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Abstract. Coastal resource managers are often tasked with managing coastal ecosystems
that are stressed by overexploitation, climate change, contaminants, and habitat loss, as well
as biological invasions. Therefore, managers increasingly need better economic data to help
them prioritize their management strategies and distribute their increasingly limited resources
to those strategies. Despite frequent pronouncements about the substantial ecological and
economic impacts of invasive species, there have been few if any rigorous analyses of the
economic impacts of invasive species in coastal systems. Here we present a bioeconomic
analysis of the impacts of the European green crab, Carcinus maenas, on commercial
shellfisheries along the West Coast of the United States. Green crabs are among the most
comprehensively studied and widely distributed invasive species in coastal systems, with
established populations on every continent except Antarctica. Their impacts on commercial
bivalve fisheries have been alleged or substantiated to varying degrees, but no formal analysis
of the economic impacts of the green crab has been conducted. We assess economic impacts
using a combination of ecological and economic models. The ecological models incorporate
green crab dispersal and description of estuarine habitat and the relationship between green
crab abundance and predation on prey populations. The economic analysis focuses on the
green crab impacts on commercial shellfisheries, including both historical and present impacts
of green crabs on several important shellfisheries, including soft-shell clams, blue mussels,
scallops, hard-shell clams, and Manila clams. We conclude that the past and present economic
impacts on the West Coast shellfisheries are minor, although losses could increase significantly
if densities increase or with northward range expansion into Alaska.

Key words: Carcinus maenas; commercial shellfish; economic impacts; estuarine habitat; European
green crab; invasive species; Mercenaria mercenaria; Mya arenaria; North American West Coast;
population dynamics; predator–prey interactions; shellfish market model.

INTRODUCTION

Biological invasions are rapidly producing planet-

wide changes in biodiversity and ecosystem function

(Chapin et al. 2000, Sala et al. 2000, Lotze et al. 2006,

Worm et al. 2006). In coastal waters of the United

States, more than 500 invaders have become established,

and new introductions continue at an increasing rate

(Cohen and Carlton 1998). Although the ecological

impacts of many species have been investigated over the

past two decades, the consequences of biological

invasions for coastal economies remains poorly under-

stood and almost completely unquantified. While it’s

clear that direct impacts to fisheries have been the

consequence of some past invasion, at present, we have

only preliminary estimates of the actual costs of invasive

species (Lafferty and Kuris 1996, Pimentel et al. 2000,

2005, Padilla and Williams 2004, Buhle et al. 2005,

Fernandez 2006, Hoagland and Jin 2006). Managers

need to be able to allocate limited dollars to managing

coastal resources in the face of numerous stressors

including overexploitation, contaminants, climate

change, and habitat loss as well as invasive species.

Therefore, it is critical that we have accurate estimates of

the economic impacts of invasive species based on an

explicit economic framework. This will allow prediction

of the economic consequences of range expansions for

existing invasions or the establishment of new invasions.

Estimating the ecological and economic impacts of

aquatic invasive species (AIS) is difficult, and conse-

quently, the economic impacts of AIS have been

estimated in only a handful of recent studies (Perrings

et al. 2000, Finnoff et al. 2005, Lovell et al. 2006, Keller

et al. 2009).
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We address this need by developing a bioeconomic

model of the impacts of the European green crab
(Carcinus maenas) in the United States. The European

green crab represents one of the most widespread and
damaging species (Ruiz et al. 1997, Grosholz 2002,

Grosholz 2005), having colonized six continents. Here
we focus on the invasion of the Pacific Coast of North
America, where green crabs became established in the

late 1980s. In addition to being listed as one of the ‘‘100
Least Wanted Species’’ by The Nature Conservancy, the

green crab was listed as a Nuisance Species in 2002 by
the Federal Aquatic Nuisance Species Task Force

(Grosholz and Ruiz 2002).
The goals of this study are to estimate the current and

potential future economic impacts of the European
green crab on shellfishery resources on the West Coast

of the United States. The framework described in this
paper links ecological models of the spread of the green

crab invasion and the impacts of green crab predation
on shellfish populations with an economic analysis that

estimates changes in consumer and producer surplus
resulting from a decrease in commercial shellfish

harvest.
The specific models and data used in this study are

detailed in Fig. 1. The first ecological model yields the
probability that a susceptible estuary would be invaded

as a function of measured physical and hydrological
characteristics of the estuary and presence of shellfish

and green crab predators such as large crabs. Results of
this model are used to identify estuaries at risk for green
crab invasion and whether an estuary is to be included in

the analysis of future economic losses to shellfisheries
due to green crab predation. The second ecological

model is the green crab predation function or ‘‘damage
function’’ that allows the estimation of reductions in the

commercial and recreational shellfish harvest resulting
from green crab predation associated with a particular

density of green crabs. The third model is the economic
analysis that uses these losses from the second model to

estimate the overall economic consequences of these
reductions in commercial shellfish harvest on shellfish

producers and consumers via market demand and
supply relationships.

METHODS

Probability of invasive spread

The portunid crab Carcinus maenas, generally known

in North America as the European green crab, was first
discovered on the eastern coast of the United States in

1817, but did not appear in the western United States
until 1989 in San Francisco Bay. On the East Coast, the

range of C. maenas extends from Chesapeake Bay to
Prince Edward Island, Nova Scotia (Audet et al. 2003),

Canada, and is likely to stay within those boundaries
(Carlton and Cohen 2003, de Rivera et al. 2005, 2007b).

The range of the green crab on the West Coast of North
America is based on published and unpublished data

sources (see Appendix A) and includes most bays and

estuaries from Elkhorn Slough (Monterey Bay),

California, USA, to Brooks Peninsula, Vancouver

Island, British Columbia, Canada (Gillespie 2007,

Yamada et al. 2008).

The diet of the green crab is well known and they are

voracious, generalist predators of a wide range of
mollusks, polychaetes, and crustaceans with clams,

mussels, and other bivalves being the preferred prey

(Ropes 1969, Ellner 1981, Scherer and Reise 1981,

Rangeley and Thomas 1987). Green crabs have had

particular impacts on bivalve fisheries in their intro-
duced range (Glude 1955, Ropes 1969, Cohen et al.

1995, Grosholz et al. 2001). Adult crabs can inhabit a

wide range of salinities (5–35 ppt) and substrates and

individual females can produce .150 000 offspring per

clutch, which typically disperse in the plankton for more

than 30 days (Crothers 1967, 1968, Yamada 2001).
However, in western North America, green crabs are

restricted to protected bays and estuaries only (Grosholz

et al. 2000, Yamada et al. 2005, 2008).

In order to predict the probability of invasive spread

of the green crab along the West Coast, we used the

potential northern and southern boundaries for western

North America as determined by ecological niche
modeling (de Rivera et al. 2007b). Based on the results

of this model, the potential range for green crabs was

determined to extend from Baja California in Mexico to

just north of the Aleutian Peninsula in Alaska (de

Rivera et al. 2007b).

Using this potential range for green crabs on the West

Coast, we then calculated the relative probability of
invasion for estuaries within this range using a multiple

logistic regression approach (Havel et al. 2002). The

model is a likelihood profile technique (Hilborn and

Mangel 1997) that combines a description of both

spatial location of uninvaded sites and potential sources
as well as a description of local habitat features that may

influence the susceptibility of the site to be invaded. This

model structure is appropriate for the largely discrete

spatial distribution of the bays and estuaries that green

crabs colonize on the West Coast. The description of

movement in this model assumes that the spread of
green crabs along coastlines is a function of passive

dispersal of the planktonic larval stages by ocean

currents and that movement of adults is inconsequential

(de Rivera et al. 2007a).

The model also allows for a description of the distance

from the source populations to target bays. We

estimated the following equation for the probability
( pi) that a susceptible estuary or bay i is invaded:

pi ¼
expðaþ Xibþ c1dik þ c2sÞ

expðaþ Xibþ c1dik þ c2sÞ þ 1
ð1Þ

and where the dependent variable is equal to 1 if the

population of crabs is established in an estuary and 0

otherwise, a is the constant and b is the vector of scaling

coefficients for the explanatory variables in vector X; c1
and c2 are the coefficients on the spatial variables; dik is
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the variable measuring the distance of estuary i from the

nearest estuary, k, that has been invaded by green crabs;

and the variable s measures the number of adjacent

estuaries that have been invaded by green crabs.

Past research suggests that green crab establishment is

likely to be influenced by a wide range of habitat

variables grouped into (1) physical and hydrological

characteristics, (2) biological factors, and (3) spatial

factors. Physical and hydrological characteristics include

watershed area, area of mixing zone, temperature,

salinity, dissolved oxygen, and a measure of eutrophi-

cation. Biological factors such as presence of predators

and prey species are also likely to influence the

probability of future invasions by green crabs. The

FIG. 1. Flow diagram showing inputs and output for the integrated ecological and economic models of European green crab
(Carcinus maenas) impacts on commercial shellfisheries. The figure shows the linkages between the three models: model 1,
probability of invasion of estuaries by green crabs; model 2, impacts of green crabs on shellfish populations; and model 3, overall
economic impacts of shellfishery losses to green crabs.
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presence of green crab’s preferred prey species may

increase the susceptibility of the site to be invaded.

Natural predators such as blue crabs (Callinectes

sapidus) on the East Coast and red rock crabs (Cancer

spp.) on the West Coast may also impact the green

crab’s habitat selection (de Rivera et al. 2005, Jensen et

al. 2007). Spatial factors such as the distance from all

source populations to target bays and estuaries and

green crab presence in adjacent estuaries are likely to

play an importation role in coastal spread (Yamada and

Gillespie 2008, Tepolt et al. 2009). To account for the

sources that are likely to contribute to the larval pool of

green crabs that would invade additional estuaries, we

considered several spatial variables. Two variables were

included in the final model: (1) the distance to the

nearest estuary with green crabs; and (2) the number of

nearby estuaries that have been invaded by green crabs.

In addition, larval recruitment to particular estuaries

may depend on oceanographic conditions (e.g., non-El

Nino vs. El Nino years), larval development, and

behavior (de Rivera et al. 2007a, Yamada and

Gillespie 2008, Tepolt et al. 2009). This study does not

attempt to incorporate these additional factors due to

lack of data and complexity of the underlying relation-

ships (e.g., changes in larval behavior due to prey

availability). Finally, the model also does not include

temporal variability due to the lack of data on the timing

of invasion in each estuary. However, this is consistent

with many other studies that have focused on the spatial

dynamics of the spread of invasive species (Hastings et

al. 2005).

The selection of physical characteristics for inclusion

in the model was based on published primary literature

(e.g., temperature, salinity, area of mixing zone), the

ability of the variable to describe habitat quality (e.g.,

dissolved oxygen, eutrophication, pollution), and em-

pirical performance of each variable (Yamada 2001,

Carlton and Cohen 2003, de Rivera et al. 2007b,

Yamada et al. 2008). Variables incorporated in the final

model are listed and described in Table 1.

The data on physical and hydrological characteristics

of bays and estuaries came primarily from NOAA’s

Coastal Geospatial Data project. Appendix B provides

detail on variable definitions and additional data sources

used in this analysis. Table 1 presents the overall mean

value of the variables used in the analysis as well as

separate means for both invaded and uninvaded

estuaries.

To assess the utility of our logistic regression model,

we conducted a relative operating characteristic (ROC)

analysis. We estimated model sensitivity (correct classi-

fication of true positives) as well as model specificity

(correct classification of true negatives). We also

estimated Cohen’s kappa as a measure of agreement

between observed and predicted values.

Impacts on shellfish populations

Among the best known impacts of the green crab are

those on commercial shellfisheries (Cohen et al. 1995,

TABLE 1. Summary statistics for model variables in multiple logistic regression analysis used to estimate the probability of future
invasion of estuaries by the European green crab, Carcinus maenas.

Variable name Variable description

Mean value, by estuary status

All estuaries
(n ¼ 111)

With green crabs
(n ¼ 57)

Without green
crabs (n ¼ 54)

Green_present dummy variable equal to 1 if green crab is
present

0.49 0

WaterEDA estuarine drainage area, EDA (kg2) 400.46 454.15 343.77
Mzone mixing zone area (kg2) 219.04 364.18 79.80
Human human influence; ordered from 1 to 5 in

increasing order of influence
3.35 3.16 3.52

Temp mean surface and bottom temperature (8C) 19.39 22.28 17.34
Sal mean surface and bottom salinity (psu) 22.42 17.28 26.06
Oxy mean surface and bottom dissolved oxygen

(mg/L)
7.22 6.83 7.5

Depth depth at which bottom readings were
collected (m); proxy for depth of the
estuary

0.62 0.73 0.54

Oth_Crab presence of other crabs; ordered from 0 to
5 in increasing order of abundance

1 1.39 0.54

Shell_present shellfish varieties present; ordered from 1
to 6 in increasing order of varieties
present

1.97 2.13 1.79

Pol_Flow total watershed estimated flow of pollution
(mg/yr)

1 101 440 769 396.40 1 451 930.00

DisNear distance to the nearest estuary with green
crab (kg2)

0.43 0.19 0.71

Con_Num no. adjoining estuaries with green crab
presence

1.3 1.61 1.05

Note: Sample size n is the number of observations.
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Yamada 2001). Green crabs were blamed for the

collapse of the soft-shell clam fishery in northern New

England and maritime eastern Canada (Smith and Chin

1951, Glude 1955, MacPhail et al. 1955), as well as

continuing to be a significant predator to the present

(Welch 1968, Ropes 1969, Beal and Kraus 2002, Beal

2006a, b). Commercial impacts have also been docu-

mented for other shellfisheries in eastern North America

including soft-shell clams (Mya arenaria), bay mussels

(Mytilus edulis), Manila clams (Venerupis philippina-

rum), bay scallops (Argopecten irradians), and hard-shell

clams (Mercenaria mercenaria) (Dare and Edwards

1976, Tettlebach 1986, Grosholz et al. 2001, Walton

and Walton 2001, Walton 2003, Floyd and Williams

2004, Miron et al. 2005, Beal 2006a, b).

In order to parameterize the model, we initially

combined data on losses for all six fisheries based on

the overall similarity of the functional form. Fig. 2

depicts experimental data used in this analysis. Green

crab densities are expressed as ‘‘catch per unit effort’’

(CPUE), which represents relative densities based on

numbers of crabs per trap per day using standardized

trapping methods across all sites (Yamada 2001).

Experimental data shown in Fig. 2 suggest a linear

function for low green crab densities (e.g., ,40 CPUE),

where interference interactions among crabs are gener-

ally low (Grosholz et al. 2000) and, as a result, shellfish

losses increase proportionally with increases in green

crab population. Therefore, this study assumes that the

predator–prey relationship is linear for the West Coast

of the United States where CPUE is below 32. We

estimated the following linear model using maximum

likelihood estimates:

shellfish lossesi ¼ b0 3 crab density ð2Þ

where b0 represents the rate at which the shellfish loss

increases as crab densities increase (n ¼ 21 cases).

Given that we used a simple linear regression to

calculate West Coast losses, the confidence intervals

(CIs) were calculated for predictions of percentage of

shellfish losses under both the current and potential

future projected scenarios using the following equation

for a predicted y value and a given value of the

independent variable x:

6 tða; dfÞSy;x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n
þ ðxi � �xÞ2
X

n

i¼1

ðxi � �xÞ2

v

u

u

u

u

t

ð3Þ

where t is the critical t statistic (t0.025¼ 2.086, df¼ 20 in

this case), Sy,x is the standard error of the estimate

(0.168 based on the SE of regression for percentage of

shellfish losses and crab CPUE), xi is the given value of

x (crab CPUE), x̄ is the average of the x values (x̄¼22.32

for the included data points), and n is the number of

observations used in the regression analysis (n ¼ 21).

Economic impacts on shellfisheries

The measurement of the damages from green crab

predation relies on the assumption that a decrease in

shellfish mortality in the absence of green crab would

increase shellfish populations and the quantity of

shellfish supplied to consumers. This assumption is

generally supported by the available data (Dare and

Edwards 1976, Tettlebach 1986, Grosholz et al. 2001,

Walton and Walton 2001, Walton 2003, Floyd and

Williams 2004, Miron et al. 2005, Beal 2006a, b). If the

quantity of shellfish available to the market increases,

this in turn would result in a lower market price for

shellfish. This changes the total amount paid by

consumers and increases the consumer surplus. The

difference in consumer surplus between the ‘‘no green

crab,’’ which would include minor compensatory mor-

tality due to other sources (e.g., other predators), and

baseline scenarios is the measure of damages to

consumers from green crab predation.

The economic value of the green crab impacts on

commercially harvested shellfish species is determined by

the sum of changes in both producer and consumer

surplus. Producer surplus provides an estimate of the

economic damages to commercial fishers, but welfare

changes can also be expected to accrue to final

consumers of fish and to commercial consumers

(including processors, wholesalers, retailers, and mid-

dlemen) if the projected decrease in catches (F ) is

accompanied by an increase in price (P). These impacts

can be expected to flow through the tiered commercial

fishery market (Holt and Bishop 2002). Following

(Bishop and Holt 2003:3), we assume that the derived

demand for fish P(F ) ‘‘represents the maximum

marginal willingness to pay for F by processors,

marketers, and final consumers.’’ Under this assump-

tion, the estimated consumer surplus captures welfare

changes to both final consumers and post-harvest rents

to firms down the marketing chain.

FIG. 2. Results of ordinary least squares (OLS) regression
showing the proportion of shellfish losses (six fisheries listed in
text; see Methods: Impacts on shellfish populations) vs. catch per
unit effort (CPUE) for European green crabs on the West Coast
of the United States. The OLS regression line is plotted through
zero and shows a significant linear relationship (y¼ 0.013x, R2

¼ 0.82, P , 0.001).
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The shellfish market model used in this study takes as

inputs the expected change in harvest and baseline gross

revenues and provides as outputs the expected change in

producer and consumer surplus. In general, the analysis

of market impacts involves the following steps (Bishop

and Holt 2003): (1) assessing the net welfare changes for

shellfish consumers due to changes in shellfish harvest

and the corresponding change in shellfish price; (2)

assessing the net welfare changes for shellfish harvesters

due to the change in total revenue; and (3) calculating

the increase in net social benefits when the shellfish

harvest changes. Numerous studies have estimated

market models for fish or shellfish and provide detailed

descriptions of these models (Thurman and Easley 1992,

Holt and Bishop 2002).

Assessing welfare changes for shellfish consumers

from changes in commercial shellfish harvest requires

data on the baseline prices and quantities of the

commercial shellfish harvest and the estimated change

in the commercial fishing harvest from green crab

predation. The details of the economic analysis are

given in Appendix C.

RESULTS

Probability of invasive spread

Regression results reveal strong systematic elements

influencing the probability of green crab invasion (see

Table 2). In general, the statistical fit of the equation is

quite good. Five of the independent variables (not

including the constant) are statistically significant at the

5% or 10% level. Significant parameter estimates and

their signs generally correspond to prior expectations.

For example, we expect that green crabs are more likely

to invade estuaries that are located in close proximity to

the source population, estuaries with abundant prey

species and absence of larger crabs that compete with

green crabs for food and shelter, and estuaries where

temperature and salinity fall within the range suitable

for green crab survival and reproduction. The variables

representing physical and hydrological characteristics

generally have the expected signs. However, only the

temperature variable is statistically significant. The

probability of green crab presence increases as estuary

temperature, salinity, and eutrophication symptoms

decline. Three variables (Depth, WaterEDA, MZone)

representing hydrological parameters are not statistical-

ly significant, indicating that green crabs may survive in

a range of habitats. In addition, the three water quality

indicators (Human, Oxy, Pol_Flow) are not statistically

significant, suggesting that green crabs are resilient and

may survive in polluted estuaries. This is consistent with

a substantial literature on the capacity for green crabs to

colonize equally well in an exceedingly broad range of

habitats from quite pristine environments to extremely

disturbed and polluted areas (Yamada 2001, Carlton

and Cohen 2003).

The parameter estimate for the presence of shellfish

prey is significant and positive, revealing an increased

probability of invasion if prey species are abundant.

Another important and theoretically intuitive finding is

that the probability of green crab presence declines as

abundance of larger crabs (e.g., blue crabs and rock

crabs) increases. Finally, we find that both the spatial

variables (DisNear and Con_Num) are statistically

significant at P , 0.05, suggesting that the proximity

to the source populations of green crabs increases the

probability of green crab invasion. Overall, the estimat-

ed regression suggests that green crabs are not very

sensitive to adverse environmental conditions such as

pollution and that they would invade nearby estuaries if

food is abundant, the population of other crabs is

relatively low, and temperature and salinity are right.

The predicted probability of invasion for all West Coast

estuaries in the model are provided in Appendix D.

The results of the ROC analysis indicates that the

logistic regression model performs well with an estimat-

ed sensitivity of 0.947 (correct classification of true

positives) and specificity of 0.900 (correct classification

of true negatives). The estimated Cohen’s kappa is 0.87,

which indicates a good agreement between observed and

predicted values. This means the model is successful in

classifying invasion correctly among estuaries that have

established green crab populations, while minimizing the

false positives, which would be assigning incorrect

positives in estuaries where green crabs are not

established. Unfortunately, there were not sufficient

data for independent model validation.

Impacts on shellfish populations

Experimental data shown in Fig. 2 suggest a linear

function for low to moderate green crab densities (e.g.,

,40 CPUE). This is consistent with published data that

show interference interactions among green crabs are

generally low and, as a result, shellfish losses increase

proportionally with increases in green crab population

TABLE 2. Results of multiple logistic regression showing the
coefficients and statistics for each of the variables used in the
analysis for estimating future invasion probability.

Variable Coefficient t statistic

WaterEDA 0.01 0.8
Mzone �0.01 �0.58
Human �0.35 �0.64
Temp �0.98* �2.49
Sal �0.07 �0.67
Oxy �1.63 �1.56
Depth �0.15 �0.93
Oth_Crab �2.21� �1.81
Shell_present 2.66* 2.06
Pol_Flow 8.7 3 10�7 1.13
DisNear �12.49� �1.94
Con_Num 2.73* 2.43
Constant 33.41* 2.34

Notes: The total number of observations was 58 (West
Coast, 21; East Coast, 37). Log likelihood¼�11.81.

* Significant at P � 0.05 level.
� Significant at P � 0.10 level.
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at low to moderate densities (Grosholz et al. 2001). The

results suggest shellfish losses increase by 0.013 per one

unit increase in green crab densities. The statistical fit of

the estimated linear equation is good (R2¼ 0.82) and the

crab density variable is statistically significant (P ,

0.001). We used these results from this damage function

to estimate commercial shellfish landings using green

crab density ranges and data on current and historic

landings (see next section and model explanation in

Appendix E).

Economic impacts of shellfisheries

Table 3 shows the estimated current and potential

future harvest losses due to green crab predation on

West Coast fisheries. Many shellfisheries represent a

combination of wild-caught and aquaculture production

and typically the aquaculture production includes some

level of predator reduction with the use of bags, cages,

netting, etc. To reflect this variation in losses in

aquaculture production, the range in each cell of Table

3 is based on low and high rates of shellfish losses

resulting from high and low (respectively) predator

exclusion efficiency for the aquaculture portion of the

harvest (see Appendix E). The ‘‘current’’ losses shown in

Table 3 are relatively small, ranging from ;770 to 1450

kg of shellfish per year. We also show estimates of the

‘‘potential future’’ losses, which are considerably larger.

This estimate is based on the probability of invasion of

bays and estuaries beyond the current habitat range of

the green crab using the estuary model developed above.

The potential future expansion of green crab distribu-

tion includes estuaries in northern Washington and

Alaska. The expected potential future harvest losses are

calculated by multiplying the estimated harvest losses by

the estimated probability of invasion of a given estuary.

Because the estimated probability of invasion of

estuaries north of Gray’s Harbor is very low (0.9%),

the expected future losses are relatively lower, ranging

from 54 100 to 99 300 kg lost annually. To assess

uncertainty in these estimated losses to shellfisheries,

we use the estimated 95% CIs from the estimated

regression equation (see Eq. 3 above). Using these low

and high confidence intervals, low estimates of losses

range from 37 600 to 68 800 kg per year and high

estimates range from 77 400 to 147 100 kg per year.

Table 4 shows estimates of current and potential

annual welfare losses of harvestable shellfish on the

West Coast. The data are structured similarly to Table 3

with the range in each cell based on low rates (55% and

13%) of shellfish losses in aquaculture due to predator

exclusion. Again, the estimated current losses to

shellfisheries on the West Coast are negligible.

However, the potential future losses are likely to

increase to US$0.09 million per year, with low and high

estimates of up to $0.06 and $0.13 million annually. If

we assume a 100% probability of green crab invasion of

water bodies in northern Washington and Alaska, then

the potential future losses on the West Coast will range

from $0.62 to $1.21 million annually (assuming a 3%
discount rate), with low and high confidence intervals

from the regression analysis suggesting losses of $0.42 to

$0.81 million and $0.87 and $1.74 million annually.

DISCUSSION

Our work provides an integrated framework for

examining the ecological and economic effects of green

crab invasions on the West Coast of the United States.

We expect that this framework could be adopted to

examine the impacts of similar invasive species in coastal

systems. To our knowledge, this is the first formal

attempt to quantify the economic impacts of an invasive

marine species, despite the overwhelming need for these

estimates so managers can compare these costs with

those associated with other threats to coastal ecosys-

tems. Studies to this point have provided good estimates

of the costs of particular aspects of marine invasives

including costs of eradication (Padilla and Williams

2004, Buhle et al. 2005), management of shipping

vectors (Fernandez 2006), or the value of commercial

fisheries at risk (Lafferty and Kuris 1996). However,

studies in marine systems have not kept pace with

bioeconomic modeling efforts developed for freshwater

and terrestrial systems (Perrings et al. 2000, Finnoff et

al. 2005, Keller et al. 2009). Some of the principals for

estimating present and future economic impacts are

similar; however, the mechanisms underlying spatial

TABLE 3. Current and potential future (PF) annual harvest losses to green crabs (in thousand of kilograms) by state and species.

Species

California Oregon Washington� Alaska� West Coast total

Current PF Current PF Current PF Current PF Current PF

Pacific littleneck clam 0–0 0–0 0§–0§ 0.1–0.1 0–0 0.1–0.1 0–0 0.05–0.1 0–0 0.1–0.2
Soft-shell clam 0–0 0–0 0§–0§ 0§–0§ 0–0 0.4–0.7 0–0 0–0 0–0 0.4–0.4
Manila clam 0.5–0.9 1.1–2.2 0–0 0–0 0.1–0.2 30.3–57.5 0–0 0–0 0.6–1.1 31.3–56.8
Blue mussel 0.2–0.3 21.5–41.1 0–0 0–0 0–0 0.9–1.7 0–0 0–0 0.2–0.3 22.3–41.9

Total 0.7–1.2 22.6–43.3 0–0 0.1–0.1 0.1–0.2 31.7–60.0 0–0 0.05–0.1 0.8–1.4 54.1–99.3

Notes: The range for each cell includes low and high estimates of aquaculture losses based on high and low efficiency of predator
exclusion. Potential future losses include estimates of the probability of future invasion for presently uninvaded sites.

� Puget Sound/Strait of Juan de Fuca losses were reduced to account for the 0.9% probability of invasion.
� Alaska losses were reduced to account for the 0.9% probability of invasion.
§ Value between 0 and 0.05.
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spread are notably different for marine systems. Thus,

the current study is the first to provide a detailed

estimate of the full costs of the past, present, and future

economic impacts of a marine invader over a broad

geographic scale.

Our results suggest that the estimated economic

impacts on shellfisheries are presently negligible for the

West Coast under current conditions; however, West

Coast impacts could increase to $0.09 million per year if

the green crab were to spread up to Alaska, which, based

on the very recent invasion of British Columbia, is

becoming increasingly likely (Yamada and Gillespie

2008). This value could be much greater, depending on

the extent of green crab invasion in the Northwest and

Alaska (Table 4). Our analysis contrasts the preliminary

conclusions of earlier studies that suggested the potential

economic impacts of green crabs were as high as $43

million based on the annual shellfish landings, primarily

Dungeness crabs and oysters (Lafferty and Kuris 1996).

More recent data suggest that green crabs have not and

are not likely to create significant losses for these

fisheries, but if so, this would certainly increase future

economic impacts of green crabs in this region.

Among our results is that the probability of green

crab invasion may vary significantly, depending on

biological characteristics of the potentially susceptible

estuaries. Our findings demonstrate that the probability

of invasion declines with the presence of larger predators

such as blue crabs (Callinectes spp.) on the East Coast

and rock crabs (Cancer spp.) on the West Coast, which

are often predators as well as competitors. This is

encouraging since it is consistent with other studies of

large crabs limiting the distribution of green crabs (de

Rivera et al. 2005, Jensen et al. 2007). This result also

suggests that another consequence of overfishing of

larger crab species may be an increase in the abundance,

or even the spread, of invasive green crabs with

attendant economic impacts. Abundant populations of

prey species, including shellfish farms, on the other

hand, are likely to increase the probability of invasion

and potentially support larger populations of green

crabs. Our results also agree with prior studies that show

green crabs robust to adverse environmental conditions

(e.g., disturbance, contaminants) if temperature and

salinity are within their tolerance limits, prey species are

present, and there are no larger crabs that would limit

their expansion.

The study also signals that we need to be cautious for

several reasons when estimating ecological and econom-

ic impacts of invasive marine species due to the obvious

limits and complexities of ecological data. First, we need

a better description of the precise functional relationship

between invasive species densities and distributions and

their commercial impacts. In this study, it was difficult

to estimate the relationship between values of green crab

density and distribution and losses of shellfish popula-

tions despite the fact that the green crab is among the

most well studied invasive marine species. Second, we

need to quantify and better understand the effects of

invasive marine species on a wide range of commercial

and noncommercial species. In addition to the direct

consumptive effects of predation measured in this study,

there are likely more complicated ecological dynamics

including both consumptive and nonconsumptive indi-

rect effects that may have measureable economic

implications. To date, studies have not grappled with

the economic consequences of higher order interactions

such as these. Lastly, future work estimating the

economic impacts of AIS will necessarily need to include

valuing a more extensive range of impacts on ecosystem

services such as water quality, primary and secondary

productivity, recreational activities, threatened and

endangered species (e.g., migratory shorebirds), and

comprehensive measures of ecosystem health.
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TABLE 4. Current and potential future (PF) value of current annual and potential future harvest losses (in thousands of U.S.
dollars, value in 2006) by state and species.

Species

California Oregon Washington Alaska West Coast total

Current PF Current PF Current PF Current PF Current PF

Pacific littleneck clam 0–0 0–0 0�–0� 0.1–0.1 0–0 0.1–0.2 0–0 0.1–0.1 0–0 0.3–0.3
Soft-shell clam 0–0 0–0 0�–0� 0�–0� 0–0 0.1–0.2 0–0 0–0 0–0 0.1–0.2
Manila clam 0.6–1.1 1.3–3.0 0–0 0–0.1 0.2–0.3 27.2–51.6 0–0 0–0 0.7–1.4 28.5–54.76
Blue mussel 0.2–0.3 15.9–31.1 0–0 0–0.2 0–0 0.7–1.5 0–0 0–0 0.2–0.3 16.6–32.7

Total 0.7–1.4 17.1–34.1 0–0 0.2–0.4 0.2–0.3 28.1–53.4 0–0 0.1–0.1 0.9–1.7 45.5–88.0

Notes: The range for each cell includes low and high estimates of aquaculture losses based on high and low efficiency of predator
exclusion. Potential future losses include estimates of the probability of future invasion for presently uninvaded sites.

� Value greater than $0, but less than $50.
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