ANNUAL
REVIEWS

Further

Quick links to online content
Annu. Rev. Entomol. 1990. 35:571-96
Copyrighl © 1990 by Annual Reviews 1nc.

All

righls reserved

POPULATION DYNAMICS OF GYPSY
Annu. Rev. Entomol. 1990.35:571-596. Downloaded from arjournals.annualreviews.org
by University of Wisconsin - Madison on 07/17/09. For personal use only.

MOTH IN NORTH AMERICA
J. S. Elkinton
Department of Entomology, University of Massachusetts, Amherst, Massachusetts
01003

A. M. Liebhold
United States Department of Agriculture Forest Service, Northeastern Forest Experi
ment Station, 180 Canfield Street, Morgantown, West Virginia 26505

INTRODUCTION
The gypsy moth, Lymantria dispar, is a major defoliator of deciduous trees
throughout the northern hemisphere. Introduced into eastern Massachusetts
from Europe in 1868 or 1869, it has gradually spread south and west and will
soon occupy most of the hardwood forests in the eastern United States and
Canada. The gypsy moth has been the subject of intensive study by scientists
throughout the world, and several reviews exist of the older gypsy moth
literature (50, 54, 94). Other reviews that cover more selective topics appear
in the proceedings of a recent symposium on the Lymantriidae (173). Here,
we provide a summary of current knowledge about the population dynamics
of gypsy moth, emphasizing research that has been done since the last major
review in 1981 (50). However, we also include some of the earlier studies to
provide the appropriate framework for more recent studies. We concentrate
on gypsy moth in North America, but we also make comparisons to some of
the important studies conducted elsewhere. In preparation for this review, we
have drawn from numerous sources including several reference lists (64, 65)
and annotated bibliographies (37, 133),
METHODS FOR ESTIMATING DENSITY AND
MORTALITY

The proportion of a gypsy moth popUlation found in the canopy of trees
compared with that found on tree stems, on understory vegetation, or on the
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ground varies with time of day, stage of insect development, and population
density. Consequently, the gypsy moth is very difficult to sample. Densities
are most frequently expressed as numbers per unit area of ground rather than
per unit of foliage. In the last decade, however, new methods for estimating
densities and for quantifying mortality during each life stage of the gypsy
moth have been developed.
Egg masses are the most frequently and easily sampled life stage of the
gypsy moth (191). They are immobile and are present from late summer
through early spring of the following year. At high population densities, most
egg masses are found on tree sterns and branches, but at low densities, a larger
proportion of egg masses occur on objects such as rocks and fallen limbs on
the forest floor (145). Furthermore, at low to moderate densities, a large
proportion of egg masses are concentrated at forest edges and on "man-made
objects" (12,35, 145). A variety of techniques have been used to estimate egg
mass densities, such as counting all egg masses found within fixed-radius
plots (typically 0.01, 0.05, or 0. 061 ha) (78) or using "fixed- and variable
radius plots" (190). With this latter method, egg masses are counted on the
forest floor within a fixed-radius plot and on trees that are selected using a
prism, a standard device for estimating basal area of trees. The five-minute
walk is an indirect measure of egg mass density (51) widely used by gypsy
moth managers, but it is too imprecise for most research purposes.
Gypsy moth fecundity varies considerably with popUlation density and
quality (26). Because gypsy moth eggs are deposited in a single mass,
fecundity can be accurately estimated (23, 25). By collecting eggs in the
spring, this technique also can be used to assess egg parasitism and nonviabil
ity of eggs. Fecundity can also be estimated from egg mass length (14) and
volume (13). Actual numbers of first instars that hatch from egg masses can
be determined by letting them emerge in a closed container (21).
Several methods have been used to estimate absolute larval densities. J. R.
Gould et al (unpublished) counted all larvae in all habitat strata (litter, tree
stems, and canopy) within multiple 2 m x 5 m quadrats. Weseloh (183, 184)
estimated larval densities using mark-recapture methods. Liebhold & Elkin
ton (95, 96) and Campbell (23) used simultaneous measures of frass drop
(density of pellets falling from the canopy) and frass yield (number of pellets
produced per larva over the same time interval) to estimate late-larval densi
ties. Higashiura (67) estimated densities of successive larval stages by count
ing the number of head capsules falling per unit area.
Several investigators have used counts of late instars in natural or artificial
resting locations, such as under burlap bands, as a relative measure of larval
density (23, 30, 31, 36). Regression equations have been developed for
predicting larval densities from counts of larvae under bands (183,185,175).
Information on causes of mortality and changes in population density over a
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generation is typically summarized in a life table that is constructed by
computing the number or density of individuals entering each life stage.
These numbers differ from the numbers present in each stage at any given
moment because stages often overlap in time. Methods used for calculating
the numbers entering a stage based on counts of numbers present in sequential
samples are reviewed in Southwood (150), but these methods have only rarely
been applied to gypsy moth populations because they typically require more
frequent data collection than is available in most gypsy moth studies. Only
when all individuals are present in a particular stage (such as the gypsy moth
egg stage) or the stage leaves identifiable remains, such as counts of gypsy
moth head capsules (67) or gypsy moth pupae (160), is it possible to measure
numbers entering a stage directly.
Similar problems arise in computing percent mortality caused by specific
agents. In order to compare impacts of particular mortality agents between
different populations or to enter them into life tables, one needs to calculate
stage-specific mortality: the proportion of those individuals that entered the
stage that were killed by a given agent (62, 166). Mortality caused by
parasitoids is typically estimated by collecting samples of hosts on one or
more occasions and calculating from dissections or rearings the proportion
attacked (62). However, this proportion is usually a poor estimate of stage
specific parasitism (166). Methods used to calculate percent parasitism from
sample percent parasitism include extensions of the method of Southwood &
Jepson (151). This method has been applied to gypsy moth (79), but it is
subject to severe biases (14). We have proposed an alternate method of
calculating mortality based on the numbers dying within specific time in
tervals rather than stages (62, 63; J. S. Elkinton, unpublished), which in
cludes an approach to quantifying mortality caused by simultaneously acting
agents (132), and it expresses mortality in terms of k-values (167).
OVERVIEW OF POPULATION DYNAMICS

In regions of North America where the gypsy moth is well established,
populations exist for many years at low densities (innocuous or endemic
phase) (27,33, 172). The release phase, during which the populations expand
rapidly into outbreak phase, usually takes place over one or two generations.
Both rising and collapsing popUlations commonly change several orders of
magnitude in one year. Similar patterns have been reported in the European
literature for many years. The European terms are latency, progradation,
culmination, and postgradation, and these correspond respectively to the
innocuous, release, outbreak, and decline phases.
Campbell & Sloan (33) hypothesized that gypsy moth populations in North
America exhibit bimodal stability; that density-dependent processes maintain
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equilibrium densities in both innocuous and outbreak populations for long
periods. This model is essentially identical to a more generalized model
proposed for many insects by Southwood & Comins ( 152). On the spatial
scale of the stand, outbreak populations usually collapse after one or two
years. However, dispersal of first instars between stands can maintain high
density populations on a regional scale for up to a decade (32).
Though outbreaks are recurring events, it is not clear that they occur at
regular intervals. Several European studies indicate that some popUlations are
cyclic, with high densities developing every 8-11 years (113); however, there
have been no quantitative evaluations of cyclic patterns. Liebhold & Elkinton
(97) digitized yearly defoliation maps of Massachusetts and used geostatisti
cal techniques to demonstrate that the timing of outbreaks varied among
different portions of the state. We believe that there is little evidence that
gypsy moth population densities in North America are cyclic.
The first detailed life-table study of gypsy moth populations in North
America was that of Bess (15), who constructed survivorship curves for a
population in Freetown, Massachusetts. He found that densities declined
dramatically during the fifth and sixth ins tar. Campbell (23, 25) concluded
from quantitative analyses of life-table data collected in Connecticut and New
York that variation in late larval survival was the largest source of yearly
variation in population density, both for sparse and dense populations. Fur
thermore, at low population density, mortality during late-larval and pupal
stages was density dependent and thus might serve to regulate population
growth (34, 36) .
Beginning in 1984, we have collected yearly data on gypsy moth survival
and density at three sites on Cape Cod that exhibited ranges in density
between outbreak and innocuous levels (52). Our findings, to a large extent,
agreed with those of Campbell et a1. Mortality rates were highest during the
late larval stage and were inversely density dependent, a finding consistent
with Campbell & Sloan's (33) bimodal stability model. This model predicts
inverse density dependence at densities above the hypothetical low density
equilibrium that represents the transition between innocuous and expanding
populations. We believe, however, that more studies are needed to determine
whether low-density popUlations of gypsy moth are governed by density
dependent equilibrium processes, or whether densities merely fluctuate (52,
63).
SMALL MAMMAL PREDATORS

Bess et al (16) were the first to suggest that predation by small mammals was
important to gypsy moth population dynamics in North America. They
showed that larval survival was significantly higher on trees inside fences that
excluded small mammals. Bess' hypotheses concerning the impact of small

Annu. Rev. Entomol. 1990.35:571-596. Downloaded from arjournals.annualreviews.org
by University of Wisconsin - Madison on 07/17/09. For personal use only.

GYPSY MOTH POPULATION DYNAMICS

575

mammal predation on low-density gypsy moth populations were supported by
subsequent studies by Campbell and associates (30, 31, 36). Campbell et al
found that vertebrate predators, especially the white-footed mouse, Per
omyscus leucopus, were the major source of late-larval and pupal mortality.
Pupae in the litter were less likely to survive to the adult stage than pupae in
protected locations on tree stems, even though the majority of individuals
pupated in the litter (34). Campbell & Sloan (29) suggested that the behavior
of resting in the litter during the day evolved in Europe as an adaptation to
avoid mortality caused by avian predators and tachinid parasitoids, which are
active in the canopy of trees in daylight hours . They hypothesized that, in
contrast to North American populations, these agents cause higher mortality
to gypsy moth in Europe than that caused by small mammal predators. The
larval resting behavior persists in North America, even though it exposes
gypsy moths to higher levels of mortality.
In low-density populations « 50 egg masses/ha), overall larval mortality
and predation rates on pupae were positively correlated with gypsy moth
population density (34, 36). These findings support the hypothesis that preda
tion by small mammals is responsible for the regulation of low-density gypsy
moth populations. At higher gypsy moth densities, predation by small mam
mals was much lower (34,36), presumably because the numerical response of
most vertebrate predators is highly constrained (52). Numerical responses of
predators to increases in gypsy moth density arise out of aggregative behavior
of individual predators or increases in predator reproduction or survival. We
are aware of no evidence that gypsy moth populations significantly affect the
reproductive success of P. leucopus or any other small mammal. Most of the
small mammals and birds that feed on gypsy moth are generalists for which
gypsy moth is a minor component in their diet (44). Aggregation of predators
is limited by the fact that most species occupy distinct home ranges or defend
territories. Increases in predation rates, in response to increases in gypsy moth
density, would probably be caused by a Type III functional response (69),
because predators have switched to gypsy moth from other prey species or
learned to forage for gypsy moth as gypsy moth densities increase (52).
However, all predators are limited in the number of prey items an individual
can consume, so even a Type III functional response is asymptotic and
therefore inversely density-dependent at higher prey densities.
In our studies with gypsy moth populations on Cape Cod and in western
Massachusetts, substantial mortality in high-density populations was caused
by nuclear polyhedrosis virus (NPV), but in low-density populations, parasit
ism, particularly from Parasetigena silvestris, has been a major factor (52).
However, viral disease and parasitism have usually accounted for less than
50% of the total mortality during the late larval stage. Losses during this stage
appear to be caused mainly by predation (52). At these same sites we
estimated small mammal densities and measured the predation rate on pupae
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that we deployed in the litter. P. leucopus was by far the most abundant small
mammal predator captured in our traps, and the rate of pupal predation was
highly correlated with P. leu copus density. In 1986 we observed a dramatic
decline in P. leucopus density on plots in western Massachusetts and a
concomitant increase in gypsy moth density. Very similar trends have been
noted on Bryant Mountain in Vermont (H. R. Smith, personal communica
tion). These findings are consistent with Campbell's & Sloan's hypothesis
( 30, 31) that variation in predation on pupae and the late-larval stage is the
key to whether or not populations remain stable at low density. The occur
rence of such simultaneous trends at widely spaced sites suggests that regional
changes in small mammal density may account for the region-wide onset of
outbreak phase populations of gypsy moth (97).
Recent studies have identified other factors that affect predation by small
mammals. Smith (147) showed that an abundance of alternate foods, such as
blueberries, can markedly reduce small mammal predation on gypsy moths.
A VIAN PREDATORS
The first study of avian predation on gypsy moth in North America was that of
Forbush & Fernald (54), who reported which bird species fed on gypsy moth
larvae. More recent studies have shown that many bird species feed on gypsy
moth larvae, but they are not a major food item in the diet of any of the most
common species (44). Choice tests have shown that most birds prefer hairless
caterpillars to gypsy moths (189). Campbell & Sloan (30) concluded that
avian predation was important to the dynamics of low-density gypsy moth
populations, based on the higher survival in experimental plots in which
larvae were protected from birds with poultry netting and burlap bands
wrapped around the stems of trees. We do not agree with this conclusion;
burlap bands also protect larvae and pupae from ground foraging of small
mammal predators (16, 34). We found no evidence for increased density of
breeding birds in artificially elevated gypsy moth populations on 1 ha plots
( 63).
These findings are in marked contrast with those reported in the Japanese
literature. Furuta & Koizumi (57) have shown that avian predators aggregate
into plots with high densities of gypsy moth larvae and cause density
dependent mortality. Their results suggest that avian predation plays a major
role in the regulation of gypsy moth popUlations in Japan. Similarly,
Higashiura (66, 68) has shown high levels of bird predation on gypsy moth
egg masses in Japan. In contrast, very little predation seems to occur on egg
masses of the gypsy moth in North America (20, 54). In European literature
avian predation has been frequently cited as an important influence on popula
tion dynamics of L. dispar, but few studies exist to prove it.
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Relatively scant attention has been given to the impact of invertebrate preda
tors. Our recent findings ( 52) support the conclusions of Campbell & Sloan
( 29) that vertebrate predation on pupae was much greater than that caused by
invertebrates. However, Smith & Lautenschlager (148) suggested that some
of the mortality attributed to vertebrates by Campbell & Sloan ( 29) may
actually have been due to invertebrates, such as ground beetles (Carabidae)
and ants (Formicidae). Weseloh (186) quantified predation on tethered larvae
at different heights on trees inside and outside exclosures of different mesh
sizes. He found that most invertebrate predation occurred in the litter, where
as larvae tethered on the boles of trees were consumed mostly by vertebrates
(presumably small mammals). Very little predation occurred among larvae
tethered in the canopy of trees.
Calosoma sycophanta is a large carabid introduced into North America
from Europe. Both adult and immature stages feed on gypsy moth larvae or
pupae. C. sycophanta becomes abundant only in high-density populations of
gypsy moth, and peak beetle densities usually lag 1-3 years behind the onset
of gypsy moth outbreaks (148, 181). Weseloh (181, 182) used mark-recapture
procedures to estimate densities of adult C. sycophanta, and he measured
their consumption of gypsy moth pupae in outbreak populations. He showed
that C. sycophanta consumed approximately 75% of pupae on tree stems but a
much lower percentage of pupae on leaves and small branches . C. sycophanta
adults remained abundant the following year even though gypsy moth pop
ulations had collapsed to low levels. There has been no study of C. sycophan
ta predation on low-density popUlations but its impact is thought to be minor
(148, 182).
PARASITOIDS

Gypsy moth parasitoids have been widely studied, but most researchers
believe that they do not play a major role in the population dynamics of this
defoliator in North America. Beginning in 1905, extensive efforts were made
to introduce gypsy moth parasitoids from Europe and Asia into North Amer
ica . Of ca. 40 species that were introduced, ten have become established
(155).
The principal egg parasitoids in North America are Ooencyrtus kuvanae
(Encyrtidae) and Anastatus disparis (Eupelmidae). The latter parasitoid is
only occasionally a significant source of mortality to gypsy moth on this
continent. Brown (18) reviewed the biology and world literature on O.
kuvanae and showed that it typically attacks from 10 to 40% of eggs per
mass. Parasitism by O. kuvanae is greater on smaller egg masses, which
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characterize high-density or collapsing gypsy moth populations (11, 19). This
occurs because O. kuvanae attacks only the eggs on the surface of the mass
and smaller masses have a higher proportion of eggs near the surface. A
recent study by Schaefer et a1 (l34) indicates that parasitism by O. kuvanae
and other gypsy moth egg parasitoids in Japan and Korea is much lower than
levels typically reported for Europe and North America.
The braconid, Cotesia melanoscela, attacks early instars and has two
generations per year. Numerical responses of this parasitoid are highly con
strained by the action of hyperparasitoids, which severely reduce the over
wintering generation (180). The impact of this parasitoid is also limited by
poor synchronization of the second generation with its host (178). Second
generation, adult C. melanoscela females actively search for hosts in gypsy
moth populations that have advanced to late instars which this parasitoid does
not readily accept. Factors that prolong the development of early instar gypsy
moths, such as ingestion of sublethal doses of Bacillus thuringiensis, result in
much higher parasitism by C. melanoscela (187).
Parasetigena silvestris is a univoltine, oligophagous tachinid that oviposits
large macrotype eggs on the integument of larvae. It is most active during
daylight hours, and it concentrates attacks on larvae on the stems of trees,
particularly when the larvae are moving between the canopy and daytime
resting locations at dawn or in the evening (121, 124,177, 179). P. silvestris
often causes more mortality than any other parasitoid, and peak parasitism
typically occurs after gypsy moth populations decline from high density (52,
126, 159). In European populations, parasitism by P. silvestris sometimes
exceeds 95% (17). It appears to exhibit a classic delayed density-dependence
which may account for the regular cycles of gypsy moth evident in some
European populations 013, 143, 144).
The tachinid, Blepharipa pratensis, is another oligophagous parasitoid that
attacks gypsy moth larvae. It is a major source of mortality in intermediate
density gypsy moth populations (159). In European populations B. pratensis
attains peak parasitism after gypsy moth populations have declined from high
density (1l3, 144). It lays microtype eggs on foliage; these eggs hatch after
they are consumed by gypsy moth larvae. B. pratensis aggregates to and
oviposits on leaves damaged by gypsy moth (60, 122). Laboratory studies
indicate that many larvae that are parasitized by B. pratensis and P. silvestris
die without yielding adult parasitoids (61).
Brachymeria intermedia (ChaIcididae), a polyphagous parasitoid of gypsy
moth pupae, was introduced to North America in 1908 but was not recovered
again until 1942. By 1971 it was quite abundant (49). It causes high levels of
mortality in dense gypsy moth populations in Pennsylvania (159) and on Cape
Cod (52). However, it appears to be very scarce in low-density populations.
Therefore, B. intermedia is probably unimportant to the maintenance of gypsy
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moth populations at innocuous levels, even though it evidently causes densi
ty-dependent mortality at higher densities.
The tachinid, Compsilura concinnata, is a multivoltine parasitoid of gypsy
moth larvae with a wide host range (45). Because it depends on alternate
hosts, C. concinnata would not be expected to exhibit strong numerical
responses between generations of gypsy moths. On the other hand, unlike
parasitoids that specialize on gypsy moth, it can remain abundant when gypsy
moth populations are very sparse. Consequently, C. concinnata often causes
high er mortality than any other parasitoid, when gypsy moth populations are
at low density (8). Most theoretical treatments of host-parasitoid dynamics
have focused on specialist parasitoids , so the role of generalists in the
maintenance of many insect species at low density may have been generally
underestimated (117).
We have conducted a series of experiments to explore the response of
parasitoids to artificially elevated densities of gypsy moth larvae on I ha plots
(63, 98). We found that C. concinnata and to a lesser extent, P. silvestris
caused mortality that was spatially density dependent; this mortality resulted
in the collapse of such artificial populations. Similar results have been
obtained in Vermont (S. Wilmot et aI, unpublished) and Pennsylvania (T. M.
ODell, unpublished). We suspect that these parasitoids may play an important
role in suppressing incipient outbreak populations but that such population
declines may go unnoticed. Assuming that this density-dependent response is
a result of aggregation of these parasitoids into stands with high host density,
then the response may not occur if gypsy moth populations rise simultaneous
ly over large areas. This may explain why the levels of parasitism that
occurred on our 1 ha plots with artificially elevated densities on Cape Cod
were far higher than those we recorded in naturally occurring popUlations,
which tend to fluctuate on a larger spatial scale (98).
,

PATHOGENS
High-density populations of the gypsy moth eventually collapse owing pri
marily to the action of pathogens, especially the gypsy moth nuclear
polyhedrosis virus (NPV). Mortality from NPV usually peaks during late
larval instars. Early investigators believed that gypsy moth NPV and other
baculoviruses existed in a latent form within the host insect and that epizootics
were triggered by environmental stresses (153). Wallis (169) indicated that
NPV epizootics could be triggered by high relative humidity. C ampbell s
analyses (23) indicated that the collapse of high-density popUlations often was
associated with years of heavy rainfall in June. Doane (48), however, pro
posed an alternate theory based on density-dependent transmission of virus
particles on the foliage consumed by larvae. He demonstrated that gypsy moth
'
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neonates acquired lethal doses of virus by ingesting egg chorions following
hatch. Doane suggested that NPV from the cadavers of these neonates pro
vides the inoculum that caused late larval mortality. Woods & Elkinton ( 192)
provided support for this hypothesis. They showed that NPV-induced mortal
ity in high- and low-density populations followed a bimodal pattern: an early
wave of mortality beginning a week or two after egg hatch, and a second wave
of mortality culminating in the last larval instar. This bimodal pattern is
matched by a concomitant pattern of foliage contamination with NPV as
determined by bioassay of field-collected leaves. The same pattern was
demonstrated in laboratory experiments ( 192) and in a simulation model (H.
T. Valentine, unpublished).
Doane (47) showed that virtually all mortality caused by NPV among
larvae hatched from field-collected egg masses could be eliminated by sur
face-treating the egg mass with chlorine bleach. This finding indicated that
the viral inoculum resided on the surface of the mass rather than within the
egg. Doane (47) assumed that this inoculum was derived from the infected
female parent via transovum transmission. Laboratory experiments indicate
that females which ingest sublethal doses of NPV during the larval stage
produce some offspring that die from NPV (138). Murray & Elkinton (118)
have shown, however, that most of the viral inoculum on the egg mass is
acquired from the contaminated surface on which it is laid. In addition,
neonates can acquire lethal doses of virus from contaminated bark or from
pupal mats after the larvae leave the egg mass (188, 193). Particles of NPV
remain viable in protected locations under bark flaps for up to a year follow
ing an epizootic (123).
Although horizontal transmission via environmental sources of virus
appears to be the principal means of transmission between generations of
gypsy moth, the passage of latent infections from females to their offspring
remains a possible but unproven method of transmission for gypsy moth
NPV. Indeed, Evans (53) concluded that the existence of latent virus has not
been proven for any Lepidoptera. Mortality from gypsy moth NPV can be
induced with chemical stressors ( 194) or by foreign viruses ( 100). These
findings constitute circumstantial evidence for the existence of latent virus.
However, increased susceptibility to background contamination of NPV is a
possible alternate explanation of these results. If NPV exists in a latent form,
it may be important as a means of transmission between gypsy moth genera
tions when population densities are very low and environmental contamina
tion with NPV is extremely sparse.
There is an interaction between foliage chemistry and susceptibility of
larvae to NPV. Gypsy moth larvae ingesting NPV on leaves of aspen (Pop
ulus spp.) have higher rates of mortality from the virus than do larvae fed on
red oak, (Quercus rubra) (75). Furthermore, larvae fed leaves from trees with

Annu. Rev. Entomol. 1990.35:571-596. Downloaded from arjournals.annualreviews.org
by University of Wisconsin - Madison on 07/17/09. For personal use only.

GYPSY MOTH POPULATION DYNAMICS

581

high tannin content had reduced susceptibility to NPV (76). Tannins apparent
ly bind with viral particles in the gut, inhibiting passage through the peritro
phic membrane (77). Foliage chemistry also affects midgut pH (136), which,
in tum, affects dissolution rates of the protein matrix (occlusion body) in
which the virus particles are imbedded.
Isolates of NPV from different populations differ in virulence (139, 168).
Gypsy moths from different locations also vary in susceptibility to a given
viral isolate (129, 146). Myers (119) has speculated that short-term genetic
changes in susceptibility to pathogens may account for the cyclic pattern of
population densities of many forest insects, although there is no direct evi
dence for this.
Several other pathogens play important roles in gypsy moth population
dynamics in other continents. In the Soviet Union, microsporidia are a major
source of mortality in high-density gypsy moth popUlations and cause longer
development times and lower fecundity (109, 195). Epizootics of the fungus
Entomophaga maimaiga often decimate high density gypsy moth popUlations
in Japan, but only under very humid conditions (142, 149). Recently, there
have been efforts to introduce E. maimaiga and several European species of
microsporidia to North America (72, 73, 109, 149). In 1989 an epizootic of
Entomophaga decimated gypsy moth popUlations throughout New England
(Hajek, unpublished). Bacteria such as Streptococcus faecalis (48) reportedly
caused high levels of mortality in some gypsy moth populations in North
America. Finally, "unknown mortality" is often the predominant mortality
factor affecting gypsy moth in many population studies (28). We do not know
if such mortality is due to unknown pathogens or other causes.
DISPERSAL
Female gypsy moths in North America are generally incapable of flight, and
move an average of only 1-2 m between sites of eclosion and oviposition
(120). Second and third instars move within a tree but rarely between trees
(183,184). Most early instars remain in the lower canopy or in the understory
of the forest throughout the day (158). In contrast, late instars are very
mobile. The diurnal behavior by which late instars from endemic popUlations
seek resting sites in the litter often results in larvae moving from one tree to
another (82,99, 170). Such behavior is of considerable importance in the host
switching process. Most first instars successfully become established mainly
on primary hosts (Quercus, Populus, etc), but between-tree movement of late
instars causes a net outflux of larvae from these hosts to less-preferred species
(Pinus, Acer, etc) (82, 107, 130, 170). This behavior also causes larvae to
accumulate on trees and in areas with a large number of above-ground resting
sites (e.g. bark flaps) (99). This may help explain reports of high egg mass
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densities in areas that previously were attributed entirely to the high survival
of late instars in such resting sites.
Newly hatched larvae descend on silk threads and are subsequently trans
ported by winds. Passive movement of first instars is unquestionably the
major mode of gypsy moth dispersal, though the distance traveled is a matter
of some controversy. Collins (43) trapped larvae on sticky panels and specu
lated that they may have originated up to 40 km away. Mason & McManus
(106) constructed a Gaussian plume model of first instar dispersal and verified
it experimentally by releasing neonates in the field. They confirmed the model
predictions that a relatively small proportion of insects would disperse beyond
100 m. More recently, Taylor & Reling (157) proposed that extensive long
range dispersal (up to 19 km) may result from horizontal movement of
atmospheric convection cells, but their atmospheric samples above a dense
population did not demonstrate that this occurred. Mason & McManus (106)
point out that if dispersal is extensive, then the rate of expansion of the
generally infested region would have been much greater.
Historical defoliation maps show that defoliation often radiates pro
gressively outward from specific sites, typically referred to as "focal areas" or
foci. These terms are synonymous with the terms "primary foci," "epicen
ters," and "refugia" in the European and Canadian literature (97, 172). Foci
are characterized by forest stands that are growing on xeric sites such as
ridgetops or on sandy soils (71). Several studies have assigned a causal
connection between the initiation of outbreaks in focal areas and their expan
sion to surrounding areas (42,164,171,172). It is hypothesized that the large
numbers of larvae emigrating from these focal areas upset the assumed
endemic equilibrium of local populations, causing them to enter outbreak
phase. However, the relatively low dispersal rates reported by Mason &
McManus (106) suggest that dispersal is unlikely to cause this large-scale
spread of defoliation.
BEHAVIOR AND POPULATION QUALITY
Changes in behavior and other qualitative differences have long been noted
between gypsy moths from innocuous low-density populations versus high
density or collapsing populations. Gypsy moths from high density or collaps
ing populations have shorter development times (26), male-biased sex ratios,
(22) and smaller pupal or adult body weights; they may also lay fewer eggs
(26). It has been suggested that first instars from high-density populations are
more likely to disperse than larvae from low-density populations (137, 23),
although, in our opinion, few data exist to support this conclusion. Leonard
(91) showed that the last-laid eggs in an egg mass tend to be smaller than the
first-laid eggs. Furthermore, the smaller eggs were more likely to yield larvae
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which have extra instars. Such larvae occurred more frequently among in
dividuals reared under crowded (90) or starvation (92) conditions and had a
longer duration first stadium. Starved larvae are more active than unstarved
larvae (89). Leonard theorized that these traits represented behavioral adapta
tions that make dispersal more likely in high-density populations, enabling
individuals to escape the near-certain death from disease or starvation that
occurs in such populations (91).
Capinera & Barbosa (38) showed that small eggs yielded larvae that were
less likely to disperse in laboratory tests than larvae from large eggs. Larvae
from small eggs had lower yolk supply (40) and therefore lower energy
reserves from which to produce silk. Smaller eggs were produced by females
reared on less preferred host trees. Also, females reared from small eggs
produced small eggs themselves; thus, egg size may be heritable. However,
there was no correlation between egg size and population density (39, 127).
Egg masses collected from high-density populations had fewer but not smaller
eggs. Further studies showed that neonates are more likely to disperse from
nonpreferred than from preferred hosts (6, 38, 81). In our opinion, however,
the hypothesis that population density influences the dispersive behavior of
neonates has not been conclusively demonstrated.
High-density populations of gypsy moth mature more rapidly and attain the
adult stage 2-3 weeks ahead of adjacent low-density populations. Leonard
(90) found that larvae reared in the laboratory under crowded conditions
developed more quickly than larvae reared individually, but the differences
averaged ca. 3 days and were not consistent among replicates. Laboratory
studies by Lance et al (83) found no effects due to crowding, partial starva
tion, sublethal doses of NPV, or exposure to larval silk on the developmental
times of gypsy moth larvae. Field studies in high- and low-density pop
ulations showed that on sunny days, larvae from high-density populations
were 2-6°C wanner than larvae from low-density populations ( 83). These
differences occurred because larvae in high-density popUlations remained in
the canopy of trees during the day where they were exposed to more solar
radiation than were larvae from low-density popUlations that sought daytime
resting locations in the litter. Also, solar radiation penetrates defoliated stands
much more than nondefoliated stands. Furthermore, when reared in the
laboratory under the same diurnal temperature regimes that were measured in
the high- versus low-density populations, larvae differed in developmental
time to the pupal stage by 1-2 weeks. Thus, it seems that differences in body
temperature account for the differences in developmental rates between high
and low-density popUlations.
Late-larval instars from low-density populations feed only at night and seek
daytime resting sites in the litter or in protected locations on the stems of
trees. In high-density popUlations, late instars feed both day and night and
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remain in the canopy of trees (16, 54). Lance et al (84, 86) have shown that
such larvae from high-density populations consume no more foliage than
larvae from low-density populations, even though they are feeding over a
much longer period each day. Feeding bouts on foliage of individuals from
high-density populations are of shorter duration than feeding bouts from
low-density populations. Changes in foliage chemistry may explain the shift
away from feeding only at night in high-density populations (84). Larvae
hatched from field-collected eggs and reared on foliage from a site experienc
ing heavy defoliation showed no diurnal feeding rhythm. In contrast, larvae
reared on foliage from a site with little or no defoliation showed a marked
diurnal feeding rhythm. Similar results were produced in the laboratory by
incorporating tannic acid into artificial diet (84). Larvae reared on normal diet
exhibited the diurnal rhythm, whereas larvae reared on a diet containing
tannins, at concentrations comparable to that of leaves from defoliated trees,
exhibited no diurnal rhythm. These findings support the growing body of
knowledge indicating that foliage chemistry has an important impact on
quality and behavior of gypsy moths. These impacts include reductions in
body size and fecundity, which are among the most important changes
associated with dense populations of gypsy moth (131).
HOST TREE SPECIES AND FOLIAGE CHEMISTRY
Tree species composition has a major impact on the susceptibility of forest
stands to gypsy moth. Gypsy moth has a very wide host range, although some
tree species (notably Quercus, Populus, and Salix spp. ) are clearly more
preferred than others (104, 116). Outbreaks rarely occur in stands dominated
by nonpreferred host species (16, 58, 71).
In recent years, much research has concentrated on quantifying gypsy moth
host preferences in the field (3, 4, 88, 107, 108, 130). These studies have
shown that different gypsy moth stages differ markedly in their host prefer
ences. First instars are the most specific, late instars are more catholic in their
preferences, and pupae are often most common on tree species that are
unsuitable hosts for early instars. Rossiter (130) proposed that this exploita
tion of nonpreferred hosts by late instars represents an adaptation by which
larvae avoid high levels of density-dependent mortality (such as starvation
and NPV) on preferred species. Generally, there is almost complete con
gruence in the relative acceptability (measured in laboratory feeding trials
with first instars) of various host species and their suitability (measured by
weight gain and developmental time) (9, 104). Furthermore, a good corres
pondence exists between the performance of larvae on a given host species (as
measured by developmental time and pupal weight) and its preference (as
measured in both feeding trials and by the distribution of larvae in the field)
(3, 5, 70).
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The chemical basis of this host preference is poorly understood. No single
factor alone (such as tannin or nutritional content) explains the performance or
preference of gypsy moth on a particular species; instead, the preference for a
given species probably results from a complex interaction of the allelochemi

(87). Barbosa & Kris
(7) argued that alkaloid content is a major determinant of foliage accepta

cal, nutritional, and physical properties of its foliage
chik

bility to gypsy moth. Several recent studies have examined preferences for
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various tree species from regions not yet infested with gypsy moths

(10,

46, l I l a).
Even among stands dominated by preferred hosts, there is considerable
variation in susceptibility

(16, 71). Montgomery (112) has shown that some

differences in foliage quality (measured by foliage chemistry and larval
performance) exist between trees of a given species located in resistant and
susceptible sites.
Defoliation induces changes in host leaves that cause qualitative changes
in gypsy moths, such as changes in pupal weight, developmental time,
and survival

(174). Schultz & Baldwin (135) suggested that these changes

may be due to increases in hydrolizable and condensed tannins, increased
total phenolics, higher tanning coefficients, and increased leaf toughness.
Valentine et al

(165) showed that defoliation induced a decrease in free

sugar levels, and they found that these levels were inversely correlated with
pupal weight. Rossiter et al

(131) experimentally defoliated trees and demon

strated that defoliation induced increased levels of total phenolics and
hydrolizable tannins, and increased protein-binding capacities, but there was
no effect on condensed tannin levels. Furthermore, these induced changes
occurred only in leaves adjacent to the defoliation and not throughout the tree.
Baldwin

& Schultz (2) reported on laboratory tests in which defoliation

induced elevated phenolic levels both in trees that were defoliated and in
nearby undefoliated trees. Under the so-called "talking trees" hypothesis,
hypothetical pheromones are released by defoliated trees and these pher
omones induce phytochemical reactions in other trees. Fowler

& Lawton (55)

rejected the "talking tree" hypothesis, partially because of statistical problems
in the Baldwin

&. Schultz (2) article. The hypothesis has not been sub

sequently substantiated.
Schultz

& Baldwin (135) proposed that variation in foliage quality may

cause both the initiation and collapse of gypsy moth outbreaks. While host
relationships are important, their role is still uncertain due to the complexity
of their effect. Unquestionably, interspecific and intraspecific variation in
foliage chemistry has an impact on fecundity (70,

112), but no evidence exists

to support the theory that host-induced increases in fecundity cause the release
of innocuous populations to outbreak densities. Host foliage affects sus
ceptibility of larvae to mortality caused by NPV

(75) and parasitism (J.

586

ELKINTON & LIEBHOLD

Werren, unpublished data), but the significance of these effects to the overall
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dynamics remains unclear.
The phenology of bud-break and leaf development On host trees relative to
gypsy moth phenology can have a dramatic effect on larval survival and
growth (125, 162). For many tree species the growth rate and survival of
gypsy moth declines with leaf age (70, 125). With cottonwood, Populus
deltoides, however, gypsy moth grows better on older leaves (110). In
Morocco, defoliated cork oaks, Quercus suber, do not put out new leaves the
following spring, thus forcing gypsy moths to feed on old leaves. This greatly
reduces gypsy moth fecundity and survival and results in a population decline

(56).
WEATHER
Weather affects all of the dynamical interactions of forest insect populations,
although the mechanisms are often obscure imd complex. Several studies have
addressed the gross relationship between yearly weather patterns and gypsy
moth outbreak: development. The results of these analyses are not entirely
consistent, though warm, dry weather does recur as a factor associated with
outbreaks. Watt (176) found that the rate of increase in yearly North Amer
ican defoliation area was positively correlated with late summer temperatures.
Miller et al (111) found that New England state defoliation totals were
positively correlated with minimum temperature from mid-April to mid-May
of the current and the previous years. Defoliation was inversely correlated
with maximum temperatures in early April and precipitation in October of the
previous year. Earlier analyses of the same data revealed that the area
defoliated was positively correlated with maximum November temperature
and minimum January temperature, and was inversely correlated with mean
December temperature (59); however, these relationships were not significant
in all states. Campbell (24) related changes in egg mass density to precipita
tion in May of the previous year. Declines in density were correlated with low
winter temperatures and heavy precipitation in June of the same year (23, 24).
Skaller (145) reported increases in gypsy moth density were correlated with
warm, dry conditions in May and June. Kono (80) related gypsy moth
outbreaks to sunspot activity. The lack of any consistent relationship among
these various studies highlights the inadequacy of correlation analyses and the
difficulty in elucidating weather effects (103). Perhaps, a variety of weather
patterns promote outbreaks.
Ultimately, an understanding of the complex mechanisms by which weath
er affects gypsy moth populations will be required before accurate predictions
can be made. For instance, we know that exposure of egg masses to very
cold winter temperatures «
-250 C) causes high mortality (59, 101,
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102, 105) and that a snow cover over egg masses can provide sufficient
insulation to prevent this mortality (93, 101).
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SIMULATION MODELS

Various simulation models (recently reviewed by Sheehan-141) synthesize
the large volume of information on gypsy moth biology and ecology. Camp
bell (24) developed a series of regression models for forecasting future egg
mass densities based on current densities, stand composition, and meteorolog
ical conditions. Valentine (161) developed a series of differential equations
that describe the effects of foliage availability (starvation), reproduction, and
NPV-caused mortality on the dynamics of gypsy moth populations. Valentine
(163) devised a more complex differential equations model that incorporated
induced changes in foliage quality. In both models, he was able to produce
regular cycles in gypsy moth densities. Morse & Simmons ( l 15) developed a
simulation model that incorporated the net impact of gypsy moth pathogens
and natural enemies, as well as foliage availability; depending on parameter
values, the model predicted regular outbreak cycles or behaved chaotically.
Brown et al (20a) developed a simulation model of the impact of O. kuvanae
on gypsy moth populations. The Gypsy Moth Life System Model (140) is a
very large simulation model developed by the US Forest Service that sim
ulates detailed interactions between gypsy moth populations, their host trees,
and natural enemies.
Models of growth as a function of temperature are fundamental components
of most population simulations for poikilothermic animals like gypsy moths.
Casagrande et al (41) developed a nonlinear, temperature-dependent growth
model for gypsy moth larvae and pupae. Such models can be used to make
predictions of developmental times for populations in the field, but a major
limitation is the usual assumption that the temperature of the animal is the
same as air temperature. Gypsy moth larvae often deviate from air tempera
ture by several °C, and populations in adjacent stands with nearly identical air
temperature can differ in developmental times to the pupal stage by 2-3 weeks
(85). Anderson et al (1) have developed a simulation of microclimate within
and beneath the forest canopy that predicts gypsy moth temperatures from
basic weather data. Other models have been developed that predict the timing
of egg hatch (74, 168a). These models address only the incubation of eggs,
and their use assumes that the timing of diapause termination is known.
Chilling is required to terminate diapause, but it is a gradual process (156)
with complex and not fully understood interactions among chilling temper
ature, chilling time, average incubation time, and variance in incubation. time
(59, 105, 196). Valentine (162) modeled the phenology of leaf expansion of
host trees relative to gypsy moth larval development and showed that the
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timing of gypsy moth life stages relative to host leaves may be important in
determining the extent of foliage depletion (and subsequent starvation) .

SUMMARY AND CONCLUSION

(52) support the earlier conclusions of Bess et al (16) and
& Sloan (30, 3 1 ) that gypsy moth populations are maintained at low

Recent studies
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Campbell

densities primarily by the action of small mammal predators . Spatially densi

C. concinnata may also be
(63). The reasons such factors

ty-dependent parasitism by tachinids such as
important in suppressing incipient outbreaks

fail in certain years and allow gypsy moth populations to escape into outbreak
phase have not been elucidated . Factors that affect small mammal population
density such as overwintering food supply are important possible causes of
population release. Other factors that affect predation rates by small mammals
such as berry crops which compete with gypsy moth as a food item (147) may
also be important. However, changes in factors that affect fecundity or
survival of early instars may in certain years result in densities of late instar
larvae or pupae that approach the satiation points of predators. The syn
chronous behavior of gypsy moth populations over fairly large regions sug
gests that weather conditions drive the system in some manner, but the
mechanisms remain obscure . It is entirely possible that different weather
events and the failure of different mortality agents are responsible for the
onset of outbreak phase in different years .
The factors controlling outbreak populations are better understood. In
recent years major advances have occurred in our understanding of

NPV

epizootiology and the influence of changes in foliage chemistry and other
determinants of population quality. The role of other diseases and the causes
of "unknown mortality" remain to be elucidated. Important advances have
been seen in methods for estimating gypsy moth density and quantifying
mortality , but extreme difficulties remain in collecting adequate measures of
the important variables, particularly at low population density. Thus, we
should not be surprised if future studies lead to a very different understanding
of the dynamic� of this population system.
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