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Abstract

 

Asian populations of gypsy moths, 

 

Lymantria dispar

 

 (L.) (Lepidoptera: Lymantriidae), remain poorly
characterized – indeed, they are not presently accorded any formal taxonomic status within the
broader species. Their ecology is similarly largely uncharacterized in the literature, except by assumption
that it will resemble that of European populations. We developed ecological niche models specific
to Asian populations of the species, which can in turn be used to identify a potential geographic
distributional area for the species. We demonstrated statistically significant predictivity of distributional
patterns within the East Asian range of these populations; projecting the Asian ecological niche model
to Europe, correspondence with European distributions was generally good, although some differences
may exist; projecting the ecological niche model globally, we characterized a likely potential invasive
distribution of this set of populations across the temperate zone of both Northern and Southern

 

Hemisphere.

 

Introduction

 

Ecological variation and differentiation of invading species
remain the subject of intense research; key questions
include whether species interactions affect the invasion
process, and possible effects of the invasion process on
evolutionary dynamics of invading species (Lee, 2002). A
first (and simpler) set of questions, however, revolves
around ecological shifts in invading populations: in a
simple ecological world, species would obey the same
ecological ‘rules’ on invaded ranges as they do on native
ranges, and the ecological characteristics of native ranges
would be able to predict potential distributions on non-
native areas. A sizeable body of evidence is accumulating to
support the idea that invasive species often show such
‘simplicity’, that is, at least at coarse spatial scales,
ecological shifts rarely accompany species’ invasions
(Richardson & McMahon, 1992; Beerling et al., 1995;
Higgins et al., 1999; Sutherst et al., 1999; Skov, 2000;
Peterson, 2003; Iguchi et al., 2004; Robertson et al., 2004).
Such ecological niche modeling (ENM) approaches have
seen considerable exploration in the literature in recent
years. Clearly, though, given the intense interest in these
questions, further tests in invasive taxa are merited.

Gypsy moths, 

 

Lymantria dispar

 

 (L.) (Lepidoptera:
Lymantriidae), are a pest species capable of defoliating
large areas of forest (Leonard, 1974; Baranchikov, 1989).
They have defoliated >34 

 

×

 

 10

 

6

 

 ha in the USA since 1924
(Tobin et al., 2007), and 80 000 ha in Germany in 1992–
1994 (Reineke & Zebitz, 1998). The species is invasive in
North America, having been introduced from France in
1869 (Goldschmidt, 1934). It was estimated that in 2001,
the total area in the USA infested by 

 

L. dispar

 

 was
78.5 

 

×

 

 10

 

6

 

 ha (Mayo et al., 2003). Despite the length of
time since its introduction to North America, the range of
the moth is still expanding and it occupies roughly one-third
of the hypothesized North American range (Sharov, 2004).
The relatively slow dispersal of gypsy moths in North
America has been attributed to the fact that females of the
colonizing populations cannot fly (Sharov, 2004).

Asian populations of gypsy moths are poorly known
and poorly characterized in terms of distribution (Hunter
& Lindgren, 1995). Although these populations are not
currently accorded any formal taxonomic status, differ-
ences from European populations exist in life history
and basic biology. Genetic differences between the two
populations are well documented (Pfeifer et al., 1995;
Garner & Slavicek, 1996). Asian populations feed and grow
on a broader range of host plants, including conifers
(Baranchikov, 1989), hatch at lower temperatures, and
reach adulthood more rapidly than European populations
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(Keena, 1996); perhaps most importantly, females from
some Asian populations are capable of sustained flight
(Schaefer et al., 1984; Baranchikov, 1989; Koshio, 1996)
while females from European populations probably, and
their North American descendents certainly, are incap-
able of sustained flight (Reineke & Zebitz, 1998). At the
other extreme, some females from Siberian populations
are reported to fly up to 100 km (Keena et al., 2001).
Baranchikov (1989) described the reduction of ability to
fly in females of this species from east to west, stating that
a transition zone of occasional female flights exists in eastern
Europe.

Although considerable speculation has centered on the
ecological potential of gypsy moths drawn from Asian vs.
European source populations (Wallner, 1993; Keena et al.,
2001), the ecological characteristics of the former have
been treated only via assumption of similarity to those of
the latter (Matsuki et al., 2001; Gevrey & Worner, 2006).
This study explores the ecological characteristics of Asian
gypsy moth populations in coarse-scale climatic and
topographic dimensions to identify a potential geographic
distributional area for the species. Specifically, we char-
acterize areas that share coarse-scale climatic and topo-
graphic characteristics with localities from which Asian
gypsy moth specimens have been collected. The specimen
localities on which we base our model are East Asian,
where female gypsy moths are reported to cover long-
distance flying (Baranchikov, 1989). Our characterization
is based on regional-scale locality data and the model we
build is projected onto the global scale. Therefore, it is
incomplete in that it does not ‘see’ finer-scale effects
(Soberón & Peterson, 2005), that might be detectable in a
study based at a higher scale of resolution. However, it is a
useful first step, particularly for such poorly known popu-
lations of such an economically important species.

 

Materials and methods

 

Occurrence data for Asian 

 

L. dispar

 

 populations were
accumulated from specimens housed in the natural history
collections listed in Acknowledgments. Specimens of this
species from East Asia are rare, but at least identifications
are relatively unambiguous. All data associated with each
specimen were noted and textual collection locality
descriptors later converted into geographic coordinates via
consultation of Internet gazetteers (Alexandria Digital
Library Gazetteer, http://middleware.alexandria.ucsb.edu/
client/gaz/adl/index.jsp and GEOnet Names Server, http://
gnswww.nga.mil/geonames/GNS/index.jsp), on-line
geographical indexes that provide latitude–longitude
coordinates for the locations they list. In total, 43 voucher
specimens for which geographic coordinates were available

were used to generate this model. These specimens are all
from East Asia, where flight in females is well documented
(Goldschmidt, 1934; Baranchikov, 1989; Koshio, 1996).
Specimens from western and central Asia were excluded, as
we were unable to assess whether they were equally capable
of flight as more eastern populations.

Digital raster GIS datasets used to describe ecological
landscapes included elevation, slope, aspect [from the US
Geological Survey’s Hydro-1K data set (USGS 2001),
native resolution 1 

 

×

 

 1 km], annual precipitation, annual
mean temperature, annual mean maximum monthly
temperature, annual mean minimum monthly temperature,
and solar radiation [for 1960–1990 from the Intergovern-
mental Panel on Climate Change (New et al., 1997), native
resolution 50 

 

×

 

 50 km]. Note that because compound
topographic index has not been developed for Australia in
the Hydro-1K data set, that continent is included in our
projections via an additional set of models developed
omitting that data layer. Data sets for training models to
characterize the Asian gypsy moth’s distribution in the
eastern portion of its native range (Schaefer et al., 1984;
Baranchikov, 1989) were developed based on East Asian
environments only, and tested for predictive accuracy.
Once models were validated, we projected model rule sets
to the entire world to visualize the global extent of the
Asian gypsy moth’s potential distribution. All data sets were
resampled to 0.1

 

°

 

 for analysis to match the approximate
resolution of occurrence data.

Our approach to ENM is based on the idea of ecological
niches defined as the set of conditions under which a species
is able to maintain populations without immigration
(Grinnell, 1917, 1924). Several avenues of research have
demonstrated widespread evolutionary conservatism in
niche characteristics, allowing accurate predictions of
invasive species’ potential distributions (Peterson, 2003).
Our approach consisted of three steps: (i) model ecological
niche requirements of the species based on known
occurrences on native distribution areas; (ii) test accuracy
of native-range predictions; and (iii) project niche model
onto other regions to identify areas putatively susceptible
to invasion. We used the Genetic Algorithm for Rule-set
Prediction (GARP) (Stockwell & Peters, 1999) for ENM
development. Genetic Algorithm for Rule-set Prediction
uses an evolutionary-computing genetic algorithm to search
for non-random associations between environmental
variables and known occurrences of species, as contrasted
with environmental characteristics across the overall study
area. Previous tests of the GARP approach have shown
successful predictions of distributional phenomena for
numerous taxa and regions, including many applications
to predicting the potential distributions of invasive species
(Peterson, 2003).

http://middleware.alexandria.ucsb.edu/client/gaz/adl/index.jsp
http://gnswww.nga.mil/geonames/GNS/index.jsp
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For testing the predictive accuracy of models, we split
available occurrence data for the Asian 

 

L. dispar

 

 popu-
lations by setting aside a random 50% of  latitude–longitude
pairs (Figure 1; these initial analyses were run twice – one
with subset 1 predicting subset 2, and vice versa). Within
the functioning of the GARP program, the occurrence
points to be used to train ENMs are resampled (with
replacement) once again to create a population of 1250
presence points; an equivalent number of points is resampled
from the population of grid squares (pixels) from which
the species has not been recorded. These 2500 points are
divided equally into training (for creating models) and
internal testing (for evaluating model quality) data sets.

Genetic Algorithm for Rule-set Prediction models
consist of sets of conditional rules developed through an
iterative process of rule selection, evaluation, testing, and
incorporation or rejection (all within the program’s
processing, and not subject to user options). First, a method
is chosen from a set of possibilities (e.g., logistic regression,
bioclimatic rules), and applied to the training data set.
Then, a rule is developed using a number of inferential
tools mimicking DNA evolution (point mutations,
deletions, crossing over, etc.) to maximize predictive accuracy.
Rule accuracy is evaluated via the testing data based on the
percentage of points correctly predicted as present or
absent by the rule. The change in predictive accuracy from
one iteration to the next is used to evaluate whether a par-
ticular rule should be incorporated into the final ruleset
(i.e., did accuracy increase or decrease?). The algorithm
runs either 1000 iterations or until addition of new rules
has no effect on predictive accuracy (‘convergence’; in this
case set at 1%; most models converge at 100–120 iterations,
so the maximum iteration parameter is never reached in
practice). The final ruleset, or ecological niche model, is
then projected onto digital maps to identify potential
geographic distribution, either over the native distribution
or worldwide. Spatial predictions of presence and absence

can include two types of error: omission (predicted
absence in areas of actual presence) and commission
(predicted presence in areas of actual absence; Fielding &
Bell, 1997).

Because GARP is a random-walk procedure, it does not
produce unique solutions; consequently, we followed
recently published best-practices approaches to identify an
optimal subset of resulting replicate models (Anderson
et al., 2003) for final testing and interpretation. In particular,
we developed 100 replicate models based on occurrence
data for eastern populations of 

 

L. dispar

 

; of these models,
we retained the 20 that showed the lowest omission error
rates. Then, we retained the 10 models with intermediate
commission error (i.e., we discarded the 10 models with
area predicted present showing greatest deviations from
the overall median area predicted present across all models).
This ‘best subset’ of models was summed to produce final
predictions of potential distributions in the form of grids
with values ranging from 0 (all models agree in predicting
absence) to 10 (all models agree in predicting presence).
Because this best-subsets procedure is based on independent
subsamples of available occurrence data, it is an effective
means of avoiding overfitting of models to occurrence
data – the evaluation with distinct subsamples enforces
generality in model predictive abilities.

Model predictions were tested initially by overlaying the
random 50% of occurrence points that had been set aside
prior to ENM development on the predictions developed.
At each threshold in the prediction (i.e., 1, 2, 3 . . . 10), we
calculated the proportional area predicted present and the
success in predicting the independent test data set. We then
used these two quantities to calculate cumulative binomial
probabilities that the observed degree of predictive success
would be achieved were predictions and test points to be
random with respect to one another (Anderson et al., 2002).
Once model predictions were validated, we combined all
available occurrence data, and developed final East Asian

Figure 1 Example of random subsetting of 
input data to provide a test of model 
predictivity on the native range of Asian 
Lymantria dispar – dotted circles indicate 
subset 1, and dotted triangles indicate 
subset 2. (A) Prediction developed using all 
occurrence data; (B) prediction based on 
subset 1, tested with subset 2; and (C) 
prediction based on subset 2, tested with 
subset 1. Darkest grey represents areas with 
complete agreement of 10 ‘best subsets’ of 
GARP models, lighter grey shows lower 
agreement, white areas were not predicted 
by our model.
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models to produce a worldwide picture of potential dis-
tributional areas.

 

Results

 

The ENMs developed based on the two random subsets of
available occurrence data for 

 

L. dispar

 

 in East Asia were
similar in their general predictions regarding the East
Asian range of these populations – a broad swath from
Japan and northeastern China south to southeastern
China (Figure 1). Coincidence of test occurrence points
that had been set aside prior to model development with
areas of predicted presence was very good – indeed, at all
thresholds for both sets of training and testing data, model
predictions were better than random expectations (all
P<0.05; Figure 2). Indeed in all cases but one, probabilities
of observing such close coincidence at random were very
low (P<0.0001). Given this statistical significance of ENM
predictive power for this species, we explored the broader
geographic implications, that is, the species’ global
potential distribution.

Projecting an all-Asian-data ENM globally (Figure 3),
we can develop yet another level of testing of consistency of
model predictions. Specifically, we can check to see if the
ecological profile of the Asian populations can predict the
geographic distribution of the much better known
European 

 

L. dispar

 

 populations, which would provide an
indication of ecological niche conservatism across the broad
distribution of this species. Our Asian model predictions
show good general concordance with earlier maps of the

European distribution of the species (Schedl, 1936; Giese
& Schneider, 1979), indicating that ecological characteristics
of the species are uniform between the eastern and western
portions of the species’ distributional area. The major
differences are that our predictions range somewhat
further into northern Europe and Asia Minor (i.e., UK,
Eire, Fennoscandia, Northern Russia, Northern Turkey)
than the known distribution of the European gypsy moth.
Giese & Schneider (1979) report that gypsy moths are
virtually extinct in Britain, and that individuals found in
Fennoscandia have been male immigrants. They were also

Figure 3 Worldwide projection of native-range ecological niche model of Asian Lymantria dispar, showing areas globally that fit the 
ecological niche profile of the species as characterized on its native range. Note that Australia is included based on a separate suite of models 
because the compound topographic index coverage is not available for that continent. Darkest grey represents areas with complete 
agreement of 10 ‘best subsets’ of GARP models, lighter grey shows lower agreement, white areas were not predicted by our model.

Figure 2 Summary of threshold-dependent binomial 
probabilities associated with each level of prediction in the two 
random-subset models of native range of  Asian Lymantria dispar 
shown in Figure 1.
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unable to corroborate the presence of the gypsy moth in
Northern Turkey, an area of strong prediction for us,
although 

 

L. dispar

 

 is considered to be widespread and
common in Turkey (Unal et al., 1998), and we found
several specimens from the region (Southern Turkey,
Levant, Caucasus) in museum collections. The global
projection of these models indicates broad invasive potential
for Asian gypsy moth populations – basically the entirety
of North and South Temperate zones.

 

Discussion

 

In this article, we analyze the scanty distributional
information that we were able to assemble regarding Asian
populations of  

 

L. dispar

 

 in the context of climatic variation
across Eurasia. These populations are poorly known and
poorly characterized, in spite of their potentially great
economic impacts. As such, if the natural history
differences that have been discussed (Giese & Schneider,
1979; Baranchikov, 1989; Keena, 1996; Koshio, 1996) are
real, then consequences of their introductions for natural
landscapes and silviculture on other continents could be
serious. The ENMs developed herein thus provide some
first bits of information regarding the distribution of these
populations and their invasive potential.

An interesting insight that emerged from our analyses is
that Asian and European 

 

L. dispar

 

 populations appear
generally to share ecological characteristics, and as such
the Asian-based ENM was able to predict the major
features of the geographic distribution of the European
populations. The extension of our predictions into the
areas mentioned above that are farther north than reported
distributions could be a consequence of slight ecological
differences that are coarse-scale manifestations of natural
history differences, such as broader range of host plants
(including conifers), more rapid growth, and greater ability
to disperse as a result of female flight (Giese & Schneider,
1979; Koshio, 1996). It is impossible to distinguish which,
if any, of these natural history differences translate into
differences in distributional potential, especially as we did
not include any of these factors in our perforce coarse-scale
model. It may be that Asian and European gypsy moth
populations have differentiated ecologically in these small
details; alternatively our model may be overpredicting into
suites of ecological conditions that are not actually usable
by Asian gypsy moths (AGMs). Overall, though, AGMs
and European gypsy moths (EGMs) appear to share the
major features of their coarse-scale ecological distributions.

The global potential distribution of the Asian 

 

L. dispar

 

populations is quite broad. Put very generally, these popu-
lations appear to have the potential to colonize almost all
temperate-zone areas, except for montane regions and

deserts. The behavioral and fine-scale ecological dif-
ferences between Asian and European 

 

L. dispar

 

 populations
(Geise & Schneider, 1979; Koshio, 1996) should then be of
some concern. Given more rapid maturation (Keena,
1996) and possibly better dispersal abilities (Baranchikov,
1989), were Asian 

 

L. dispar

 

 populations to colonize other
regions worldwide (e.g., North America), their control
may prove much more difficult.

More generally, this study demonstrates the anticipatory
capacity of the ENM tools we used. Poorly known species,
and species that have not seen detailed study, can be
impenetrable to physiologically based approaches to
forecasting distributional potential (Sutherst et al., 1999;
Porter et al., 2002), but niche modeling can approach the
challenge based only on occurrence information. Indeed,
even species that have not yet invaded can be evaluated as
to their invasive potential, and risks can thus be evaluated
proactively (Peterson, 2003). Although certainly not 100%
correct in its predictions, the ENM approach offers some
information where little or none was available before. This
predictive and proactive approach can be used on broad
scales to prioritize use of limited resources in control and
prevention of species’ invasions.
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