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a b s t r a c t

In pest risk assessment it is frequently necessary to make time-critical decisions regarding management
of expanding pest populations. When an invasive pest outbreak is expanding rapidly, preemptive
quarantine of areas that are under imminent threat of infestation is one of only a few available man-
agement tools that can be implemented quickly to help control the expansion. The preemptive quar-
antine of locations that surround an infested area also acts as a safeguard to counteract the risk of failed
detections of the pest in field surveys. In this paper, we present a method that assesses the suitability of
preemptive quarantine measures at the level of small geographical subdivisions (U.S. counties). The cost
of a preemptive quarantine in a given county is weighed against the protective benefit of delaying the
spread of an outbreak to other neighboring counties. We demonstrate the approach with a decision
support model that estimates the suitability of preemptive quarantine across multiple counties that
surround areas infested with the emerald ash borer (Agrilus planipennis Fairmaire (EAB), Coleoptera:
Buprestidae), an emerging major threat to ash tree species (Fraxinus spp.) in North America. The model
identifies the U.S. counties where the installation of preemptive quarantine would most effectively slow
the spread of EAB populations and reduce risk to high-value areas.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Management of large-scale outbreaks of invasive exotic species
relies on timely detections to minimize the effects of initially un-
detected spread and impact. Unfortunately, detection efforts for
such species can be imperfect, especially in instances of low-
density pest populations (Marshall et al., 2009). This results in
uncertainties in the detection of new populations. Such is consis-
tent with many other aspects of invasive species management,
which tend to involve risk analyses under uncertainty (Bartell and
Nair, 2003; Burgman et al., 1999; Caley et al., 2006). Consequently,
there is a pressing need, both internationally and domestically, for
the development of scientifically sound risk assessment methods
: þ1 970 295 5815.
Withrow), elsmith@fs.fed.us
nrcan.gc.ca (D. Yemshanov).
under conditions where the supply of empirical data is below de-
mand (Andersen et al., 2004; Justo-Hanani et al., 2010).

Quarantines implemented along and around establishment
zones and dispersal pathways have been recognized as effective
tools that help to address the typical lack of knowledge about new
invaders and the common inability to detect them in a timely
fashion (Hennessey, 2004). The implementation of quarantine de-
pends on some understanding of a species' key spread vectors and
geographic factors that may contribute to the successful movement
of the pest through the landscape. Human-mediated spread has
been recognized as an important vector for many forest and agri-
cultural pests (Shigesada and Kawasaki, 1997), hence any action
that limits the human activities that cause the movement of inva-
sive organisms over distances beyond the species' natural spread
range could, in theory, increase the amount of time available for
early detection and the development of an appropriate mitigation
strategy. Furthermore, if the ability to detect a pest in the early
stages of invasion is limited, it is quite possible that populations
could already be established in areas deemed uninfested (i.e.,
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where the pest survey did not yield positive finds). In such cases, a
preemptive quarantine in the regions adjacent to areas with posi-
tive detections of a pest of interest is believed to be one of the few
available management options that could potentially help slow the
pest's expansion and protect locations with high-value host re-
sources (Lodge et al., 2006).

Imposing a quarantine is a costly action. Quarantines disrupt
economic activities in the affected areas and impose additional
local costs related to monitoring, shipping restrictions, and pre-
ventative treatments (e.g., USDA APHIS, 2010). In addition, costs are
also experienced on the federal level. The United States Department
of Agriculture (USDA), for example, in 2007 allocated $1.2 billion
USD towards the management of invasive species, with approxi-
mately 22% directed towards early detection, rapid response, and
preemptive measures (NISC, 2007). Thus, minimizing the potential
costs of quarantine is always a concern, and a preemptive quar-
antine should only be imposed when it is sufficiently advantageous
to do so. Several techniques have been proposed to estimate the
suitability of a quarantine action as a measure to slow the spread of
invasive pests (Sharov and Liebhold, 1998; Soliman et al., 2010),
with risk and threat analyses among themost widely used. Risk and
threat analyses usually involve the assessment of various conse-
quences of a quarantine action, direct assessment of the factors that
influence the spread of an outbreak (such as the abundance of a
susceptible host species, proximity to already infested sites, antic-
ipated spread rate of an outbreak), as well as potential costs asso-
ciated with imposing a regulatory action (Venette et al., 2010).
Several studies have applied cost-benefit calculations to estimate
the suitability of strict regulatory measures (Cooke and MacDonell,
2008; Mehta et al., 2010; Maguire, 2004) to mitigate the likelihood
of severe pest outbreaks, however these assessments are difficult to
implement at the level of fine-scale geographical subdivisions (U.S.
counties) due to a lack of geographically explicit data about the size
and spatial allocation of economic activities that may be associated
with the pest of interest.

When considering the imposition of a preemptive quarantine in
regions surrounding the area already infested by a pest, the
simplest approach is to prioritize regions based on the relative
impact of a particular quarantine action on the local spread rate of
the pest. These analyses may be guided by maps that depict the
likelihood of pest arrival (or another risk metric) in the area of in-
terest (Yemshanov et al., 2009; Venette et al., 2010). In this study,
we undertake a somewhat different approach and consider not
only the suitability of quarantine in a given geographical county but
also the expected benefits of imposing the quarantine in the
neighboring counties that surround the county of interest. We
consider the spread of an invasive pest as a gradual geographic
dispersal process, and estimate the capacity of a preemptive
quarantine to block the potential spread pathways of the pest to
other geographic domains. By adding the evaluation of potential
benefits to other geographic counties, we essentially evaluate the
ability of the quarantine action undertaken at a given locale to help
slow the spread at a broader geographic scale. This total benefit is
weighted against the cost of conceding the loss of host within the
newly quarantined county. Using this cost-benefit analysis, we
estimate an optimal quarantine allocation across multiple counties
that surround the infested area, and we assign to each county (i.e., a
potential candidate for preemptive quarantine) a quarantine pri-
ority rank.

1.1. Species of interest

This study assesses the priorities of a preemptive quarantine for
the exotic invasive emerald ash borer (Agrilus planipennis Fairmaire
(EAB), Coleoptera: Buprestidae), a major pest of all ash tree species
(Fraxinus spp.) in North America (Jendek, 1994; Poland and
McCullough, 2006). The first EAB population was discovered in the
city of Detroit in the summer of 2002, and the pest has since spread
throughout much of the eastern United States and eastern Canada
(Poland and McCullough, 2006). A primarily semivoltine buprestid
(Siegert et al., 2010), adult EAB females lay eggs on the exterior of the
bark. Larvae hatch and bore into the phloem, where they develop
through four larval instars. The larvae excise serpentine galleries
through the phloem and score the outer xylem, resulting in an
eventually lethal girdling of the tree (Cappaert et al., 2005). These
factors, combined with the lack of coevolved host resistance and a
diverse natural enemy complex, make EAB a significant threat to ash
resources throughout North America. Ash constitutes approximately
7% of saw timber in the eastern United States, with a stumpage value
estimated at $25 billion. In addition, with ash being one of the most
prolific of all urban tree genera, potential costs of removing urban
ash trees throughout the United States have been estimated to be as
much as $20-60 billion, in addition to replacement costs (Raupp
et al., 2006; Cappaert et al., 2005; Snydor et al., 2007).

Currently, no reliable methods of early EAB detection have been
developed. The effective geographic range of trap lures is unknown
at this time, and external symptoms on ash trees become apparent
only after the local population density has increased to a degree by
which time beetles have already dispersed (Herms and
McCullough, 2014). Efforts have focused on the development of
optimized sampling (e.g., Coulston et al., 2008) and trap charac-
teristics (e.g., Marshall, 2009, 2010). The long-distance dispersal of
EAB is often assisted by themovement of infestedmaterials, such as
firewood, nursery stock and logs (Tobin et al., 2010; Cappaert et al.,
2005). For this reason, themanagement of EAB has relied heavily on
the regulation of themovement of EAB-associatedmaterials byway
of quarantinemeasures on suchmaterials at the county level (USDA
APHIS, 2011).

1.2. Study objectives

In this study, we demonstrate how one can implement a cost-
benefit suitability analysis for preemptive quarantine, using EAB
as an example. We estimate the suitability of imposing a preemp-
tive quarantine for EAB at the level of U.S. counties. For each county
we consider the amount of susceptible host resource (ash) under
risk of infestation, as well as the potential risk of infestation to
neighboring counties if an outbreak were to be established in said
county. Formally, we define the additional risk of infestation to the
surrounding counties as the product of the total value of the sus-
ceptible host in surrounding counties and the probability that the
pest population will spread to the neighboring counties. The latter
component is depicted via an omnidirectional dispersal kernel that
estimates the likelihood of spread across geographic space as a
function of distance.

2. Methods

2.1. Model of pest invasion spread

Consider a landscape consisting of m small territorial sub-
divisions (e.g., U.S. counties). Each county can be characterized as
infested or uninfested with a given pest, i.e.:

di ¼
�
0 if county i is uninfested
1 if county i is infested

(1)

where i2f1:::mg. It is important to note here that the above vari-
able describes specifically what counties are known to be infested
and those that are not. In some cases detection is imperfect, and



J.R. Withrow et al. / Journal of Environmental Management 150 (2015) 367e377 369
hence such knowledge is equally imperfect, so in equations to
follow we also describe the probability that an “uninfested” county
(di ¼ 0) is actually infested but not known to be infested.

Let Hi define the hazard if a given county i is infested with EAB,
which is assumed to be dependent on the amount of available host
in the county. (We note, however, that the hazard estimatemay also
include other aspects, such as harvestable portion of stands, the
value of ecological services, and other factors.) For all counties, the
hazard value can be estimated as ð1� diÞHi with the portion in
parentheses limiting such hazard to counties not already known to
be infested. With risk being herein defined as probability multi-
plied by hazard, the risk of infestation can then be estimated as
Pið1� diÞHi where Pi is the probability that county i is infested.
Since county imay receive the pest frommultiple infested counties,
the total risk of infestation, Pi, can be estimated as the sum of in-
dependent pest arrival probabilities from all surrounding infested
counties. We estimated the probability of pest arrival as a function
of distance from the nearest infested county, as represented by a
Gaussian dispersal kernel. A Gaussian kernel describes the simplest
spatial diffusion process among a multitude of kernel types pro-
posed to characterize spread in ecological invasions (Kot et al.,
1996; Iverson et al., 2010; Mercader et al., 2009; Neubert and
Parker, 2004; Pitt et al., 2009). For an infested county of origin, j,
that is not under quarantine, we define the probability of human-
assisted spread to county i as:

Pi ¼
Xm

j¼1;jsi

adj
s

ffiffiffiffiffiffiffi
2p

p e�
d2
ij

s2 ¼ aqi (2)

and if the county of origin is under quarantine, then the probability
of spread takes the same form with modified parameters:

~Pi ¼
Xm

j¼1;jsi

~adj
~s

ffiffiffiffiffiffiffi
2p

p e
�

d2
ij

~s2 ¼ ~a~qi (3)

where for each equation a and s (and ~a and ~s) denote the standard
parameters of the Gaussian kernel e the amplitude and the stan-
dard dispersal distance (Kot et al., 1996; Banks, 1994) and dij is the
Euclidean distance between the centroids of counties i and j. Here
the term “amplitude”, hereafter referred to as “invasion ampli-
tude”, has units describing the number of expected new infested
counties expressed as a proportion of existing infested counties
(e.g., for a 10% growth in infested counties, invasion amplitude has a
value of 0.1).

We also make a simplifying assumption that quarantine affects
only the amplitude of the dispersal kernel (i.e., the parameter ~a in
equation [3]) but does not change the standard dispersal distance
(i.e., s ¼ ~s). With this assumption, the probabilities of pest arrival
with and without quarantine can be related via the ratio of kernel
amplitude values:

~Pi ¼
~a
a
Pi ~qi ¼ qi (4)

This allows us to use the ratio between the kernel amplitude
values to adjust the probability of pest arrival under quarantine
conditions as well as to define the proportional reduction of
human-mediated dispersal via quarantine, ~u, as:

~u ¼ 1� ~a
a

(5)

In addition to human-assisted spread, the pest can also spread
by natural biological means. We used a similar Gaussian kernel to
define the probability of pest dispersal by biological means:
P̂i ¼
Xm

j¼1;jsi

âdj
ŝ

ffiffiffiffiffiffiffi
2p

p e�
d2
ij

ŝ2 ¼ âq̂i (6)

Here, we denote the parameters related to biological spread
with a hat notation (“̂ ”). For many invasive pests established in
North America, natural biological spread represents a relatively
small component of the total spread potential and the majority of
long-distance introductions can be attributed to human activities
(Neubert and Caswell, 2000; Koch et al., 2009). Notably, quarantine
actions are generally focused on stopping the human activities
which may cause the long-distance spread of pests. Therefore, we
have made a simplifying assumption that the quarantine would
have no impact on the natural biological spread component.

Using our simplified notation at the end of equations (3), (4),
and (6), we define the following:

Ii ¼
�
1� ~aqi

��
1� âq̂i

�
(7)

as the combined probability that county i has not been infested by
individuals dispersed from any known infested county by either
natural or anthropogenic means. Its complement (1�Ii) then is the
probability that the county has been infested by either means by
individuals from at least one known infested county.

Stated differently, the expression (1�Ii) denotes the probability
that a given county believed to be uninfested di ¼ 0 is actually
infested, but unknowingly so. We can then subsequently define the
risk that such an unknowingly infested county i now imposes on all
other counties through anthropogenic means:

4i ¼
Xm

j¼1;jsi

1� dj
� �

Hj
a

s
ffiffiffiffiffiffi
2p

p e�
d2
ij

s2 (8)

as well as the reduction of such risk via quarantine:

4i � ~4i ¼ 1� ~a
a

� 	
4i (9)
2.1.1. The cost-benefit analysis: estimating the suitability of
preemptive quarantine

For each uninfested county, we estimated the suitability of
preemptive quarantine in terms of the individual contribution of a
given county's quarantine to the added protection of the nearby
counties. This required estimating, for each county i, the potential
decrease of the probabilities of EAB movement to the adjacent
counties via the quarantine.

Using the notation defined above, we estimated the cost of
preemptive quarantine action as:

Ci ¼ ð1� diÞHiIi (10)

or the product of the host value Hi of the non-quarantined
(di ¼ 0) county and the probability that the county is not already
infested Ii (i.e., the value of the county multiplied by the probability
that the quarantine is unnecessary). Similarly, the benefit of such
quarantine can be written as:

Bi ¼ ð1� diÞð1� IiÞ~u4i (11)

or the probability that an unquarantined county (di ¼ 0) is
actually infested ð1� IiÞ multiplied by the benefit to surrounding
counties via quarantine. The suitability of a preemptive quarantine
at county i can then be estimated as the difference between the
benefits of protecting the host resource in the surrounding counties
and the cost of imposing the quarantine at county i:



Fig. 1. The number of U.S. counties infested with emerald ash borer (Agrilus planipennis
Fairmaire) over time. Observed values were from APHIS EAB survey (USDA/APHIS/PPQ
IPHIS); modeled estimate (bold line) shows an exponential curve fit.
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Qi ¼ Bi � Ci ¼ ð1� diÞ½ð1� IiÞ~u4i � HiIi� (12)

The value of the suitability metric Qi can then be used to support
quarantine decisions. Positive values (Qi > 0) imply that imposing a
preemptive quarantine at the county i is suitable, while negative
values (Qi < 0) suggest it is not suitable. In addition, the relative
values of Qi can be used to rank multiple territorial counties across
large heterogeneous landscapes and prioritize them for quarantine.

2.2. Model parameterization

Table 1 lists a summary of the model parameters defined in the
previous equations. We used data from the USDA Animal and Plant
Health Inspection Service (APHIS) EAB survey (USDA/APHIS/PPQ
IPHIS) to list counties infested with EAB for each year since 2002
and estimate the pest‘s capacity to spread via biological and
human-assisted means. Information from the Canadian National
Forest Inventory (Gillis et al., 2005) was also included in the model,
albeit only for simulation, not parameterization. Fig. 1 displays the
total number of EAB infested counties for each year. We used a
nonlinear regression in R (R Development Core Team, 2011) to fit
the data and estimate an annual rate of EAB expansion. Based on
fitted estimates, we set the amplitude parameters for human-
mediated and natural spread of the pest, a and â (see Table 1), to
30% per year.

The parameter for natural biological standard dispersal dis-
tance,ŝ, of EAB was set to 5 km (Table 1). This estimate, though
consistent with Taylor et al. (2007), implies a somewhat greater
dispersal rate than the 800 m dispersal distance that was found by
Siegert et al. (2010), but is much more conservative than the
10e20 km distances employed by Kovacs et al. (2010), which is
understandable since the latter study modeled natural and
anthropogenic dispersal together.

The distance parameter s for human-assisted spread (Table 1)
was estimated from a county-based analysis. Fig. 2 shows a histo-
gram of distances between the centroids of known EAB infested
counties in 2002 and centroids from counties newly infested in
2003. From this histogram the anthropogenic standard dispersal
distance was estimated as approximately 100 km.

The model also required estimating the efficacy of quarantine.
Since available literature did not provide quantitative evidence of
the efficacy of regulatory actions implemented for EAB in the past,
we assumed that quarantine would reduce the rate of human-
assisted dispersal by half (Table 1) but also tested a range of effi-
cacy values from 0 to 100%. Although Mumford (2002) lists mul-
tiple regulatory successes that imply high values of quarantine
efficacy, little direct information exists on estimating this quantity,
which unfortunately will be illustrated in the Sensitivity Analysis as
being a parameter to which the results are highly sensitive.
Table 1
List of model parameters, showing amplitude and dispersal distances of natural and
anthropogenic dispersal as well as efficacy of quarantine and values of host in each
county.

Parameter Description

a Amplitude of human-aided dispersal in the absence
of quarantine (expected proportional increase of infested
counties in the following year)

~u Efficacy of quarantine (0 being “no effect” to 1 being a
“full effect”)

â Amplitude of natural dispersal (expected proportional
increase in infested counties in the following year)

s Standard dispersal distance of human-aided dispersal (km)
ŝ Standard dispersal distance of natural dispersal (km)
Hici2f1…mg Host (hazard) value for each county i (unitless)
Quarantine efficacy may prove to be the most challenging to
quantify, since the influence of regulatory measures in preventing
subsequent establishments may be difficult to detect given a
myriad of potentially confounding factors (host availability, site
accessibility, etc.) that may influence the same. In addition, esti-
mation of this quantity is further complicated by the multitude of
quarantine techniques available, the multiple time frames in which
efficacy can be defined, and the complex ways inwhich efficacy can
be influenced by the spatial allocation of resources between high-
risk and low-risk areas (Mumford, 2002). As a quick measure of
the appropriateness of the preemptive quarantine, the proportional
difference in number of newly infested counties inside and outside
the quarantine were compared using a binomial distribution (Ott,
1993).
Fig. 2. Histogram of distances between the centroids of newly infested counties in
2002 and centroids of counties newly infested in 2003. From this histogram the
standard anthropogenic dispersal distance was estimated to be 100 km.



Table 2
List of modifications made to non-host parameters in sensitivity analyses, expressed
as percentage departures from baseline values.

Parameter modification a, â ~u s ŝ

þ100% 0.600 1.000 200,000 10,000
þ50% 0.450 0.750 150,000 7,500
þ25% 0.375 0.625 125,000 6,250
þ15% 0.345 0.575 115,000 5,750
Baseline value 0.300 0.500 100,000 5,000
�15% 0.255 0.425 85,000 4,250
�25% 0.225 0.375 75,000 3,750
�50% 0.150 0.250 50,000 2,500
�100% 0.000 0.000 1* 1*
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2.3. Sensitivity analysis

Sensitivity analyses can be used to systematically and compre-
hensively test the effect of changes in model parameters (Starfield
and Bleloch, 1991) and can reveal a hierarchy of parameter
importance in the model, thus providing insights into model
structure and properties. No single, universally accepted procedure
for sensitivity analysis of multi-parameter models has been
developed (McCarthy et al., 1995; Frey and Patil, 2002; Greenland,
2001), but a common approach to sensitivity analysis is to
explore the effects of changing parameters, one at a time, on a
target output variable (Henderson-Sellers and Henderson-Sellers,
1996; Swartzman and Kaluzny, 1987). We recalculated the model
Fig. 3. Changes in Qi model results for each county in response to a 50% increase
results with the parameters changed by fixed percentages (e.g.,
±10%, one parameter at a time). We tested all parameters displayed
in Table 1, with the caveat that the amplitudes of unregulated
anthropogenic and natural dispersal, a and â, were consistently
maintained as equal to each other. With the exception of the host
parameters, we evaluated changes in the model outputs based on
alterations of the individual parameters at four levels, ±15%, ±25%,
±50% and ±100% (Table 2).
3. Results

Sensitivity results are displayed in Figs. 3e5, where each map
illustrates the change in Qi model output (Q suitability change, or
“QS Change”) in response to the modification of a single model
parameter while holding all others constant. The maps use a
consistent color scheme and scale to illustrate the different degrees
of impact that changes in one parameter can have in comparison to
changes in a different parameter. An increase in invasion amplitude
by 50% (Fig. 3A) increases the probability of infestation to the
counties near to those already infested, thereby causing an increase
in suitability of imposing the quarantine (areas in blue). The impact
of a reduction of invasion amplitude by 50% is close to the precise
opposite (Fig. 3B). An increase in the efficacy of the quarantine has
the same impact on quarantine suitability for counties outside the
quarantine zone (Fig. 4), since an increase in the quarantine efficacy
makes such quarantine efforts more potentially beneficial.
(A) and a 50% decrease (B) in the invasion amplitude parameters (a and â).



Fig. 4. Changes in Qi model results for each county in response to a 50% increase (A) and decrease (B) in efficacy of quarantine (~u).
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Similar alterations of the human-assisted standard dispersal
distance values (s) produce results that are highly dependent upon
the county's distance to the nearest infested locations (Fig. 5). An
increase of human-assisted dispersal distance results in higher
quarantine suitability for counties relatively distant from known
infestations (Fig. 5A). This shows up especially in northeastern
Wisconsin, which receives an increased probability of infestation
from three geographic sources: the upper peninsula of Michigan,
the greater Chicago area and northeastern Illinois, and the Mis-
sissippi River valley in the vicinity of the city of Dubuque, in
northwestern Iowa. Decreases in anthropogenic spread distances
increase the suitability of counties near to infested ones, at the
expense of more remote counties (Fig. 5B).

The sensitivity of the outputs to the changes in host parameters
was then investigated. Describing the total possible ash losses could
be attempted in multiple ways. With ash being a prolific species in
the eastern United States, total county area could serve as a pro-
portional estimator. More directly, ash at risk could be estimated
using the USDA Forest Inventory and Analysis (FIA) data, an ongoing
systematic, plot-based inventory of non-urban forested areas (Lund
and Thomas,1989; USDA Forest Service, 2006). Third, with ash being
a common urban tree species, county population could conceivably
serve as a proportional proxy variable for the presence of ash. Hence,
four scenarios were employed. For the baseline scenario (results to
follow in Fig. 7) we assumed that host amounts for all counties were
equal ðHi ¼ 1Þ. Such is the assumption for all baseline model runs.
Next, we employed three alternative scenarios (Fig. 6) which
assumed that (A) the host values are proportional to the county area,
(B) the values of Hi are proportional to total county population, and
(C) the total host value is proportional to the county's total basal area
of ash estimated via a spatial interpolation of information from the
FIA database (Krist et al., 2010). In particular parts (B) and (C) display
drastic departures from the baseline results, where strong increases
in suitability are observed in blue for low-value areas in an effort to
protect the high-value areas in red, which in part (B) are counties of
high population and in part (C) are counties of high non-urban ash
basal area.

Fig. 7 presents themap of the quarantine suitability ranks for the
scenario that uses the baseline parameter values. As anticipated, the
areas where the preemptive quarantine would be most feasible are
in close proximity to the existing EAB infestations throughout the
eastern U.S. Fig. 7 also shows the boundary (blue outline) of an
existing preemptive sampling restriction area previously imple-
mented by USDA APHIS in 2011. This boundary includes all but
eastern Pennsylvania and most of West Virginia. Notably, in these
two states the existing boundary is approximated by the boundary
between moderate (yellow) and high (orange) values of modeled
quarantine suitability ranks. Themodeled ranks, therefore, provided
the prescriptive feedback of extending this existing boundary of
future sampling restriction to include all areas of high and very high
quarantine suitability ranks (marked in orange and red). Hence,
although the model results describe suitability for preemptive
quarantine, in this instance it was used for the similar purpose of
determiningwhich locations toexclude fromfuture samplingefforts



Fig. 5. Changes in Qi model results for each county in response to a 50% increase (A) and decrease (B) in the standard human-mediated dispersal distance parameter (s).

J.R. Withrow et al. / Journal of Environmental Management 150 (2015) 367e377 373
for EAB detection. Table 3 shows the number of counties inside and
outside of this sampling exclusion zone along with the number of
counties found to be infested in the following year. Even with
sampling efforts within the exclusion zone only coming from
auxiliary sources, the proportion of newly discovered infested
counties within the exclusion zone was found to be significantly
higher (c2 ¼ 204:3086; df ¼ 1; P <0:0001) than the proportion of
newly discovered infested counties outside the zone.

As suggested by the model, the new area of future sampling
restriction would extend throughout all of Michigan except the
western portions of the Upper Peninsula, all of eastern and
southern Wisconsin, all of northern and northeastern Illinois, all
but extreme southwestern Indiana, all of Ohio, northern Kentucky,
northern Virginia, western Maryland and New York, and all but
southern West Virginia and eastern Pennsylvania. The area would
now affect multiple new areas of public land, including Hoosier
National Forest (IN), Wayne National Forest (OH), Monongahela
National Forest (WV), the Allegheny National Forest (PA) and
northern portions of Daniel Boone National Forest (KY). Some new
urban forests affected by the new quarantine boundary would
include Madison (WI), Terra Haute (IN), Ashland (KY), Canton (OH),
Jamestown (NY), Niagara Falls (NY), Huntington (WV), Parkersburg
(WV), Morgantown (WV), and Winchester (VA).

4. Discussion

In a decision-making context a preemptive quarantine often
represents one of few available options that can be employed
within an overall preventative management strategy to slow
rapidly expanding outbreaks of invasions when little is known
about the organism of concern. Such efforts conceivably reduce
overall risks to a larger geographic area and potentially allow for
more time for effective detection and mitigation efforts to develop
(Krushelnycky et al., 2004). In this paper, we propose a simple yet
analytically tractable model to estimate the suitability of preemp-
tive quarantine in a geographically explicit environment. Our
model incorporates two key spatially explicit management con-
siderations: the choice of protecting the host resource in a given
county and the option of protecting the host resources in sur-
rounding counties by placing the given location under quarantine.
In this model formulationwe have used a fairly simple premise that
the capacity of the quarantine in one county to prevent (or delay)
the subsequent infestation of other (nearby or distant) regions
should be perceived as an important decision factor when consid-
ering the imposition of regulatory action. This factor was regularly
neglected in prior EAB surveys and decisions to regulate areas were
mostly based on proximity to detected infestations and the amount
of susceptible host resource in the local vicinity (Iverson, 2010;
Mercader et al., 2011). Notably, the capacity of a preemptive quar-
antine to influence the expansion rate of an outbreak has been
acknowledged in the context of controlling the spread of infectious
disease (Day, 2004). In our model scenarios, the introduction of
geographically explicit parameters (such as spatially varying
amounts of host resources, Fig. 6) helps better understand the ca-
pacity of the preemptive quarantine to slow the spread of pest
invasions in a spatially heterogeneous environment.



Fig. 6. Changes in Qi model results for each county in response to different approaches to estimating the relative value of each U.S. county, where the value is made proportional to
(A) county area, (B) county population, and (C) total ash basal area.
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Fig. 7. Suitability (Qi) of preemptive quarantine for emerald ash borer at the end of
2011 displayed as interpretive categories. The boundary of the preemptive sampling
restriction area previously planned by USDA APHIS is shown in blue.
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It should be noted that recent experiences with managing the
expansion of EAB in the U.S. and Canada provide a wide (and
somewhat controversial) range of opinions regarding the estimated
efficacy of preemptive quarantine actions for EAB. Our model
provides an analytical tool that could help identify critical thresh-
olds of quarantine efficacy for particular pest management sce-
narios and better understand how this may influence the overall
spread rate of an expanding pest population.

The approach presented here has a traditional foundation,
relying on two simple dispersal models, accounting for local vari-
ation of the susceptible host resources, and using recent surveys of
the invasive organism of interest. Notably, the model accommo-
dates time-critical updates of new detections, which is an impor-
tant consideration for practical management of invasive pest
outbreaks. Our approach permits us to individually decouple and
evaluate key assumptions about the ecology of an invasive organ-
ism from assumptions concerning management (quarantine effi-
cacy) and also from effects resulting from the spatial arrangement
of host and quarantine. In addition, determining which model
Table 3
Number of newly infested counties inside and outside the restricted sampling area
(c2 ¼ 204:3086; df ¼ 1; P <0:0001).

Not in sampling
restriction area

In sampling
restriction area

No new detection 2770 240
New detection occurred 37 45
parameter contributes the most to the quarantine suitability value
helps identify where knowledge refinements about the pest's
behavior may be most urgently needed. Among the model pa-
rameters, the model outputs were most sensitive to the changes in
human-assisted invasion amplitude, quarantine efficacy, and
knowledge of host value and location. Changes in the dispersal
parameters had less impact on the model outputs.

Another advance of the methodology presented here is the
development of a geographically explicit metric for quantifying the
suitability of the preemptive quarantine effort. The study illustrates
how this metric (Qi) can be used to compare different locations
across large geographical regions and identify the spatial domains
where the suitability metric is the most (or least) sensitive to
known parameters about the pest of concern. Moreover, our
method may be applicable at the level of smaller spatial counties in
cases where information about the infestation, the amount of host
and/or local economic factors that cause a human-assisted spread
of the pest is available.

The study had several limitations. First, the analysis uses a
simplistic dispersal kernel to estimate the spread of the pest pop-
ulation. Ideally, the dispersal process should be modeled as real-
istically as possible; however our capacity to depict the spread
process is often limited by a lack of knowledge about the invasive
organism of interest (especially for newly detected invaders).
Different shapes of dispersal kernels can be further explored (such
as leptokurtic kernels e Andow et al., 1990), however their
parameterization can be challenging due to a lack of data about the
historical rate of species' spread. In addition, in the case of human-
mediated dispersal, one should also consider the replacement of
the kernel approach with a networkebased methodology that
would display spread in a pathway-centric form along different
artificial transportation corridors and spread vectors (Koch and
Smith, 2010). Second, we only used the total amount of host
resource to estimate the potential risk of infestation. More complex
metrics may include more in-depth assessments of host quality,
economic value, or degree of anticipated losses to market access
that would more accurately describe the potential losses associated
with an outbreak. Performing this adaptation of the model to
include a more complex bioeconomic risk metric should be a
straightforward task and can be applied to pests other than EAB.
The model's strong sensitivity to the depiction of host resource
compels future efforts with this model to accurately describe such
county-based risk metrics.

Another important aspect that has been partially omitted from
the results presented here is the notion of detection efficiency. For
simplicity, our study assumed a perfect detection efficiency so that
the probability of detecting the species (if present at a given loca-
tion) is 1. Technically, our model can be further modified to
accommodate an imperfect detection efficiency. Poor detection of
the pest can be modeled via a detection efficiency parameter, ε
ð0 � ε<1Þ, which then can be applied to the probability of species
presence. In the present model framework surveys undertaken
with poor detection efficiencies would result in higher invasion
amplitude values (for example, if the detection efficiency in our
baseline scenario is to be set to 0.1, then the dispersal amplitude
values, a and â, would increase from 0.3 to 3.0). Hence, un-
certainties in detection efficiency propagate to increased uncer-
tainty in the amplitude parameters. Since the sensitivity analysis
indicated the model results to be highly sensitive to the dispersal
amplitude parameters, the estimation of proper detection effi-
ciency values becomes a critical part of the model parameterization
process.

The study also did not explore spatial variabilities in quarantine
efficacy or pest dispersal parameters. Possible geographic re-
finements of the dispersal model could include adding spatial
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parameters linked to certain types of landscape features (such as
terrain, road network or settlements). Technically, our approach
can be modified to account for the geographic variation of key
model parameters, although this would require development of a
more complex spatially dependent model that could track these
parameters in a geographical domain. This will be a topic of future
work.

The model has been implemented in an ESRI ArcGIS geographic
information system (GIS) environment (Ormsby et al., 2001) and
represents a simple, efficient, and expandable decision support tool
for spatially explicit decision-making in response to expanding
exotic pest invasions. We anticipate a typical use of the model as a
time-critical rapid assessment tool. The underlying data assump-
tions and model results could be quickly updated in response to
newly discovered locations as well as improved knowledge about
an organism's behavior in its new environment, resulting in an
objective, data-driven approach applying principles of adaptive
management to the spread of exotic pests. Although the model
principles are applicable to any expanding exotic pest, its applica-
tion would be most appropriate to instances where preemptive
quarantine would be an option under consideration due to the
existence of one or more of the following:

1. The pest in question attacks a high-value host,
2. Most of the high-value host has yet to be attacked (i.e., the

preemptive quarantine has a benefit of protecting unattacked
high-value host),

3. The region of unattacked host is divisible into multiple
geographic units of management (i.e., quarantining a portion of
the unattacked host is an option),

4. Detection efforts of the pest have limited or unknown efficacy
(i.e., the probability of undetected presence of the pest in a given
geographic unit is considerable), and

5. Effective quarantine of such a pest to within one or more
geographic units is a viable possibility (i.e., quarantine is a viable
option and has some efficacy).

With the above qualifications in mind, the most advantageous
use of the current model may be in the early phases of introduction
of a newly discovered exotic pest, when most of the host stands are
believed to be unaffected, but effective detection strategies have yet
to be developed. Examples of such pests may include Sirex noctilio
(Stone and Coops, 2004), Ips typographus (Wermelinger, 2004), and
Anaplophora glabripennis (USDA APHIS, 2013). In regards to more
advanced cases of exotic invasion such as European gypsy moth
(Lymantria dispar dispar), efforts such as the “Slow the Spread”
initiative (USDA Forest Service, 2007) display an alternative
methodology of reducing the spread rate of a visible infestation
front by way of intensive sampling in areas immediately ahead of
the front. With the above five requirements in mind, this intensive
sampling reduces the likelihood of undetected introduction
(Requirement 4) and is applied to a forest pest that is far beyond the
initial stage of invasion (Requirement 2). Hence, this methodology
describes a different situation of detection and management, and
illustrates further the applicability of the present work to instances
of early invasion and poor detection capability.

For the reader's reference a copy of the model ArcGIS python
code is available as a supplementary data file.

5. Conclusions

In this paper, we have described a methodology to assess the
suitability of preemptive quarantine at the level of multiple small
geographic subdivisions. A model presented here presents an an-
alytic decision-support tool for the allocation of preemptive
quarantine areas in one or more spatial subdivisions aimed to
protect the rest of the uninfested landscape from a spatially
dispersing exotic pest. The model compares the cost associated
with imposing the quarantine at a given spatial subdivisionwith an
estimated benefit in reducing the risk of infestation to other sub-
divisions in a landscape. Overall, the model facilitates a rapid data-
driven decision support tool, and simple yet intuitive model for-
mulations provide insights into which ecological and socioeco-
nomic processes could potentially play the most important roles in
the ongoing expansion of an outbreak.
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