that the new
marginal control cost function may reflect multiple

technologies. If the new technology is more expensive
than existing technology up to the optimal level of
control, the change in control costs will not affect the
choice of control method. Fourth, the time dimension
of benefits and costs is critical to the calculation of
present values. Application of these new methods may
require introducing modified fish into the aquatic
ecosystems so that the size of the population would
have to increase in the near term. Genetic biocontrol
methods must be able to offset these increased short-
term damages with long term reductions in damages
caused by the invasive population.

Conclusions

The benefit-cost criterion is an appealing framework
for decision making: an action is worth taking if the
benefits of that action outweigh the costs. In this paper,
we have outlined the elements of applying this
criterion to decisions involving management of
aquatic invasive species. A well-equipped decision
maker will know the whole range of marginal benefits
and costs, from low to high levels of control,
including costs that may be external to the manage-
ment agency. Population dynamics play a pivotal role,
as current control can inhibit population growth into
the future.

We soon see that the application of these basic ideas
in a management context involves a series of thorny
problems, starting with the definition of the scope of
the issue and including questions about the efficacy
and non-target effects of alternative control strategies.
Although most decision-makers recognize the impor-
tance of economic considerations, it becomes tempt-
ing to simplify that component of the problem using
assumptions such as a constant per-unit benefit of
control or a simple extrapolation of control costs into
the future. Interdisciplinary studies such as the sea
lamprey research discussed above avoid these pitfalls
and show how the integration of economics and
population biology can provide useful information to
policy decisions.

Thinking through the implications of introducing a
control technology that is, as yet, in its early devel-
opment phase is even more challenging. Besides the
question of whether the new technology will be
effective in reducing the size of invasive fish popu-
lation is the question of potentially harmful side
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effects of genetic biocontrol technologies. The eval-
uation of this technology presents an opportunity for
ecologists and economists to work closely to identify
and estimate the most important margins for decision
making.
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