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Abstract We used five methods to estimate the rate
of spread of the winter moth, Operophtera brumata L.,
a European Lepidoptera, invading the northeastern
USA and occasionally hybridizing with the closely
related O. bruceata. These two species utilize the same
sex attractant and pheromone traps capture both
species. We estimated spread based on the ratio of
the two species captured in pheromone-baited traps.
Population boundaries were derived from captures in a
grid of traps and spread was estimated as 6.6 km/year
based on displacement of population boundaries
between 2005 and 2008. Radial spread rate was also
estimated as 6.9 km/year from the displacement of
boundaries using logistic regression of trap captures
along a single east–west transect of traps deployed
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yearly from 2007 to 2011. We also estimated the rate
of spread from the expansion of defoliation mapped
during aerial surveys. Based on the displacement of
defoliation boundaries from 2005 to 2008, spread rate
was estimated as 6.0 km/year. Based on the year of
first defoliation, spread was estimated as 4.8 km/year
and regression of the square-root of the cumulative
area/p versus time yielded an estimate of 4.7 km/year.
All five estimates were similar, and differences reflect
the nuances of the data from which they were derived.
We discuss here how the occasional hybridization
with O. bruceata may be either retarding or enhancing
O. brumata spread.
Keywords Forest defoliator  Hybridization 
Range expansion  Spatial spread models

Introduction
Predicting the future distribution of an invading
organism is often of critical importance in the
development of sound approaches to management of
that species once it is firmly established. Considerable
progress has been made in our understanding of the
population processes operating during invasion
spread, and these processes have been captured in
mechanistic models (Hastings et al. 2005; Hui et al.
2011). Nevertheless, the most reliable approach to
predicting future spread is usually based upon analysis
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of historical spread of the same organism (Liebhold
and Tobin 2008).
There has been limited exploration comparing
different methods for measurement of invasion spread
rates (Tobin et al. 2007; Gilbert and Liebhold 2010),
but these comparisons have not been comprehensive.
The various statistical methods of quantifying spread
rates each seem to have their own strengths and
weaknesses, and there remains a need to compare how
the various methods perform when applied to a variety
of different biological systems. It is also often possible
to monitor spread in several ways, with different
sampling methods targeting different population levels or life stages.
Some insight has been gained from comparisons of
different methods for measuring invasion spread of a
given population. Tobin et al. (2007) compared two
methods to measure the rate of spread of the gypsy
moth Lymantria dispar, and found no substantial
difference in estimates. Likewise, Evans and Gregoire
(2007) compared three regression techniques to derive
the rate of spread from empirical data on the spread of
hemlock woolly adelgid Adelges tsugae. These types
of comparisons also often yield insight into population
processes that are driving invasion spread. For example, some analyses of invasion spread have detected
the existence of isolated colonies ahead of the
advancing population front; this phenomenon, termed
‘‘stratified diffusion’’, has been shown to greatly
accelerate spread (Shigesada and Kawasaki 1997;
Gilbert et al. 2004). In other cases, analysis of
historical spread has been used to characterize how
heterogeneity in habitat influences spread (Sharov
et al. 1999; Morin et al. 2009).
Here we apply five methods of estimating the rate
of invasion spread by the winter moth, Operophtera
brumata L., a foliage-feeding species, native to
Europe, that has invaded eastern Massachusetts and
caused substantial forest defoliation over the past
several years (Elkinton et al. 2010). One of the
peculiarities of this invasion is that in the invaded
region, O. brumata has been found to hybridize, at
least occasionally, with the native congenor, Bruce
spanworm, O. bruceata Hulst. (Elkinton et al. 2010).
While it is possible to survey for invading O. brumata
populations using traps baited with the female sex
attractant, these traps also attract O. bruceata. In
uninvaded areas, traps only capture O. bruceata, while
traps in the invaded area capture only O. brumata (the
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native O. bruceata are grossly outnumbered). Bruce
spanworm is ubiquitous but nearly always remains at
low density, whereas winter moth is an outbreak
species, presumably because it has escaped many of
the natural enemies that regulate its densities in
Europe. Along the expanding population front, traps
capture both species, as well as hybrids (Elkinton et al.
2010).
While the cross-attraction of O. bruceata to the O.
brumata pheromone complicates the problem of
characterizing spread by this non-native species, the
native species may be facilitating O. brumata
invasion by relaxing the component Allee effect that
limits O. brumata population growth and establishment. Alternatively the low viability of hybrids may
impede invasion. We used the ratio of O. brumata to
O. bruceata in pheromone trap captures to characterize the expanding population boundary of O.
brumata. By comparing the displacement of these
boundaries over successive years, we were able to
estimate radial rates of spread. We also measured
spread using maps of defoliation as detected by aerial
surveys, a measure of O. brumata invasion that is
independent of O. bruceata but which only detects
populations that have grown to high densities.
Though boundaries detected using pheromone traps
characterize much earlier stages of O. brumata
invasion than do defoliation expansion boundaries,
we found that both expanded at comparable rates.

Methods
Estimation of spread from capture of moths
in pheromone traps
Populations of O. bruceata and O. brumata were
surveyed 2005–2011 in Massachusetts, New Hampshire, Rhode Island and Connecticut using pheromone-baited traps that attracted both species (Pivnick
et al. 1988). Traps were baited with a rubber septum
impregnated with 1,000 lg blend of 90 % (Z,Z,Z)1,3,6,9-nonadecatetraene (the pheromone) with 10 %
(E,Z,Z)-1,3,6,9-nonadecatetraene. The latter isomer
has been reported to inhibit captures of Bruce spanworm, (Underhill et al. 1987), but tests of various
concentrations of this isomer in combination with the
winter moth pheromone produced no evidence of this
effect (Elkinton et al. 2011). Synthesis of the
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pheromone is described in Khrimian et al. (2010).
Traps were deployed in late November and recovered
in late December or early January.
Trapped males were returned to the laboratory and
initial identification of male winter moths was based
on dissection of the male genitalia (Eidt et al. 1966;
Troubridge and Fitzpatrick 1993). To verify identification of individual captured males as either O.
brumata or O. bruceata, we also extracted DNA from
individual captured males and amplified the cytochrome oxidase subunit one (CO1) mitochondrial
gene (the barcoding region). Methods for DNA
extraction and amplification are described in Elkinton
et al. (2010). We also developed a restriction enzyme
test to distinguish between the amplified C01 PCR
product from each of the two species based on the COI
sequence (GenBank accession numbers GQ424954
and GQ424955). The expected fragments for the Sac I
enzyme digests for the winter moth samples (*241
and 453 bp) corresponded to the bands size showed in
Figure S1A. The Bruce spanworm barcoding sequence
does not have a Sac I enzyme site, therefore the bands
size are at *694 bp as an uncut PCR product. The
COI amplicons were digested with the Sac I enzyme
(New England Biolabs, #R0156L, Ipswich, MA). The
20 ll reaction mixture contained 2 ll of 10X Buffer
#1, 0.2 ll of 100X BSA, 0.5 ll Sac I (20U/ll), 5 ll of
PCR product and 12.3 ll of sterile dH2O. The enzyme
digest was performed at 37 °C for 1 h followed with
the 20 min enzyme deactivation at 65 °C.
Similarly, we developed a restriction enzyme test
for the amplified nuclear gene G6PD. Based on the
G6PD sequence (GenBank accession numbers
GQ429177 and GQ429178) expected fragments for
the Taq I enzyme digests for the Bruce spanworm
samples are at *179 and 54 bp, as the winter moth
does not have the enzyme site the bands size are at
*233 bp as an uncut PCR product. The F1 hybrid
samples, having DNA from both winter moth and
Bruce spanworm parents, are expected to have all
fragments with the size of 233, 179 and 54 bp. The
G6PD amplicons were digested with the Taq I (New
England Biolabs, # R0149L, Ipswich, MA). The 20 ll
reaction mixture contained 2 ll of 10X Buffer #4,
0.2 ll of 100X BSA, 0.5 ll Taq I (20U/ll), 5 ll of
PCR product and 12.3 ll of sterile dH2O. The reaction
was performed at 65 °C for 1 h followed with the
20 min enzyme deactivation at 80 °C. The digested

PCR products were resolved electrophoretically on 1.0
and 2.0–2.5 % agarose gels and visualized by ethidium bromide staining. Samples of these gels are
illustrated in Fig. S1B. As COI is a mitochondrial
gene, identifying the maternal line it is not sufficient to
identify hybrids between these two species. The G6PD
restriction enzyme assay demonstrated here is a
robust, efficient and less expensive method.
Two different trap deployment schemes were used
to measure spread. The first consisted of a network of
traps placed through most of MA, RI and CT.
PheroconÒ ICP sticky traps (Zoecon Corp. Palo Alto,
CA) were placed on an approximate 15 km grid in
2005 and 2008 (Fig. 1). As described above, captured
males were identified as either O. brumata, O.
bruceata or hybrids, and the proportion of captures
consisting of O. brumata was expressed for each trap.
These proportions were then spatially interpolated
across a 1 km grid using inverse distance interpolation
(power = 0.5, nearest 12 points interpolated) (Isaaks
and Srivastava 1989). The 50th percentile was
contoured and this boundary was generalized
(smoothed) by buffering out 50 km and then buffering
back 50 km. Distances between the 2005 and 2008
generalized boundaries were computed along each of
58 radii generated at 1° intervals and emanating from
Boston (42.370326 N, 71.055527 W), which was used
as a reference point. Mean boundary displacement was
calculated as the distance between the 2005 and 2008
boundaries averaged over all radii. The standard error
of the estimated displacement was similarly computed
as the standard error of the mean of the individual
displacments. These calculations were computed
using the ArcGIS 9.1 software (ESRI, Redlands,
CA). This method is similar in concept to the boundary
displacement method described by Sharov et al.
(1995).
The second system for measuring spread from trap
captures consisted of an east–west transect of traps.
From 2007 to 2011 high capacity ‘‘Unitraps’’ (Great
Lakes IPM, Vestaburg, MI) were spaced approximately every 5 km along a highway running across
central Massachusetts. These traps provided more fine
scale measurement of spread than in the 2005/2008
trap grid described above. Trap capture data from each
year were used to model proportion O. brumata as a
function of distance from the reference point (Boston)
using logistic regression:
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Fig. 1 Proportion of trap
captures comprised of O.
brumata in a grid of
pheromone traps deployed
in (a) 2005 and (b) 2008.
Generalized boundaries are
shown for 50 % O. brumata
in pheromone traps and for
cumulative defoliation in
each year (derived from
annual defoliation shown in
Fig. 2)

pð xÞ ¼

eaþbx
1 þ eaþbx

ð1Þ

where p(x) is the probability that a trapped male at
distance x was a winter moth (1 - p(i) would be the
probability that it was a Bruce spanworm). Hybrids
were scored as 1/2 of a winter moth. The parameters
a and b were the intercept and slope estimated from
logistic regression (SAS 9.2, Proc Logistic SAS 2009).
Distance, x, was expressed as the distance from Boston.
Using the logistic model parameters estimated from
the trap data from each year, we calculated the
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distance at which there is an exact probability of 0.5
that a trapped male was a winter moth. Based on Eq.
(1), it can be shown that the value of x such that
p(x) = 0.5 can be calculated:
x0 ¼ 

a
b

ð2Þ

Inter-annual spread was calculated as difference
between distances in successive years,
x0n  x0n1

ð3Þ
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Fig. 2 Winter moth
defoliation polygons from
2004 to 2011 compiled from
annual aerial surveys

Estimation of spread from aerial defoliation surveys
From 2004–2011, personnel from the Massachusetts
Department of Conservation and Recreation and
Rhode Island Department of Environmental Management conducted annual aerial surveys in June when
winter moth defoliation is at peak levels. Surveyors
sketched the location of defoliation onto topographic
maps (Ciesla 2000) and these were digitized as GIS

polygons (Fig. 2). Ground survey crews checked each
defoliated site to verify that winter moth was the cause
of the defoliation. The resulting area-wide defoliation
was digitized as polygons of visible (*30 %) defoliation. We rasterized annual defoliation polygons onto
5 km grids; a cell was coded as 1 if any defoliation fell
within it and otherwise was coded as zero.
Three methods were used to compute radial spread
rates from historical defoliation data. In the first
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Table 1 Mean distance of 2005 and 2008 boundaries (calculated from trap captures and defoliation from the Boston reference point and the resulting estimated rate of spread)
Pheromone
traps

Defoliation

Estimated 2005 boundary (km)

47.2 (1.5)

5.2 (0.8)

Estimated 2008 boundary (km)

67.1 (2.3)

23.3 (0.5)

Estimated annual rate of spread
(km/year)

6.6 (0.5)

6.0 (0.1)

Values are in km and numbers in parentheses are standard
errors of the mean

method, we computed the first year that defoliation
occurred in each 5 km grid cell. Radial spread rate was
then estimated as the slope of the linear model of the
distance of each cell from the reference point (Boston)
as a function of year of first defoliation; this is the
‘‘distance regression’’ method described by Gilbert
and Liebhold (2010).
The second method was based on the rate of
increase in the square-root of cumulative area occupied (Gilbert and Liebhold 2010). In this case,
cumulative area defoliated/p was calculated each year
from 2004 to 2001 and regressed against year. The
slope of the regression equation was used as the
estimate of radial spread rate.
The third method used to estimate radial rate of
spread was based on the quantification of displacement of annual cumulative defoliation boundaries.
Annual generalized boundaries were derived by
buffering cumulative defoliation out by 100 km and
then back by 100 km. As described for the pheromone
trap boundaries above, boundary displacement was
estimated as the mean of the distance between
boundaries long 1° radii emanating from Boston,
which was used as a reference point.

Results
Comparison of trap captures across the grid in 2005
and 2008 indicates a general westward expansion
(Fig. 1). Average displacement of generalized trap
capture boundaries from 2005 to 2008 was 19.9 km,
which equates to an annual rate of spread of 6.6 km/
year (±0.5) (Fig. 1, Table 1).
Proportions of annual trap captures comprised of O.
brumata across the east–west transect from 2005 to
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Fig. 3 a Location of pheromone traps deployed annually along
an east–west transect in central Massachusetts. b–f Proportion
of trap captures comprised of O. brumata, O. bruceata and
hybrids in traps each year. Background grid cells are located on
10’ intervals for reference

2011 are shown in Figs. 3 and 4. Estimates of spread
were positive 2007–2008 and 2008–2009 but negative
2009–2010 (Table 1). The average spread rate over
the four pairs of successive years was 6.9 (±6.8) km/
year. Of 667 moths recovered and identified from the
transect from 2007 to 2011 in traps where both species
were present, 32 or 4.8 % were hybrids as indicated by
the occurrence of double bands in the Taq1 gels of the
amplified G6PD gene (Fig. S1B). It is important to
note that this method detects F1 hybrids and not
necessarily backcrosses. This rate of hybridization
was higher than that reported among all captured
moths in Elkinton et al. (2010).
Generalized boundaries of expanding winter moth
defoliation are shown in Fig. 1. Between 2005 and
2008, cumulative defoliation expanded in all directions, though it appeared to be strongest in the
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Fig. 4 Plot of the annual proportion of trap captures comprised
of O. brumata in each year versus distance to the reference point
(Boston). Solid lines are logistic model fit to annual data. See
Fig. 3 for the location of sample points

southern direction. Boundary displacement between
cumulative defoliation in 2005 and 2008 averaged 6.0
(±0.1) km/year (Table 1).
Figure 5a is a plot of distance (of each 5 9 5 km
cell—see Figure S2) from the reference point (Boston)
versus year of first defoliation (2004–2011). The slope
of the regression was estimated as 4.8 (±0.7) km/year
and provides an estimate of radial rate of spread.
Figure 5b is a plot of the square root of the annual
cumulative defoliated area/p plotted versus year and
the slope of the regression equation, 4.7 (±0.3) km/
year, also provides an estimate of radial rate of spread.

Fig. 5 a Plot of distance (of each 5 9 5 km cell—see Figure
S3) from the reference point (Boston) versus year of first
defoliation (2004–2011). The slope of the regression was
estimated as 4.8 km/year (SEM = 0.7) and provides an estimate
of radial rate of spread. b Plot of the square root of the annual
cumulative defoliated area plotted versus year and the slope of
the regression equation 8.3 km/year, (SEM = 0.5), also provides an estimate of radial rate of spread

Discussion
The winter moth has previously invaded North
America, both in Nova Scotia, Canada, in the 1930’s
(Embree 1965, 1991) and in the Pacific Northwest in
the 1970s (Roland 1986). Populations at both of these
sites built to defoliating levels prior to their successful
control via the introduction of tachinid parasitoid,
Cyzenis albicans (Fallen), from Europe (Embree
1966; Roland 1986; Roland and Embree 1995). Winter
moth populations were first detected in Massachusetts
following the discovery of localized forest defoliation
near Boston in 2002 (Elkinton et al. 2010).
Analysis of both pheromone trap catch data (Fig. 1)
and defoliation survey maps (Fig. 2) indicates that in
subsequent years, the species and its defoliation have
both spread from the approximate epicenter of Boston.

While there is no indication that the spread of the
winter moth or its eruptions to defoliating levels have
subsided, C. albicans has been successfully established and there is hope that this parasitoid will
ultimately regulate populations below defoliation
levels (Elkinton et al. unpublished).
Gilbert and Liebhold (2010) found that the various
methods of spread rate estimation tend to yield similar
values, but there may be small biases in estimates,
depending on the amount and nature of the data that
they are derived from. While the five estimates of
radial spread estimated here are all quite similar, there
are several reasons that may explain why the estimates
differ slightly. First, the data that they are derived
from differ slightly in their temporal and spatial
extent. For example, the boundary displacement of the
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Table 2 Estimates of rate of spread by logistic regression (SAS 9.3 Proc Logistic) of winter moths in pheromone traps deployed
along Route 2 in central Massachusetts 2007–2011
Year

2007

Intercept

11.96

2.81

3.80

3.82

3.02

b

-0.36

-0.07

-0.06

-0.08

-0.05

X (p = 0.5)

33.55

39.59

60.18

48.60

61.26

6.04

20.59

-11.58

12.66

Spread rate (km/year)

2008

2009

2010

2011

Mean (SE)

6.93 (6.83)

Hybrids are treated as 1/2 a winter moth

pheromone trap grid was based only on data from 2005
to 2008 while the boundary displacement of the
transect data was based on data collected from 2007 to
2011. The pheromone trap data were collected across a
large area in MA, RI and CT, whereas the transect data
were limited to a smaller area in central MA.
The pheromone trap data and the defoliation data
sampled very different O. brumata population levels.
Boundaries derived from pheromone traps correspond
to levels where O. brumata represented 50 % of trap
captures and thus represent the very distal portion of
the advancing invasion front. In contrast, defoliation
mapped and analyzed here only occurs once O.
brumata populations have been established in an area
and have grown to high densities. Thus, the boundaries
derived from defoliation will invariably lag (in space
and time) the boundaries derived from trap captures
(Fig. 1).
Gilbert and Liebhold (2010) noted that radial
spread rates estimated using the square-root area
method can be substantially biased by irregularities in
the habitat being invaded. In the case of the current O.
brumata invasion studied here, the habitat is greatly
truncated by the Atlantic Ocean (Fig. 1), which
prevents this species from spreading outward in all
directions as would be assumed by the square-root
area method. Despite the existence of this possible
source of bias, spread rate estimates derived from
applying the square-root area method to the defoliation data were quite similar to the estimates derived
from the distance regression method based on the
same data.
Analysis of the pheromone trap transect data
indicated the existence of considerable year-to-year
variation in spread rate (Table 2). The availability of
only four estimates of spread between successive years
from these data limits our ability to draw any
conclusions about the cause of this variability.
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However, spread was observed over a larger
number of years (8) from historical defoliation data
(Figs. 2, 5).
The spread of winter moth analyzed here shows
some resemblance to the early spread of gypsy moth,
Lymantria dispar, which took nearly 50 years to
spread across Massachusetts following its introduction
near Boston MA in 1868 (Liebhold et al. 1992). These
rates of spread are slow compared with many insect
species (Liebhold and Tobin 2008; see Table 2
therein). Both species have flightless adult females
and rely on windborne larval dispersal and inadvertent
human transport for spread. In the case of gypsy moth,
the first outbreaks in Massachusetts occurred 12 years
after it was first introduced in 1868 (Liebhold and
Tobin 2006), and the current distribution of winter
moth resembles that of gypsy moth in approximately
1915, which was 37 years after it was introduced to
Massachusetts (Burgess and Crossman 1929). Sharov
et al. (1996) found that the wave of expanding gypsy
moth defoliation generally lagged 50–100 km behind
boundaries of expanding non-zero trap captures, and
this corresponded to an approximately 5–10 year lag
between the time of first trap capture and first
defoliation. Data in Table 1 indicate a ca. 45 km
spatial lag between the advancing front of first winter
moth trap capture and defoliation. Assuming an
average spread rate of *6 km/year, this would
translate into a *7–8 year lag between first trap
capture and first defoliation.
For most species, invasion spread may be greatly
limited by Allee effects which limit the population
growth of low densities that are typical at expanding
population fronts (Lewis and Kareiva 1993; Taylor
and Hastings 2005; Liebhold and Tobin 2008). Such
Allee effects often arise in sexually reproducing
insects as a result of the difficulty of individuals
finding mates in the very low densities at the leading
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edge of an invasion front (Liebhold and Tobin 2008).
However, in winter moths this process is complicated
by the presence of the congeneric Bruce spanworm.
Winter moth females that exist at the edge of the
advancing front may encounter more Bruce spanworm
males than those of their own species. Mating with
these males may reduce their chances of subsequently
mating with their own species. Whether or not this
process reduces or enhances the probability that such
moths will produce offspring depends on the viability
of hybrid offspring balanced against the probability
that otherwise these moths will go unmated. The fact
that we recovered at least F1 hybrid adults in our
pheromone trap survey shows that hybrids are viable,
but their low proportion (4.8 %) suggests that they are
not as viable as non-hybrid moths. We are currently
investigating the viability of hybrids in laboratory
experiments. Previous trapping studies of winter moth
and Bruce spanworm in western Canada (Pivnick et al.
1988) detected hybrids between the two species based
on intermediate male genitalia. In previous laboratory
studies, Smith and Ring (unpublished, cited in
Underhill et al. 1987) bred winter moth females with
Bruce spanworm males in cages and produced viable
progeny to the F2 generation. The presence of hybrids
in our results also indicates that gene flow between the
two species is a real possibility. Traits such as the cold
hardiness of Bruce spanworm could conceivably pass
into the winter moth population.
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