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The European winter moth, Operophtera brumata L. (Lepidoptera: Geometridae), was accidentally introduced
to North America on at least 4 separate occasions, where it has been hybridizing with the native Bruce span-
worm, O. bruceata Hulst, at rates up to 10% per year. Both species are known to respond to the same sex
pheromones and to produce viable offspring, but whether they differ in the seasonal timing of their mating
flights is unknown. Therefore, we collected adult male moths weekly along 2 transects in the northeastern
United States and genotyped individuals using polymorphic microsatellite markers as males of these 2 species
cannot be differentiated morphologically. Along each transect, we then estimated the cumulative proportions
(i.e., the number of individuals out of the total collected) of each species on each calendar day. Our results
indicate that there are significant differences between the species regarding their seasonal timing of flight,
and these allochronic differences likely are acting to promote reproductive isolation between these 2 species.
Lastly, our results suggest that the later flight observed by winter moth compared to Bruce spanworm may be
limiting its inland spread in the northeastern United States because of increased exposure to extreme winter
events.
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Introduction process known as hybridization to extinction (Hinton 1975, Levin
et al. 1996, Rhymer and Simberloff 1996, Wolf et al. 2001, Prentis
et al. 2007, Todesco et al. 2016, Zemanova et al. 2017), wherein na-
tive species can either be lost to extinction or to a “hybrid swarm”

The introduction of non-native invasive species into naive habitats
has the potential to result in catastrophic changes in ecosystem func-
tion and resilience (Mack et al. 2000), and can result in the reductions
or even extinctions of native species (Brockerhoff et al. 2006, Murrell
etal. 2011, Gallien and Carboni 2017). Studying invasion events can
provide important opportunities to observe evolutionary and eco-
logical processes (Alpert 2006, Prentis et al. 2008, Ward et al. 2008,
Jones and Gomulkiewicz 2012), and these have long been viewed as
“natural laboratories” (Herder et al. 2012, Paillex et al. 2017, Diaz-
Puente et al. 2020, Ejsmont-Karabin et al. 2020, Valencia-Montoya
et al. 2020). One way in which species invasions can alter evolu-
tionary trajectories and ecological interactions is through hybridiza-
tion (Havill et al. 2012, Zemanova et al. 2017, Correa et al. 2019,
Cordeiro et al. 2020, Popovic et al. 2021, Andersen et al. 2022). Of
particular interest has been the role of invasive species in driving a

(Allendorf et al. 2001). Conservation managers have been primarily
focused on the role of hybridization in driving the loss of native
biodiversity and disrupting ecosystem function, but it has recently
been suggested that hybridization events can also limit the spread or
even drive the local extinction of the invasive species (Andersen et
al. 2022). As such, hybridization could present a form of biotic re-
sistance for the native communities (sensu Levine et al. 2004, Alpert
2006, Gallien and Carboni 2017).

This type of “biotic resistance” could very well be promoted via
the reinforcement concept of sympatric speciation (Fisher 1930,
Dobzhansky 1940, Spencer et al. 1986, Butlin 1987, Liou and
Price 1994, Servedio and Noor 2003). Under reinforcement theory,
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pre- and postzygotic barriers to geneflow establish or maintain spe-
cies identities through processes such as physical incompatibilities,
hybrid infertility, and reduced hybrid fitness (Servedio and Noor
2003). In their excellent review, Servedio and Noor (2003) note that
reinforcement has been demonstrated empirically and theoretically
in numerous systems (for recent examples see Groh and Cronk 2020,
O’Brien et al. 2021, Punzalan et al. 2021, Teixeira et al. 2021), but
note that there is a lack of temporal studies that examine reinforce-
ment over multiple generations (but see Pfennig and Simovich 2002,
Pfennig et al. 2016). In addition, there have been few studies that
have examined reinforcement in the context of species invasions
(but see Irimia et al. 2021, (Sirkia et al. 2018) though it has been
discussed in a biological control context (see Fischer et al. 2015),
which in many regards is very similar to a species invasion context
(Schulz et al. 2021).

The invasion of the northeastern United States by the European
winter moth, Operophtera brumata L. (Lepidoptera: Geometridae)
presents an excellent opportunity to study ecological and evolu-
tionary changes associated with the real-time formation of a hybrid
zone, including the factors that establish or promote reinforcement
of reproductive isolation. For over ten years, this system has been
studied in an effort to understand the ecological effects of this de-
structive tree defoliator and to implement a successful biological
control program (Elkinton et al. 2010, 2011, 2014, 2015, 2021).
Early in those studies, it was noted that winter moth was hybridizing
with a native congener, the Bruce spanworm, O. bruceata Hulst
(Elkinton et al. 2010, 2014). Subsequently, it was determined that
multiple generations of hybrids (i.e., F,, F,, and backcrosses) could
be detected in the field (Havill et al. 2017), and that the hybrid zone
was clinal in nature persisting under a tension model (Andersen et
al. 2022). Tension hybrid zones are predicted to be formed when
dispersal is limited, when there are large differences in the relative
abundances of the 2 hybridizing species, and when hybrid individuals
have reduced fitness (Gay et al. 2008)—the latter being a factor that
is also predicted to promote reinforcement.

Several pre-zygotic barriers to hybridization may exist in this
system. For example, morphological differences in the genitalia of
winter moth and Bruce spanworm have long been known (Troubridge
and Fitzpatrick 1993, Elkinton et al. 2010, Griffin et al. 2020), and
it is possible that these differences could promote reinforcement if
they deter mating (i.e., “lock-and-key” incompatibilities), and/or if
outcrossing results in physical damage to the genitalia. Outcrossing
could further reduce an individual’s fitness if it results in increased
exposure to predators, increased expenditure of limited energy
stores, or if outcrossing results in mistaken cues for successful mating
(Servedio and Noor 2003). While hybrid individuals are commonly
observed in the winter moth x Bruce spanworm system (Andersen et
al. 2019), laboratory experiments have found that females of both
species produce fewer viable eggs when outcrossed compared to
females mated with males of their same species (Havill et al. 2017),
indicating that outcrossing has a negative fitness cost.

An additional pre-zygotic barrier to hybridization that might
exists in this system is allochronic differences in the timing of mating
flights. Species of insects can develop different timings for mating
activities as a result of reinforcement (Cardé and Baker 1984), and
these differences can be both related to the timing of the day (i.e.,
diel) and/or to differences in time of year (i.e., seasonal). Rapid
changes in both diel (Fergus et al. 2011) and seasonal (Scriber and
Ording 20085, Santos et al. 2007) timing can occur as a result of re-
inforcement, and therefore allochronic partitioning might be present
(or could develop) in the winter moth x Bruce spanworm system.
In regard to potential seasonal differences, both species are known

to be active in the winter months, though the exact timing of these
flights for each species in North America have yet to be recorded.
To document whether there are seasonal differences in the timing
of flight between these 2 species, we collected male moths weekly or
bi-weekly along 2 transects throughout the suspected seasonal flight
windows of both winter moth and Bruce spanworm in the north-
eastern United States. We then estimated cumulative emergence data,
and fit generalized linear models to determine whether there are
differences in flight time between the species, transects, and across
years of study in Massachusetts and Connecticut, and compare these
results to weather data from each collection year to gain insights into
factors that could prematurely terminate flight.

Materials and Methods

Collection and Genotyping Moths

Collection and genotyping methods for all samples included in this
study were reported in Andersen et al. (2022), and are summarized
here. Briefly, adult male moths of both species were collected using
pheromone-baited lures (Great Lakes IPM, Vestaburg, MI) placed
within plastic bucket traps (Gempler’s Inc., Janesville, WI) that each
contained an insecticide strip following the procedure presented in
Elkinton et al. (2010, 2011). Previously, we established 2 transects
that span the winter moth x Bruce spanworm hybrid zone in the
northeastern United States: 1 in Massachusetts along Route 2 and 1
in Connecticut along Route 1 (Fig. 1). At each site, trapping began
at the end of October and concluded in the beginning of January
(incorporating the period in which we have previously observed flight
in the region). Along the Massachusetts transect, we sampled traps
weekly in 2017 and bi-weekly in 2018, while along the Connecticut
transect, we sampled traps weekly in 2016, 2017, and 2018. The
number of moths collected at each trap is presented in Table 1, and
complete collection information including the number of moths per
collection event is provided in Supplementary Table S1.

During each collection event, all adult male moths were removed
from the traps, the total number of moths was recorded, and the
moths were transferred into glassine envelopes (Uline Inc., Pleasant
Prairie, WI) before being stored at -80°C for subsequent molec-
ular analyses. As morphological-based approaches are incapable
of distinguishing our focal species (Griffin et al. 2020), to classify
individual male moths as either winter moth, Bruce spanworm,
or hybrids, up to 20 individuals from each collection event were
haphazardly selected and total genomic DNA was extracted using
the EZNA Tissue DNA extraction kit (Omega Bio-Tek; Norcross,
GA). Prior to extraction, the wings and uncus of each moth were
removed and saved as vouchers, and the remaining body contents
were homogenized. Eleven polymorphic microsatellites were then
amplified using the protocols presented in Havill et al. (2017).
PCR products were genotyped at the DNA Analysis Facility on
Science Hill at Yale University, and alleles were scored using the
microsatellite plugin in GENEIOUS v. R11 (https://www.geneious.
com). The microsatellite genotype scores were then used to estimate
the probability of assignment (Z) of each moth as either a pure Bruce
spanworm, a pure winter moth, or a hybrid (either as an F , F,, or
a backcross) using the Bayesian-assignment program NEwHYBRIDS
v 1.1 b3 (Anderson and Thompson 2002, Anderson 2008). In an
effort to reduce assignment errors due to the possibility that indi-
vidual moths from 1 yr could be the parents of moths collected in the
subsequent year (which could influence the assignment estimates), a
separate dataset for each year and for each transect was analyzed
independently 4 times using uniform priors, random starting seeds,
burn-in periods of 100,000 generations, a post-burn-in runtime of
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Fig. 1. Locations of the Massachusetts transect (top) and the Connecticut transect (bottom left), in relation to the northeastern United States (bottom right).
The sizes of individual traps are drawn proportional to the average number of winter moth (blue), Bruce spanworm (orange), and hybrid (yellow) individuals

collected at that location across study years.

1,000,000 generations, and the assignment scores from each run
were then averaged.

Estimating Differences in Seasonal Timing of Flight

All analyses of seasonal timing were performed in R v. 4.2.1 (R Core
Team 2022). For each collection event, the total number of moths
collected in each trap was multiplied by the proportion of moths
classified to each species category (i.e., as either Bruce spanworm,
winter moth, or hybrids) based on the microsatellite genotyping
results to estimate the total number of individuals of each species-
class present during each collection event. The dataset was then
subdivided by year, transect, and species, and filtered so that only
traps with 210 moths of a species-transect-year combination were
included. We removed traps with a total trap catch of <10 moths
for a focal species due to concerns that the proportional analyses
would be highly influenced by stochasticity associated with small
sample sizes. For each species at each collection event, the cumula-
tive proportion of moths was calculated by summing the estimated
number of that species collected during the collection event and
all previous collection events and dividing it by the total estimated
number at that trap for the entire season. Differences in cumula-
tive proportions were examined globally across all years within a
transect using generalized linear models (glm) via binomial logistic

regression with a quasi-binomial fit and a logit-link function to
account for the proportional nature of the datasets, with cumula-
tive proportion as the response variable and species and calendar
days (and their interaction) as well as year as fixed effects. Note:
as the flight window for our focal species runs from October of
1 yr into January of the next year, calendar dates were modified
so that collection events occurring after January 1st had 365 days
added to them. For example, a collection that occurred on January
10th would be reported as occurring on day 375. Post-hoc analyses
were then performed for each species-year combination within a
transect using the same glm approach above with proportion of
adults as the response variable and with only calendar days as a
fixed effect and were used to estimate the average dates for 3 flight
categories: initiation, peak, and the tail-end (i.e., the dates at which
10%, 50%, and 90% of the population had flown, respectively)
using the “dose.p” function in the package “MASS”. Differences
between years and species were then compared based on estimates
of 95% confidence intervals for each of the categories above.

Environmental Variables Associated With Seasonal
Timing of Flight

To explore whether flight for either species might be terminated by
the onset of subzero temperatures (O’Donnell and Groden 2017)
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Table 1. (a) Seasonal totals for Bruce spanworm, winter moth, and hybrid individuals collected from traps along the Massachusetts Route
2 transect. (b) Seasonal totals for Bruce spanworm, winter moth, and hybrid individuals collected from traps along the Connecticut Route
2 transect

Bruce spanworm Winter moth Hybrids

Trap 2016 2017 2018 2016 2017 2018 2016 2017 2018
(a)

TO0O 495 90 0 0 0 0
TO1A 258 37 0 0 0 0
TO1B 180 38 1 0 0 0
TOo1C 400 41 2 0 0 0
TO1D 811 234 0 0 0 0
TJB 337 52 0 0 0 0
TO2A 236 51 0 0 0 0
TO2B 617 19 0 0 0 0
T02C 171 29 0 0 0 0
T02D 157 95 0 0 0 0
TO3 54 11 0 0 0 0
TO3A 160 15 0 0 0 0
TO3B 159 61 0 0 0 0
T04 91 50 0 0 2 0
TO04A 174 31 4 1 0 0
T04B 95 42 1 0 0 1
TOS 153 51 2 2 12 3
TOSB 72 13 3 0 0 0
T06 371 39 1 1 3 0
T07 108 32 97 51 21 2
TO8 19 3 10 1 1
T09 24 26 119 38 16 1
T10 3 4 210 69 7 3
T11 6 1 172 96 6 0
T13 16 3 49 16 6 3
T14 49 54 65 40 37 13
T15 70 29 60 17 57 12
T16 41 15 21 12 10 2
T17 11 3 165 49 15 1
T18 3 10 544 404 27 4
T19 4 7 401 164 1 0
T20 0 0 238 313 0 0
(b)

CTO01 227 197 83 0 0 0 0 0 0
CT02 79 115 33 1 0 0 0 0 0
CT03 197 202 64 1 0 0 0 0 0
CT04 127 142 101 N 6 0 0 14 2
CT0S5 87 0 7 11 0 0 0 0 0
CTO6 65 124 89 5 0 0 0 7 0
CTO07 266 358 0 0 0 0 0 N 0
CT08 80 327 206 3 8 0 0 7 0
CTO09 57 9 167 4 14 0 1 2 4
CT10 425 278 152 24 10 6 39 112 8
CT11 343 167 58 0 3 0 26 15 4
CT12 131 69 46 129 58 20 14 20 7
CT13 92 73 44 136 201 178 29 21 20
CT14 21 16 6 215 202 278 25 12 0
CT15 42 6 5 563 715 1062 43 18 5
CT16 129 99 42 389 965 898 90 102 13
CT17 0 14 0 2532 2387 0 23 23 0
CT18 0 0 0 3529 1518 837 23 29 0
CT19 0 19 1 1432 2398 2169 14 0 0

or heavy snow fall (Peterson and Nilssen 1998) we obtained daily Results

maximum temperature (tmax) and daily snow water equivalent . .
b ( ) Y q Collection and Genotyping Moths

(swe) and data for each trap location from 1 January 2016 through ) i )
Genotypes obtained in Andersen et al. (2022) from 32 locations

28 February 2019 using the DayMet “single pixel extraction tool” ) ) ] ) )
(Thornton et al. 2020) in Massachusetts and 19 locations in Connecticut, totaling 6,138
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Fig. 2. Cumulative proportion charts representing the timing of flight (calendar day) along the Massachusetts transect in 2017 (top) and 2018 (bottom) for winter

moth (blue) and Bruce spanworm (red).

individual moths were used to calculate the overall abundance for
each species at each trap. Genotype success was quite high across
sampled years, and while not reported in Andersen et al. (2022), on
average 10.48 loci = 0.02 (out of a possible 11) were included to es-
timate species status for each individual. The total estimates for the
abundance of each species in Massachusetts are presented in Table
1a and for Connecticut in Table 1b. Because of the dramatic decrease
in the number of locations from which >10 hybrid individuals were
collected across both transects in 2018 ("Table 1a and b), we did not
directly estimate the timing of flight for hybrids, though we hope to
do so in future studies.

Estimating Differences in the Seasonal Timing of

Flight

Analyses based on data from the Massachusetts transect indicated
that there were significant differences in the timing of flight between
winter moth and Bruce spanworm (SS = 5.59, df = 1, P < 0.0001),
with calendar dates (SS = 50.18, df = 1, P < 0.0001), year (SS =
1.14, df = 1, P < 0.0001), and the interaction between species and
date (SS = 0.03, df = 1, P = 0.0079) all being significant predictors
for cumulative proportions. Results are presented graphically in Fig.
2, and estimates for the timing of each flight stage for each species
and year are presented in Table 2. Post-hoc analyses indicated that
in both survey years there were significant differences in the timings
of all flight categories between winter moth and Bruce spanworm

based on non-overlapping 95% confidence intervals. Analyses based
on data from the Connecticut transect indicated that there were sig-
nificant differences in the timing of flight between winter moth and
Bruce spanworm (SS = 1.85, df = 1, P < 0.0001), with calendar dates
(SS=74.24,df =1, P < 0.0001), year (SS = 4.06,df =2, P < 0.0001),
and the interaction between species and date (SS = 0.06,df = 1, P <
0.0001) all being significant predictors for cumulative proportions.
Results are presented graphically in Fig. 3, and estimates for the
timing of each flight stage for each species and year are presented in
Table 2. Post-hoc analyses indicated that in both survey years there
were significant differences in the timings of all flight categories be-
tween winter moth and Bruce spanworm based on non-overlapping
95% confidence intervals.

Environmental Variables Associated With Seasonal
Timing of Flight

Daily maximum temperatures (tmax) and snow water equiva-
lent (swe) values for the Massachusetts transect are presented
in Supplementary Fig. S3 and for the Connecticut transect in
Supplementary Fig. S4.

Discussion

Here we explored allochronic differences in the seasonal timing of
flight for 2 hybridizing species, 1 native to North America (the Bruce
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Table 2. Comparisons of the seasonal timing of flight along the Massachusetts (MA) and Connecticut (CT) transects for populations of
winter moth and Bruce spanworm. The average calendar date, along with 95% confidence intervals, are presented for 3 flight categories
including the initiation of flight (i.e., the point at which 10% of the population had flown), peak flight (i.e., the point at which 50% of the
population had flow), and the tail end of flight (i.e., the point at which 90% of the population had flow)

Massachusetts Connecticut
Year Initiation (0.1) Peak (0.5) Tail (0.9) Initiation (0.1) Peak (0.5) Tail (0.9)

Winter moth 2016 — — — 332.73 339.27 345.82
— — — (331.65,333.80)  (338.60,339.95)  (344.73,346.91)

2017 326.2 334.16 342.11 332.64 344.36 356.08
(324.22,328.18)  (332.95,335.38)  (340.17,344.05) (330.82,334.47)  (343.26,345.47)  (354.24,357.92)

2018 336.34 348.54 360.68 337.35 350.67 363.99
(332.99,339.69)  (346.31,350.77)  (356.58,364.78)  (334.86,339.85)  (349.00,352.38)  (360.25,367.74)

Bruce spanworm 2016 — — — 329.39 336.1 342.82
— — — (328.50,330.27)  (335.57,336.64)  (341.94,343.70)

2017 314.71 324.18 333.65 328.21 336.01 343.82
(313.75,315.67)  (323.57,324.79)  (332.63,334.67)  (327.02,329.40)  (335.30,336.72)  (342.75,344.88)

2018 311.24 325.33 339.41 330.04 339.55 349.06

(308.12, 314.36)

(323.72, 326.94)

(336.88, 341.94)

(328.74, 331.34)

(338.81, 340.29)

(347.82, 350.30)
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Fig. 3. Cumulative proportion charts representing the timing of flight (calendar day) along the Connecticut transect in 2016 (top), 2017 (middle), and 2018 (bottom)

for winter moth (blue) and Bruce spanworm (red).

spanworm) and 1 invasive from Europe (the winter moth). Given
the extensive documentation of hybridization in this system, it is
not surprising that we found that the seasonal timing of flight for

both species broadly overlap (Fig. 4). However, despite this overlap
we found significant differences in the timing of all observed flight
stages, with winter moth flight stages occurring on average 17 days
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Fig. 4. Summary of flight stage timing for Bruce spanworm (light gray) and winter moth (dark gray) along the Massachusetts (top) and Connecticut (bottom)
transects for each year of study. Boxes are drawn so the left border represents the average values for initiation of flight, the middle line represents the average
values for peak flight, and the right border represents the average values for the tail-end of flight as perTable 2.

later than those for Bruce spanworm in Massachusetts (for com-
parison, here we find that the average winter moth flight window
from initiation through the tail-end was 20.125 days = 4.22 days,
and the average Bruce spanworm flight window was 23.55 + 4.62
days). Similar differences were observed in Connecticut where
winter moth flight was on average 7 later than those for Bruce
spanworm in Connecticut (where the average winter moth flight
window from initiation through the tail-end was 21.06 days = 4.09
days, and the average Bruce spanworm flight window was 16.02
+ 1.63 days). While interspecific differences in male genitalia are
present in this system (Griffin et al. 2020), these differences do not
prevent mating (Havill et al. 2017), and both species are known to
respond to the same sex pheromone (Elkinton et al. 2010, 2011).
Therefore, we believe that the observed allochronic differences
could provide the natural variation necessary upon which rein-
forcement could act to prevent a hybrid swarm from developing
(Allendorf et al. 2001, Harrison and Larson 2014), and are in part
responsible for the creation of a clinal hybrid zone in this system
(Andersen et al. 2022).

In addition to possibly reducing hybridization rates—a trend
we observed over a 12-yr period along the Massachusetts transect
where hybridization rates decreased from a peak of ~10% in 2010
to ~3% in 2018 (Andersen et al. 2022)—reinforcement may also be
acting to limit the spread of winter moth into the interior portions
of the northeastern United States. In Europe, winter moth can be
found across the continent in locations as far east as the Ural moun-
tains and as far north as northern Fennoscandia (Blackburn et al.

2020). Yet, in North America, this species has a primarily maritime
distribution (Blackburn et al. 2020), and for some reason has not
invaded the interior of the continent. Winter temperatures are fre-
quently identified as limiting factors for insect distributions, and pre-
viously Broadley (2018) deployed winter moth egg masses at sites
across the northeastern United States to determine if cold hardiness
of the eggs (the overwintering life stage for this species), might ex-
plain this coastal pattern. Surprisingly, Broadley (2018) found that
winter temperatures had little effect on egg mortality in the region,
and survivorship was high in all but the most extreme localities. If,
however, adult exposure to extreme winter events is the limiting life
stage for this species, then any allochronic mismatch between the op-
timal timing of flight in its native compared to its invaded environ-
ment could help explain why winter moth has not become a more
widespread invasive species.

Two factors that have been proposed to limit winter moth flight
are subzero temperatures (O’Donnell and Groden 2017) and heavy
snowfall (Peterson and Nilssen 1998). Factors that might limit Bruce
spanworm flight are unknown, but we expect that given their shared
evolutionary histories, that they might be the same as for winter
moth. Here, we found that the native Bruce spanworm consistently
completes its mating flights prior to the onset of subzero temperatures
and heavy snow accumulations (Supplementary Figs. S3 and S4). In
contrast, in both Massachusetts and Connecticut, winter moth flight
continued and then appeared to be prematurely terminated by sub-
zero temperatures (both transects in 2017), and heavy snow fall
(Massachusetts transect in 2018). Interestingly, in 2018 temperatures
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remained above 0 °C along the Connecticut transect and little snow
was recorded that year. While Bruce spanworm flight occurred and
terminated at its usually time that year, the flight of winter moth
continued in Connecticut through calendar day 364, and likely con-
tinued much longer after that, but we were unable to collect moths
between 22 Nov 2018 and 15 Jan 2019 as a result of a United States
Government shutdown and furlough event that prevented Forest
Service employees from collecting traps during that period.

In its native range, a recent study found that winter moth flight
times were highly consistent over a 10-yr period (Salis et al. 2018),
and thus it is likely that late-season exposure will continue to be a
major source of mortality or will result in reduced fitness for winter
moth individuals due to lost mating opportunities during subzero
or dense snow-pack days until this species adapts to the North
American environment in regards to the allochronic timing of its
mating flights. However, any shift to earlier seasonal flight will result
in more mating opportunities with Bruce spanworm. As a result, a
new stable allochronic equilibrium will need to develop that bal-
ances the selective pressures of reinforcement to avoid hybridiza-
tion with Bruce spanworm on one end with completing their mating
flights prior to the occurrence of extreme winter events on the other.
As such, we believe this system presents many exciting opportunities
to study the genomic and evolutionary consequences of hybridiza-
tion between an invasive and native species on a temporal time scale.
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