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determined that the alewife contributed to reproductive 
failure. High mortality of lake trout fry (i.e., early mortal-
ity syndrome) is caused by thiamine defi ciency resulting 
from a maternal lake trout diet of alewife.

THE FUTURE PROLIFERATION OF INVASIVES

NIS have invaded the Great Lakes basin from regions around 
the globe, and increasing world trade and travel will elevate the 
risk that additional species will gain access to the Great Lakes. 
Indeed, the recent arrival of the bloody red shrimp, Hemimy-
sis anomala, was predicted, and scientists are now assessing its 
impact. Existing connections between the Great Lakes water-
shed and systems outside the watershed, such as the Chicago 
Sanitary and Ship Canal, and growth of industries such as 
aquaculture, live food markets, and aquarium retail stores will 
also increase the risk that NIS will be introduced.

Changes in water quality, global climate change, and 
previous NIS introductions may make the Great Lakes 
more hospitable for the establishment of new invad-
ers. Evidence indicates that newly invading species 
may  benefi t from the presence of previously established 
invaders. That is, the presence of one NIS may facili-
tate the establishment or population growth of another 
(“invasional meltdown”). For example, the sea lamprey 
may have created enemy-free space (by preying on lake 
trout) that facilitated the alewife’s invasion, and the 
round goby and Echinogammarus have thrived in the 
presence of previously established zebra and quagga mus-
sels. Dreissenids have effectively set the stage to increase 
the number of successful invasions, particularly those of 
coevolved  species in the Ponto-Caspian assemblage. Evi-
dence also suggests that dreissenids have promoted the 
proliferation of other nuisance species, including native 
and exotic weeds and blue-green algae.

MANAGEMENT IMPLICATIONS

Researchers are seeking to better understand links between 
vectors and donor regions, the receptivity of the Great Lakes 
ecosystem, and the biology of new invaders in order to make 
recommendations to reduce the risk of future invasion. 
To protect the biological integrity of the Great Lakes, it is 
essential to closely monitor routes of entry for NIS, to intro-
duce effective safeguards, and to adjust safeguards quickly as 
needed. The rate of invasion may increase if positive interac-
tions involving established NIS or native species facilitate the 
establishment of new NIS. Moreover, each new invader can 
interact in unpredictable ways with previously established 
invaders, potentially creating synergistic impacts. 

The identifi cation of ship ballast water as a major vector 
transporting unwanted organisms into the Great Lakes has 

motivated control efforts. However, ships’ hulls and both 
water and sediments in ballast tanks can all  contain NIS. 
Ballast water exchange reduces the risk of invasion but does 
not totally eliminate unwanted invaders. While open ocean 
seawater may be suffi ciently saline to kill freshwater organ-
isms in the ballast tanks of  transoceanic ships, it may not 
suffi ce to kill brackish or estuarine organisms. 

Great Lakes managers will continue to wrestle with the 
invasive species issue, for NIS are stressors with predomi-
nantly negative impacts on ecosystem sustainability. The 
long history of invasions and the increasing rate of estab-
lished introductions clearly indicate that the Great Lakes 
are highly vulnerable to invasion. Invasive species usually 
have characteristics such as high abundance, short gen-
eration time, broad physiological plasticity, high genetic 
variability, and tolerance for a wide variety of habitats. 
Management strategies aimed at prevention must consider 
the linkages between NIS and vectors. Without vector con-
trol (both known and emerging vectors), the Great Lakes 
will continue to be exposed both to ecological disruptions 
and to surprises linked to biological invasions.
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GYPSY MOTH

PATRICK C. TOBIN AND ANDREW M. LIEBHOLD 
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The gypsy moth, Lymantria dispar (L.) (Lepidoptera: 
Lymantriidae), is a highly polyphagous foliage feeder 
whose larvae can feed on over 300 deciduous and 
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coniferous host species, most notably oak, willow, aspen, 
larch, and birch. Its native range includes temperate Eur-
asia and the Mediterranean coast of North Africa, where 
it occasionally erupts in damaging outbreaks. 

INTRODUCTION TO NORTH AMERICA

In 1869, gypsy moth egg masses were brought to  Medford, 
Massachusetts, by an amateur entomologist, Etienne 
Léopold Trouvelot, after which life stages accidentally 
escaped from captivity. Trouvelot attempted to limit 
establishment success by aggressively searching for life 
stages and destroying them; however, the infestation per-
sisted, increased slowly, and was fi rst noticed by Medford 
residents about ten years later. By 1889, the gypsy moth 
became so abundant and destructive on fruit and shade 
trees that it attracted public attention.

In 1890, the State of Massachusetts appropriated $25,000 
to eradicate the gypsy moth, whose infestation by then cov-
ered approximately 2,539 km2. Control  tactics included the 
use of copper acetoarsenite and “cyclone burners,” an oil-fu-
eled fl ame thrower used to destroy life stages. By 1899, little 
defoliation was detected, although complete eradication was 
not yet achieved; nevertheless, in 1900 the State of Massachu-
setts ordered the eradication effort discontinued because of the 
belief that the gypsy moth had been reduced to a minor pest.

Gypsy moth populations dramatically rebounded over 
the next several years, and in 1905 Massachusetts resumed 
control work, spending more than $25 million over the next 
25 years. By this time, the gypsy moth had spread to Maine, 
New Hampshire, and Rhode Island. The gypsy moth has 
since continued to spread slowly and relentlessly to the north, 
south, east, and west and now occupies North America from 
Nova Scotia to Wisconsin, and Ontario to Virginia (Fig. 1). 
It currently occupies approximately one-third of the poten-
tial range of susceptible  forests in North America.

LIFE HISTORY

The gypsy moth develops through a single generation each 
year. The life cycle of gypsy moth is presented in Fig. 2. 
Eggs overwinter and larvae hatch in the spring. Males and 
females pass through fi ve and six instars, respectively, before 
pupating. The larval stage lasts approximately 4–6 weeks, 
and the pupal stage lasts about 2 weeks. Adults emerge in 
mid-summer and generally survive a week or less; males 
tend to emerge slightly before females. Adults do not feed. 
Females produce a sex pheromone that males use in mate 
location. Following mating, eggs are laid in a single mass 
that is buff-colored and that contains hairs originating 
from the female’s abdomen. Like all poikilotherms, devel-
opmental rate is mostly driven by temperature, but host 

plant quality can also play a role. Several robust phenology 
models are available for predicting the seasonal occurrence 
of gypsy moth life cycle events.

Across the native range of gypsy moth, populations 
exhibit considerable variation in life history traits. Perhaps 
the most variable characteristic is female fl ight capability. 
In populations located in various portions of Asia, at least 
some proportion of females is capable of directed fl ight. 
However, female fl ight is less common in Europe, and in 
many European populations females are completely incapa-
ble of fl ight. North American populations originated from 
western Europe, and female fl ight is completely absent.

Another characteristic that varies considerably among 
populations is body size, which is often higher in certain 
Asian strains than in European strains. This greater body 
size may refl ect the increased musculature necessary in 
females to achieve guided fl ight. But greater body size also 
necessitates greater food consumption, and certain Asian 
strains are known to consume much larger quantities of 
foliage to complete development.

The most common primary host trees throughout 
much of the gypsy moth’s range are those in the genera 
Quercus, Populus, Larix, Salix, and Betula. However, in 
some areas of the world, these hosts may not be pres-
ent and populations instead exploit other species. For 
example, in Central Asia outbreaks are most common 
on Pistacia, Juglans, and Malus. With the exception of 
deciduous conifers (e.g., Larix, Metasequoia, and Taxo-
dium), conifers are generally not primary gypsy moth 
hosts. Although late instars may feed on conifers, particu-
larly when preferred species have been completely defoli-
ated, early instars cannot complete development on these 

FIGURE 1 Distribution of the gypsy moth through time, as determined 

by U.S. and Canadian quarantine records. (Map courtesy of Laura 

Blackburn.)
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FIGURE 2 Life cycle of the gypsy moth: (A) eggs, (B) larvae, (C) 

female (left) and male (right) pupae, and (D) male (left) and female 

(right) adults. (Photographs courtesy of Patrick Tobin [A, B] and 

USDA APHIS PPQ Archive, USDA APHIS PPQ, Bugwood.org [C, D].)

availability of mast, upon which they depend as a primary 
food source during winter; thus, yearly variability in mast 
production indirectly infl uences the “release” of gypsy moth 
populations from low to high densities.

During outbreaks, populations reach very high  levels 
but ultimately collapse after 1–3 yr, usually as a result of dis-
ease epizootics. In North America, the two common gypsy 
moth pathogens are the fungus Entomophaga maimaiga 
and the gypsy moth nucleopolyhedrosis virus (LdMNPV), 
both of which infect only gypsy moths. The LdMNPV is 
present in virtually every gypsy moth population around 
the world, and is thought to have been introduced to North 
America with the founding gypsy moth population. The 
range of E. maimaiga was previously limited to Japan. In 
1989, it was discovered to be causing considerable mortality 
in North American gypsy moth populations, but it remains 

hosts. As a consequence, there are no cases in the world of 
gypsy moth outbreaks developing in stands dominated by 
nondeciduous conifers.

POPULATION DYNAMICS

In North America, gypsy moth populations are affected by a 
variety of trophic interactions and typically oscillate between 
low and high densities (Fig. 3). Although gypsy moth 
dynamics are not characterized by highly regular oscillations, 
most populations exhibit some degree of periodicity with 
the dominant period varying from 5 to 10 years. Low-density 
populations are most strongly affected by small mammal 
predators such as Peromyscus spp. These generalist predators 
feed on a variety of insects, fruits, and seeds; consequently, 
their populations are not numerically linked to gypsy moth 
cycles. Instead, their dynamics are affected strongly by the 
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FIGURE 3 Generalized description of gypsy moth population dynam-

ics and the primary sources of mortality at low, intermediate, and high 

densities.
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unclear whether it arrived in North America through ear-
lier attempts to introduce it in the early 1900s, or whether 
it was accidentally introduced later.

A plethora of parasitoids and predators were also intro-
duced to North America in the early twentieth-century 
as part of classical biological control efforts against the 
gypsy moth, including the generalist larval parasitoid 
Compsilura concinnata (Meigen). Although C. concin-
nata can exert spatially density-dependent regulation of 
gypsy moth, it is also known to exert a detrimental effect 
on several native Lepidoptera. It is thus a classic example 
of the danger in introducing nonspecifi c biological con-
trol agents. Other important introduced enemies of the 
gypsy moth, which also tend to act in a spatially density-
dependent manner, include the egg parasitoid Ooencyrtus 
kuvanae (Howard), the larval parasitoids Cotesia melanos-
cela (Ratzeberg) and Parasetigena sylvestris (Robineau-
Desvoidy), the pupal parasitoid Brachymeria intermedia 
(Nees), and the predator Calosoma sycophanta (L.)

CONSEQUENCES OF OUTBREAKS

Outbreaks in North America have been both environmen-
tally and economically costly. Since 1924, over 376,000 km2 
of U.S. forests have been defoliated, including over 50,000 
km2 in 1981 alone (Fig. 4). Gypsy moth outbreaks also tend 
to be spatially synchronized over areas spanning hundreds of 
kilometers, which can greatly exacerbate the ecological and 
socioeconomic impacts of high-density populations and over-
whelm management resources allocated to mitigate impacts.

The critical factor in determining the susceptibility of 
stands to gypsy moth outbreaks is the relative abundance 
of preferred gypsy moth host species (e.g., oaks). During 
outbreaks, the gypsy moth can cause partial or total defolia-
tion of canopies, often resulting in growth loss and severe 
physiological stress in trees. When defoliation occurs over 
consecutive years or in conjunction with other sources of 

stress, such as drought or late-season frosts, trees will become 
weakened and die. Tree death is typically associated with 
secondary organisms such as the shoestring root rot fungus 
Armillara spp. or the two-lined chestnut borer, Agrilus bilin-
eatus (Weber). In most cases, mortality is limited to forested 
areas consisting of previously weakened trees, but in occa-
sional instances, outbreaks can kill almost all the trees in a 
stand. Average mortality across a forested landscape during 
outbreaks is roughly 25–30 percent of the trees.

Gypsy moth outbreaks can result in loss to timber and 
other traditional forestry values. Greater losses tend to 
occur to the ecosystem services that forests provide, such 
as wildlife habitat, carbon sequestration, and nutrient 
cycling. Outbreaks can also alter the composition of the 
community, including indirect changes to native herbi-
vores that gypsy moth tends to outcompete and altering 
forest succession. The greatest economic impacts are con-
sidered to be in residential areas, and in addition to the 
loss of foliage and occasional mortality of trees in urban 
settings, gypsy moths often cause considerable nuisance 
in populated areas owing to large quantities of caterpillars 
and their frass. Although most people do not react strongly 
upon contact with the urticating hairs on gypsy moth lar-
vae, some individuals develop severe allergic reactions. 

RANGE EXPANSION

Females of the European strain of gypsy moth (currently 
established in North America) cannot fl y and usually 
oviposit within 2 m of where they emerged as adults. 
Dispersal occurs mainly through early instar ballooning, 
which can be facilitated through atmospheric transport. 
Nevertheless, natural dispersal of larvae is believed to be 
relatively short-ranged, as most larvae do not disperse 
more than a few hundred meters. However, the character-
istic behavior of late instars searching for cryptic resting 
sites often results in larvae pupating, and consequently 
emerging females ovipositing, on human-made objects, 
including recreational equipment and motor vehicles. 
Accidental movement of life stages on such objects, espe-
cially sessile egg masses that overwinter from late summer 
to the following spring, is a mechanism of dispersal that 
plays an important role in invasion spread. Both short-
ranged (fi rst instar ballooning) and anthropogenic disper-
sal mediate the spread of gypsy moth through a process 
known as stratifi ed dispersal, in which local growth and 
dispersal is coupled with the long-range dispersal of 
propagules. The implications of stratifi ed dispersal in 
the context of an invading species are profound. Long-
distance dispersal can result in the establishment of colo-
nies ahead of the invading population front, which can 
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grow in density, spatial extent, and eventually coalesce 
with the expanding population front (Fig. 5). The result 
is a much faster rate of range expansion than would be 
expected under simple local population growth and dif-
fusive spread. Past work has highlighted this consequence 
in the gypsy moth: the use of a Skellam model parameter-
ized from demographic data predicted gypsy moth spread 
owing to local growth and short-ranged dispersal to be 
2.5 km/yr; however, historical distributional records of 
gypsy moth indicated a spread rate of 20.8 km/yr. This 

greater rate of spread observed in nature is believed to 
result from stratifi ed dispersal.

Long-distance dispersal of the gypsy moth in North 
America thus tends to contribute greatly to its range 
expansion and is typical of the stages of any biological 
invasion. However, once life stages arrive in a new area, 
they must successfully establish. Many biological and 
ecological factors infl uence the establishment success of 
newly arriving populations. Owing to Allee effects and 
stochastic forces that act upon low-density founder popu-
lations, not all newly arriving gypsy moth populations 
successfully establish, and establishment success is often 
positively related to the size of the initial arriving popula-
tion. Because establishment rates also drive spread, the 
interaction between Allee effects and successful colony 
establishment can have landscape-scale consequences in 
the rate of gypsy moth spread.

The mechanisms responsible for Allee effects observed 
in isolated, low-density gypsy moth populations and their 
consequences to establishment and spread are probably 
better known than for any other insect species. A large 
amount of experimental and empirical evidence indicates 
that mate location failure is the primary cause of Allee 
effects in the gypsy moth. Despite the presence of a highly 
sensitive mechanism by which males can detect very low 
levels of sex pheromones released by females, this system 
is not always effective, and most females go unmated in 
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FIGURE 5 The 2001 gypsy moth invasion in Wisconsin, illustrating the 

importance of stratifi ed dispersal in gypsy moth spread. (Map courtesy 

of Laura Blackburn.)

FIGURE 4 (A) History of defoliation in the United States, (B) wide-

spread defoliation in Pennsylvania, and (C) nuisance impacts due to 

gypsy moth frass and body parts on a residential picnic table. (Pho-

tographs courtesy of Karl Mierzejewski, Centre County, Pennsylvania, 

and John Ghent, USDA Forest Service, Bugwood.org, respectively.)
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low-density, isolated populations. In particular, the isolated 
nature of colonizing populations leads to a phenomenon 
in which males “become lost” when searching for females 
that are both spatially and temporally disjunct. As a result 
of the strong Allee effect arising from mate location failure, 
the arrival of a single egg mass (from which several hundred 
larvae may hatch) is most likely not suffi cient to establish a 
new population. This mechanism thus explains the obser-
vation that hundreds of egg masses are accidentally trans-
ported annually from established gypsy moth populations, 
but only a small fraction persist for one or more years.

MANAGEMENT

In North America, there are three primary types of gypsy 
moth management programs: (1)  detection/ eradication, 
which targets new colonies in areas uninfested by the 
gypsy moth (e.g., the west coast of North America), 
(2) the Slow-the-Spread program, which consists of a 
 barrier zone along the invasion front in the United States, 
and (3) suppression of outbreaks in areas that are infested 
by the gypsy moth as a means to mitigate impacts. The 
fi rst two programs rely on intensive monitoring of popu-
lations using pheromone-baited traps, and over 250,000 
traps are deployed annually in support of these two pro-
grams. These traps are deployed with the synthetic sex 
pheromone, (+) disparlure, and are highly sensitive tools 
for detecting low-density populations. Upon the detection 
of male moths in pheromone-baited traps, more extensive 
networks of traps are deployed in the next year to deter-
mine if colonies have persisted, delimit the spatial extent 
of infestations, and locate the epicenter of the infestation. 
In this manner, management tactics can then be deployed 
in the most economically viable, site-specifi c manner 
while minimizing potential nontarget effects. Most eradi-
cation programs use aerial and ground applications of 
Bacillus thuringiensis variety kurstaki (Btk) to eliminate 
populations. In the Slow-the-Spread program, most treat-
ments are carried out using mating disruption: synthetic 
pheromone is formulated in a slow-release material and 
aerially applied to foliage, which permeates the air with 
pheromone and interferes with the male moths’ ability to 
locate females (Fig. 6). Mating disruption tactics are most 
effective in low-density gypsy moth populations.

Suppression of outbreaks is a different management 
approach. Management procedures vary among differ-
ent jurisdictions but generally involve identifying areas 
of increased population densities based on the appear-
ance of detectable levels of defoliation. In most cases, egg 
mass surveys are conducted to identify specifi c forested 
areas where outbreaks are present and likely to cause 

defoliation. Pheromone-baited traps are not used to mon-
itor for outbreaks, because they become quickly replete 
with moths at population levels far below outbreaking 
densities. Most programs use aerial applications of Btk 
to suppress populations. In a few areas, populations are 
managed using Gypchek®,1 a commercial formulation of 
LdMNPV, or the insect growth regulator difl ubenzuron. 
Since Btk potentially affects all Lepidoptera, Gypchek is 
an alternate tactic when there are concerns of nontarget 
effects to threatened and endangered species. Difl uben-
zuron, although highly effective, has broader nontarget 
effects and can potentially affect all molting arthropods; 
consequently, its use is heavily regulated, especially in 
areas near and around water sources. Although suppres-
sion of outbreaks may be effective in protecting specifi c 
areas from defoliation in a given year, these efforts gener-
ally do not alter the course of regional outbreaks.

CONCLUSION

Biological invasions continue worldwide because of trends 
in world trade and travel. The gypsy moth is an example 
of an “older” biological invasion that predates the current 
abundance of invasion pathways through which new spe-
cies are arriving in new areas at alarming rates. Fortunately, 
much basic and applied research has focused historically on 
the gypsy moth, which reached its apex in the 1970s and 
1980s. Consequently, gypsy moth managers can exploit 
this extensive research and have at their disposal some of 
the most effective tools of any management program tar-
geting a biological invasion: (1) basic biological, ecological, 
and economic information that allows us to predict when 

1Mention of a proprietary product does not constitute an endorsement or 
a recommendation for its use by USDA.

FIGURE 6 Management of gypsy moth through aerial application 

of Bacillus thuringiensis kurstaki. (Photograph courtesy of Quentin 

Sayers.)

07_Simberloff10_G_p264-304.indd   30307_Simberloff10_G_p264-304.indd   303 9/13/10   1:31:09 PM9/13/10   1:31:09 PM



 304 G Y P S Y  M O T H

and where gypsy moth populations are likely to show up 
or reach outbreak levels, or have signifi cant impacts, (2) a 
means by which to detect low-density, newly established 
populations, and (3) effective control tactics that can be 
used to suppress or eradicate populations. The other con-
sequence of years of extensive research on the gypsy moth 
is that it provides an excellent system for understanding 
the population biology of invading species. Detailed infor-
mation about mechanisms operating behind population 
establishment and spread is vast, and perhaps more exten-
sive than for any other invading insect species.

SEE ALSO THE FOLLOWING ARTICLES
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