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ABSTRACT Firewood can serve as a vector in the transport of non-native species, including
wood-boring insects that feed within the wood and thus can be transported accidentally. Governments
have enacted limitations on the movement of Þrewood in an effort to limit the anthropogenic
movement of non-native species through, for example, recreational camping. Although the movement
of invasive species through Þrewood is a documented invasion pathway, it is not trivial for governments
to determine a “safe” allowable distance for moving Þrewood. We were motivated by this challenge
and developed a theoretical simulation to determine the campgrounds that could be potentially
exposed to infested Þrewood based upon the hypothetical distribution of an invasive species and the
allowable distance for moving Þrewood. We extend this concept to the known distributions of emerald
ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae) and Asian longhorned beetle,
Anoplophora glabripennis (Motschulsky) Coleoptera: Cerambycidae). We illustrate, based upon
theoretical and empirical observations, that as the distribution of an invasive species increases, more
rigid constraints on the movement of Þrewood would be required relative to those species that are
distributed over a smaller scale. Also, on the level of management within a state, smaller states have
far less margin for error than larger ones, as even extremely rigid restrictions on the movement of
Þrewood could have little management effect unless the infested area is spatially limited. These results
collectively suggest the potential for a dynamic management strategy that adjusts allowable distances
for Þrewood movement based upon the distribution of the non-native species.

KEYWORDS Asian longhorned beetle, biological invasions, emerald ash borer, Þrewood, invasive
species management

The movement of non-native species within and
between continents has accelerated in recent years
due to increases in trade and travel (Perrings et al.
2005, McCullough et al. 2006, Hulme et al. 2008).
Non-native species can pose a signiÞcant threat to
the composition and functioning of ecosystems and
can be accidentally transported to new habitats
through a variety of vectors such as infested plants
(Reichard and White 2001, Work et al. 2005), solid
wood packaging materials (Brockerhoff et al. 2006,
Gu et al. 2006), ballast water (Ruiz et al. 2000, Drake
and Lodge 2004), and personal airline luggage
(Liebhold et al. 2006). One transport vector that has
received considerable attention is Þrewood in
which wood boring immature insects could be trans-
ported accidentally (GAO 2006, Muirhead et al.
2006). No more is this evident than in the case of the

emerald ash borer, Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae), which has the potential
to effectively extirpate native North American ash
(Fraxinus spp.) (Poland and McCullough 2006). An-
other wood-boring invasive insect affecting North
American forests that can be potentially transported
in Þrewood is the Asian longhorned beetle, Anoplo-
phora glabripennis (Motschulsky) (Coleoptera: Ce-
rambycidae) (Nowak et al. 2001).

The emerald ash borer, native to Asia, was Þrst
discovered in the Detroit area of Michigan in 2002
(Poland and McCullough 2006), although dendro-
chronological studies have suggested that it Þrst
became established in North America at least by
1996Ð1997 (Siegert et al. 2007). It has now been
reported in 13 states and two provinces in the
United States and Canada. Adult females oviposit
eggs in the crevices of the bark, and upon hatching
larvae tunnel into the tree and feed on the cambium
and phloem. Development can take up to 2 yr, and
adults emerge through D-shaped emergence holes.
All species of North American Fraxinus are known
to be susceptible to attack, and extensive larval
feeding kills the host tree.
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The Asian longhorn beetle, native to China and
Korea, was initially discovered infesting trees in the
United States in 1996 (Nowak et al. 2001), and lo-
calized infestations have since been reported in the
urban forests of Chicago, IL; New York and Long
Island, NY; Jersey City, NJ; and Toronto, ON, Can-
ada. In 2008, a large infestation was detected in
Worcester, MA, and the full extent of the infestation
is now known to exceed 19,000 ha (Baca et al. 2009).
Female beetles deposit one egg in an oviposition
niche under the bark. Upon hatching, early instars
feed between the inner bark and sapwood for up to
a month. Late instars tunnel into the heartwood and
feed for up to 2 yr, pupate, and then emerge as adults
through round holes that they bore (Keena 2006).
Like A. planipennis, trees are generally killed after
attack by A. glabripennis. The beetles attack a num-
ber of deciduous host trees, including maple (Acer
spp.), elm (Ulmus spp.), and willow (Salix spp.).

Because of the importance of Þrewood as a po-
tential vector for the anthropogenic movement of
these and other non-native wood boring insects, as
well as the potential for Þrewood to be transported
over long distances for recreational use, state and
federal governments have enacted limitations on its
movement to limit the accidental introduction of
invasive species (e.g., NY Environmental Conser-
vation Law Section 9-1303, Part 192.5; Wisconsin
Administrative Code, Chapter ATCP 21.17; U.S.
Code of Federal Regulations, 7CFR 301.53-1
through 9). However, it can be challenging for gov-

ernments to determine an allowable distance for
moving Þrewood, such as for recreational camping
use, and regulations could vary from state-to-state
(EAB Information 2010). We were motivated by this
challenge and explored the conceptual situation of
anthropogenic movement of Þrewood for recre-
ational campground use by quantifying the number
of campgrounds at varying distances from a hypo-
thetical range of a non-native species. We also ex-
tend this theoretical approach to the known distri-
butions of A. planipennis and A. glabripennis, in the
midwestern and New England-New York regions of
the United States, respectively.

Materials and Methods

Campground Data. Spatial locations of camp-
grounds were compiled from several sources and
divided into subsets by ownership: publicly owned
(e.g., county, state, and federally managed camp-
grounds) and privately owned. A complete list of
sources is presented in Appendix 1. We considered
two regions in our analysis: region 1, the midwestern
states of Iowa, Illinois, Minnesota, and Wisconsin;
and region 2, the New England states of Massachu-
setts, Connecticut, Rhode Island, Vermont, New
Hampshire, Maine, and New York. There were 313
and 1,553, and 333 and 1,047 publicly and privately
owned campgrounds, respectively, within regions 1
and 2, respectively. We considered these two re-
gions because they each provided a complementary

Fig. 1. (A) Spatial distribution of publicly and privately owned campgrounds within region 1, and cites with a population
�50,000. (B) Example iteration of the regionwide model. Two infested sites (crosses) were randomly selected, from which
campgrounds that were within a 16.1-, 40.2-, 80.5-, 160.9-, or 321.9-km radius of the infested sites were counted. This was
replicated 500 times and when using different numbers of infested sites.
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empirical example: A. planipennis in region 1 and A.
glabripennis in region 2.
Regional Analysis.We Þrst considered all states in

each region as one area. We developed a simulation
model using ESRI ArcObjects (Redlands, CA) to
randomly select 2, 4, 8, 16, or 32 spatially discrete
point locations, or “infested sites,” within the region.
The number of campgrounds that were within a
16.1-, 40.2-, 80.5-, 160.9-, and 321.9-km (10-, 25-, 50-,
100-, and 200-mile, respectively) radius of each in-
fested site was determined. We used a bootstrap
method (500 replications) to estimate the mean and
95% conÞdence intervals (by using the 2.5 and 97.5
percentiles of the bootstrapped distribution; Efron
and Tibshirani 1993) of the number of campgrounds
by the number of infested sites that fell within the
speciÞed radius of infested sites. We considered
both ownerships (public and private) combined and
then separated. An example of one iteration based
upon two infested sites is shown in Fig. 1.
Regional Analysis: City IntroductionOnly.We also

modiÞed the above simulation model so that in-

fested sites could only be selected from cities within
each region with a human population �50,000 (Fig.
1). We did this because many initial detections of a
new non-native species tend to occur in areas with
higher human populations, which is probably due to
stronger invasion pathways into cities (such as
through trade routes) as well as the increased prob-
ability that someone will notice the damage caused
by a new, non-native species (i.e., dead or dying
trees in an urban landscape and the subsequent
potential liability of hazardous trees). In this case,
we combined public and privately owned camp-
grounds.
State-by-State Analysis. We also used the same

model to determineÑfor each stateÑthe number of
campgrounds (private and public combined) that
fell within 16.1, 40.2, 80.5, 160.9, or 321.9 km of
infested sites. In this case, we only selected infested
sites within the state, and only considered camp-
grounds within the state. Considering each state
separately also allowed us to consider the relation-
ship among allowable radius, the number of infested

Fig. 2. Mean number of all (A), publicly owned (B), and privately owned (C) campgrounds within each radius relative
to the number of infested sites for regions 1 and 2. (D) For each region, the mean and 95% conÞdence intervals are shown
for the 80.5- (dashed lines) and 160.9 (solid lines)-km radii.
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sites, and the area of the state. In this case, we
quantiÞed the mean proportion of each stateÕs
campgrounds (based upon the bootstrapped distri-
bution with 500 replications) relative to the total
area of each state, which ranged from 4,002 (Rhode
Island) to 225,171 km2 (Minnesota), that fell within
a set radius (16.1, 40.2, 80.5, 160.9, or 321.9 km) given
the number of infested sites (2, 4, 8, 16, or 32). Data
were Þt using locally weighted polynomial regres-
sion in R (R Development Core Team 2009).
Empirical Examples: A. planipennis and A. glabrip-
ennis. We used the above conceptual approaches
with the known distributions of A. planipennis in
region 1, and A. glabripennis from region 2, both as
of December 2009 as codiÞed under the U.S. Code
of Federal Regulations, Subtitle B, Chapter III, Parts
301.51-3 and 301.53-3. In each region, we counted
the number of publicly or privately owned camp-
grounds that fell within 16.1, 40.2, 80.5, 160.9, or
321.9 km of the distribution for each species.

Results and Discussion

The mean number of all campgrounds, publicly
owned campgrounds only, and privately owned
campgrounds only that fell within a set radius from
a range of initial infested sites was similar between
regions 1 and 2 (Fig. 2). The highest radii (160.9 and
321.9 km) seemed to be most sensitive to the num-
ber of infested locations, and nonlinearly increased
more dramatically as the number of infested sites
increased relative to the other radii. When contrast-
ing the bootstrapped mean and associated 95% con-

Þdence intervals between the 160.9- and 80.5-km
radii (Fig. 2D), there were overlapping conÞdence
intervals when the number of infested sites was �4
in region 1, and �9 in region 2. We observed similar
results in both regions when we considered only
cities �50,000 in population as initial infested sites
(Fig. 3).

When considering each state separately, similar
patterns between the number of infested sites and
the proportion of each stateÕs campgrounds that fell
within a set radius were observed, although the size
of the state, as expected, was particularly important
(Fig. 4). Even when the number of infested sites is
2, an allowable radius as small as 40.2 km in a small
state still resulted in a mean proportion �0.8 of the
stateÕs campgrounds to be within this allowable ra-
dius. Moreover, when the number of infested sites
�8, an allowable radius of 16.1 km in a small state
would still allow �65% of the stateÕs campgrounds to
be within this radius. Regardless of state size, as the
number of infested sites increased to eight or more,
at least half of a stateÕs campgrounds were within a
radius of 80.5 km or more (Fig. 4).

The consequence of increasing the allowable ra-
dius for moving Þrewood for recreational purposes
is also apparent when using the known distributions
of A. planipennis in region 1, and A. glabripennis in
region 2 (Fig. 5). Both species are considered to be
established at multiple, spatially disjunct sites, some
of which can include a considerable area, such as A.
planipennis in Wisconsin andA. glabripennis in Mas-
sachusetts. The number of campgrounds that are
within a set radius increases nonlinearly with in-

Fig. 3. City introduction only: mean number of all campgrounds within each radius relative to the number of infested
sites for regions 1 (A) and 2 (C) when allowing only cities �50,000 in population to be selected as infested sites. The mean
and 95% conÞdence intervals are shown for the 80.5- (dashed lines) and 160.9 (solid lines)-km radii for regions 1 (B) and
2 (D).
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creasing radius. For example, the number of camp-
grounds that fall within 16.1, 40.2, and 80.5 km of the
known distribution of A. planipennis increases from
172 to 276 to 484, respectively, whereas for A. gla-
bripennis, the number of campgrounds increases
from 41 to 72 to 193, respectively (Fig. 5). At an
allowable distance of 160.9 km, 170 publicly owned
and 399 privately owned campgrounds would fall
within the 2009 known distribution of A. planipen-
nis, whereas 76 publicly owned and 303 privately
owned campgrounds would fall within the 2009
known distribution of A. glabripennis. Although a
campground that falls within an allowable radius for
moving Þrewood does not always equate to the
introduction and subsequent establishment of A.
planipennis, A. glabripennis, or any other non-native

species transported in or on Þrewood, these results
do highlight the regulatory challenges of managing
Þrewood movement as a potential vector for the
introduction of unwanted species.

These results also collectively suggest a possible
dynamic strategy for managing this potential invasion
pathway, particularly so for larger states. For example,
more rigid constraints on the movement of Þrewood,
which are probably more costly to implement than less
rigid constraints, could be imposed at a time when the
area is thought to be composed of multiple infested
areas (Figs. 2 and 3). Although we are not proposing
more relaxed standards in efforts to regulate the move-
ment of Þrewood, these results do highlight a potential
for a more dynamic approach to regulation, which
could be more cost-effective. Smaller states have a
much lower margin for error, as even extremely rigid
restrictions on the movement of Þrewood, such as
within a 16.1-km radius, could have little management
effect unless the state had very few infested sites (Fig.
4). For species that become spatially widespread, such
as A. planipennis, which in addition to the states we
used in our analysis is also established throughout
the lower peninsula of Michigan (U.S. Code of Fed-
eral Regulations, Subtitle B, Chapter III, Part 301.53-
3), restrictions on the movement of Þrewood for
recreational purposes may not be sufÞcient unless a
very rigid restriction is enforced. It is also important
to note that the majority of campgrounds in these
regions are privately owned, which could be far
more difÞcult to regulate than publicly owned
campgrounds.

The anthropogenic movement of non-native spe-
cies into new areas continues to be an increasing
threat to ecosystem function and biodiversity (Mack
et al. 2000, Pimentel et al. 2005, Lockwood et al. 2007).
Because our analyses only considered the movement
of Þrewood for recreational camping due to its im-
portance as a potential vector for the anthropogenic
movement of non-native species, future work could
focus on the use of wood as a fuel source for home
heating, as well as other wood related products. Reg-
ulating vectors such as Þrewood can be extremely
challenging, due to both the sheer volume of recre-
ational campers that frequent campgrounds each year
and public opposition to increasing regulations. More-
over, even when invasion pathways are well docu-
mented, there can be challenges for governments to
legally regulate the movement of non-native species,
as exempliÞed by the recent U.S. Supreme Court de-
cision that refused, for the second time, to hear a
motion from the states of Wisconsin, Minnesota, Ohio,
Pennsylvania, Michigan, and New York (Nos. 2201org,
2202org, 2203org, U.S. Supreme Court) that sought to
limit the introduction of Asian carp into Lake Mich-
igan.
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2006. Interception frequency of exotic bark and ambro-
siabeetles (Coleoptera: Scolytinae)andrelationshipwith
establishment in New Zealand and worldwide. Can. J.
For. Res. 36: 289Ð298.

Drake, J. A., and D. M. Lodge. 2004. Global hotspots of
biological invasions: evaluating options for ballast-water
management. Proc. R. Soc. B 271: 575Ð580.

Efron, B., and R. J. Tibshirani. 1993. An introduction to the
bootstrap. Chapman & Hall, London, United Kingdom.

EAB Information. 2010. Emerald ash borer. (http://www.
emeraldashborer.info/).

[GAO] Government Accountability Office. 2006. Invasive
forest pests. Lessons learned from three recent infesta-
tions may aid in managing future efforts. Report to the
Chairman, Committee on Resources, House of Repre-
sentatives, GAO-06-353.

Gu, J., H. Braasch, W. Burgermeister, and J. Zhang. 2006.
Records of Bursaphelenchus spp. intercepted in imported

Fig. 5. The 2009 distribution of emerald ash borer (A) and Asian longhorned beetle (C), and the campgrounds that fall
within different radii from their respective distributions, which are summarized in B and D as a function of ownership (orange,
privately owned; yellow, publicly owned).

1574 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 103, no. 5



packaging wood at Ningbo, China. For. Pathol. 36: 323Ð
333.

Hulme, P. E., S. Bacher, M. Kenis, S. Klotz, I. Kühn, D.
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