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Abstract The gypsy moth has been present in North
America for more than 100 years, and in many of the areas
where it has become established outbreaks occur with
varying degrees of periodicity. There also exists extensive
spatial synchrony in the onset of outbreaks over large geo-
graphic regions. Density-dependent mortality clearly limits
high-density populations, but there is little evidence for
strong regulation of low-density populations. Predation by
small mammals appears to be the major source of mortality
affecting low-density populations, but because these are
generalist predators and gypsy moths are a less preferred
food item, mammals do not appear to regulate populations
in a density-dependent fashion. Instead, predation levels
appear to be primarily determined by small mammal abun-
dance, which is in turn closely linked to the production of
acorns that are a major source of food for overwintering
predator populations. Mast production by host oak trees is
typically variable among years, but considerable spatial syn-
chrony in masting exists over large geographic areas. Thus,
it appears that the temporal and spatial patterns of mast
production may be responsible for the episodic and spatially
synchronous behavior of gypsy moth outbreaks in North
America. This multitrophic relationship among mast,
predators, and gypsy moths represents a very different ex-
planation of forest insect outbreak dynamics than the more
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widely applied theories based upon predator–prey cycles or
feedbacks with host foliage quality.
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Introduction

The gypsy moth, Lymantria dispar (L.), is known to feed on
the foliage of several hundred different tree species, and its
native range includes most of Europe and Asia. Its most
common hosts are Quercus, Populus, and Larix species. In
1869, the species was accidentally introduced to North
America, and it has been slowly expanding its range; cur-
rently this insect occupies about one-fourth of its potential
range in North America.

The dynamics of gypsy moth populations has been the
focus of considerable research in North America, Europe,
and Asia, and several reviews of this work currently exist
(Leonard 1974; Montgomery and Wallner 1988; Elkinton
and Liebhold 1990). Despite this enormous research effort,
there remain many unanswered questions about the nature
of processes causing yearly fluctuations in gypsy moth abun-
dance. This paper focuses on recent revelations about the
mechanisms behind the dynamics of North American gypsy
moth populations. Initially, we focus on the patterns of
gypsy moth abundance through time and space. The re-
mainder of the article addresses the processes responsible
for these patterns.

Temporal patterns

The gypsy moth is an example of an eruptive species in
North America. Population densities vary by several orders
of magnitude, often reaching epidemic densities that have
spectacular effects (i.e., total defoliation of host trees). It is
not uncommon for gypsy moth populations to persist for
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many years at densities so low that it is difficult to detect
any life stages. Population densities occasionally increase
quickly over several generations, often to defoliating levels
.5000 egg masses/ha. Fig. 1 shows the temporal patterns
of area defoliated by the gypsy moth in five states in the
northeastern United States.

The timing of outbreaks is irregular and difficult to pre-
dict, although there is some statistical evidence of a 10- to
11-year cycle in outbreak dynamics. Miller et al. (1989) and
Williams and Liebhold (1995a,b) examined autocorrelation
functions (ACFs) derived from the data shown in Fig. 1 and
interpreted some of them to be indicative of a quasi-
periodic behavior (Fig. 2A). The autocorrelation statistic, r,
quantifies the correlation between values at one point in
time with values of the same variable at a lag time unit in the
past. The ACF is the set of autocorrelations for a spectrum
of increasing time lag values. Damped oscillating patterns
in the ACF, as seen in the New Hampshire ACF (Fig. 2A),
are characteristic of periodic behavior (Royama 1992).

Williams and Liebhold (1995a,b) observed less evidence
of periodicity in data from other regions.

Inference of population processes from time series

Population cycles are a common phenomenon in many
species of foliage-feeding insects (Varley et al. 1973; Myers
1988; Berryman 1995). Many explanations have been of-
fered to explain these cycles. A few authors have suggested
that they are in some manner caused by cyclic abiotic fac-
tors affecting survival and reproduction (Wellington 1954),
but most authors argue that they are the result of biotic
interactions. Some have suggested that cycles are the
result of fluxes in the population genetics and their effects
on population quality (Chitty 1967) or the negative effect
of population density on maternally transferred traits
(Ginzburg and Taneyhill 1994), but most studies have

Fig. 1. Historical records of area
defoliated by the gypsy moth in
five New England states: Maine,
Vermont, New Hampshire,
Massachusetts, and Rhode
Island (1924–1996)
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highlighted the importance of density-dependent mortality
caused by parasitoids, specialist predators, and pathogens
in generating cycles (Varley et al. 1973; Anderson and May
1981; Myers 1988; Berryman 1995).

Considerable work has focused on the role of natural
enemies in the dynamics of gypsy moth populations in
North America (Elkinton and Liebhold 1990). It is clear
from this work that the most important biotic agents at high
population densities are very different from the agents that
are important at low densities. At high population densities,
the largest and most important source of mortality is a
nuclear polyhedrosis virus. This virus operates in a strongly
density-dependent fashion and is often the cause of collapse
of populations at high densities. At low population densi-
ties, predation by small mammals on late-instar larvae and
pupae is generally the largest source of mortality. A lesser
amount of mortality in low-density populations is also
caused by larval and pupal parasitoids (Williams et al.
1992). However, the precise role of these agents in the
long-term dynamics of populations is not clear.

What, if anything, can be inferred about the most impor-
tant processes affecting gypsy moth dynamics by examining
the long-term patterns seen in Fig. 2? Williams and
Liebhold (1995a,b) examined the partial autocorrelation
functions (PACF) from these historical defoliation time
series and found that several of these PACFs exhibited a
significant inverse correlation at a time lag of 2 years (Fig.
2B). The PACF is functionally similar to the ACF except
that autocorrelation in previous lag units are removed when

calculating the PACF for a specific lag time unit. The PACF
may be diagnostic of the process generating patterns of
abundance (Royama 1992). Turchin (1990) and Berryman
(1994) analyzed time series of the abundance of several
forest insect species and found that PACFs of many of the
series contained a strong negative “spike” at lag(2). They
concluded that this type of PACF is indicative of delayed
density-dependent mortality, typically caused by a specialist
natural enemy (e.g., a parasitoid) whose reproduction is
tightly controlled by host abundance.

The data shown in Fig. 2 are of limited value in deducing
the ultimate causes of outbreaks because they are only
representative of defoliation dynamics, rather than actual
population abundance. Unfortunately, there are few long-
term data on actual gypsy moth abundance in North
America. The largest set of historical data on gypsy moth
abundance was collected during the “Melrose Highlands”
study from 1910 to 1930. Those data consist of yearly counts
of all egg masses in 264 circular (0.07-ha) plots located
through much of New England (Campbell 1967; Liebhold
1992). As seen in Fig. 3B, average densities were very high
from 1910 to 1921, but populations declined and then
partially rebounded in the late 1920s. Campbell and Sloan
(1977) interpreted this trend to be indicative of a pattern
of dual equilibrium dynamics. According to this concept,
which has been widely applied to the dynamics of many
insects (Southwood and Comins 1976), two stable equilibria
exist at both low and high densities. Populations are regu-
lated about one equilibrium by density-dependent pro-
cesses unless an extreme event forces populations into the
domain of attraction of the other equilibrium. Liebhold
(1992) further explored the Melrose data and found that
when yearly counts were averaged over the entire area
sampled in the Melrose study (spanning about 300km), the
frequency distribution of average density was bimodal and
indicative of a dual equilibrium. However, the distribution
of counts in individual plots was not bimodal and therefore
was not indicative of a dual equilibrium (Fig. 3C). Thus, the
appearance of dual equilibrium dynamics was a property
emergent only at a large spatial scale.

Berryman (1991, 1999) also examined yearly averages of
all Melrose plots and found, at low population densities,
that change in population density R 5 Nt11/Nt was inversely
related to lag population density, Nt21 (Fig. 3D). Berryman
interpreted this result as an indication that delayed density-
dependent mortality caused by parasitoids was regulating
populations. However, Liebhold and Elkinton (1991) exam-
ined the same data and found that in individual plots there
was no evidence for a lag correlation in change in popula-
tion change (Fig. 3D). Thus, the apparent delayed density
dependence also was an emergent property of averaging
values over a large geographic region and did not appear to
be present in the dynamics of individual locations.

The role of parasitoids

What is the evidence to support the claim that parasitoids
are regulating gypsy moth populations? In addition to the

Fig. 2. Time-series statistics for yearly defoliation area from New
Hampshire (1924–1996) shown in Fig. 1. A Autocorrelation function
(ACF). B Partial autocorrelation function (PACF)
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appearance of delayed density dependence (Fig. 3D),
Berryman (1991) cited manipulation studies in which in-
creased rates of parasitism by several dipterous and hy-
menopterous parasitoids were detected following artificial
elevation of host gypsy moth populations (Liebhold and
Elkinton 1989a; Gould et al. 1990). Berryman (1991) cited
this response as evidence that parasitoids were operating in
a density. dependent fashion and thus capable of regulating
populations. However, there are several problems with this
interpretation. First, the spatial gradients in gypsy moth
densities created by Gould (1990) and Liebhold and
Elkinton (1989a) greatly exceeded any natural spatial varia-
tion in densities. Within naturally occurring populations,

density gradients are subtler and there is no evidence for
positive spatially density-dependent mortality (Liebhold
and Elkinton 1989b). The spatial density dependence ob-
served in these studies thus may have been an artifact of
extreme density gradients. Second, even if naturally occur-
ring mortality of gypsy moth populations caused by parasi-
toids were spatially density dependent, this does not
translate into temporal density dependence or population
regulation (Hassell 1989). Third, rates of parasitism in
North American gypsy moth populations are generally low
compared to those of similar defoliator species (Elkinton
and Liebhold 1990). Although there are a limited number
of studies in which parasitism and host density have been

Fig. 3. Melrose Highlands gypsy moth data. A Plot locations in northeastern United States. B Yearly estimates of gypsy moth eggmass densities
1910–1932. Heavy, solid line is mean (of all plots); light lines are densities at four arbitrarily selected plots. C Histograms showing the frequency
distribution of counts per plot. The bottom histogram is the frequency distribution of counts in individual plots in each year. The top histogram
is the frequency distribution of averages of all plots in each year. D Scatter plots of rt 5 Nt11/Nt versus Nt21, where Nt is counts of egg masses in
individual plots in year t on the bottom graph and in the upper graph Nt is the average of all plots in year t. The broken line shown in the graph
of averages is the regression of log(r) on log (Nt21) for Nt21 , 1000 egg masses/ha.
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measured over several generations, results to date indicate
a mixture of both inverse and positive density dependence
in parasitism (Reardon 1976; Williams et al. 1992). Thus,
there is not definitive evidence of density-dependent regu-
lation of the gypsy moth by parasitoids.

What then is the cause of the apparent delayed density-
dependent mortality that is only evident at large spatial
scales (Fig. 3D)? Royama (1992) and Williams and
Liebhold (1995b) demonstrated that there are problems
with the analytical methods proposed by Turchin (1990)
and applied by Berryman (1991) to detect delayed density
dependence and infer the importance of a reproductively
linked mortality such as a specialist parasitoid in the dynam-
ics of gypsy moth populations. They showed that any
autocorrelation in an exogenous mortality factor can create
the same inverse lag correlations that are used to diagnose
delayed density dependence in these tests. It is conceivable
that an exogenous factor such as weather may have a tem-
porally autocorrelated effect on populations and may thus
be the cause of these patterns. However, most weather
variables are at best weakly autocorrelated among succes-
sive years (Burroughs 1992). Alternatively, it is possible
that a generalist predator or parasite could exhibit first-
order density-dependent growth in its own populations and
that this would result in autocorrelated mortality in host
populations. The autocorrelated mortality caused by a gen-
eralist predator could explain the appearance of delayed
density dependence detected by Berryman (1991) and evi-
dent in Fig. 3D.

The role of predators

The fact that small mammals are generalist predators and
that they cause a large amount of mortality in low-density
gypsy moth populations makes them good candidates to
explain the apparent delayed density dependence in popu-
lations. Predation has been recognized as the major cause of
mortality in low-density gypsy moth populations (Bess et al.
1947; Campbell 1975). Furthermore, there is good evidence
that most of this predation is caused by small mammals
(Bess et al. 1947; Campbell et al. 1977; Weseloh 1988, 1990;
Smith 1989; Elkinton et al. 1989, 1996; Grushecky et al.
1998). Most animal populations exhibit first-order auto-
correlation in abundance because of their reproductive in-
ertia, and small mammals are no exception (Lewellen and
Vessey 1998).

Predation plays an important role in gypsy moth dynam-
ics, not only because it is a large source of mortality but also
because it explains a large amount of the variation in yearly
changes in gypsy moth abundance. Analysis of partial life
tables for low-density gypsy moth populations indicated
that predation was negatively correlated with changes in
gypsy moth abundance (Campbell 1976; Campbell and
Sloan 1977). More recent studies indicated a strong inverse
correlation between changes in densities of natural gypsy
moth populations and predation on tethered gypsy moth
pupae (Elkinton et al. 1989, 1996; Grushecky et al. 1998).

Measurement of predation on tethered pupae may provide
a biased estimate of absolute predation levels, but it can be
used effectively to compare predation levels among loca-
tions and years (Smith 1985, 1989). These studies also indi-
cate that predation on tethered pupae is highly correlated to
densities of small mammal populations. This hypothesis was
experimentally tested by Elkinton (unpublished data), who
supplemented the overwintering food supply of small
mammals and observed increased levels of predation in the
spring as a result of increased predator abundance. Simi-
larly, Jones et al. (1998) artificially decreased small mammal
populations using traps and observed a decrease in rates of
predation on gypsy moth pupae and an increase in gypsy
moth populations.

Do small mammals regulate gypsy moth populations?
The term regulation implies some form of negative feed-
back or positive density dependence that acts to stabilize
populations (Turchin 1995). Campbell (1975) argued that
predation by small mammals on gypsy moth populations
was density dependent and therefore responsible for regu-
lation of low-density populations. Although there is consi-
derable evidence of density-dependent predation by small
mammals on other forest insects (Holling 1965), Campbell’s
evidence for density dependence was weak. Elkinton et al.
(1989) studied low-density populations and found no evi-
dence for positive density dependence. They suggested that,
even though small mammals cause high levels of mortality
in low-density gypsy moth populations, they are not respon-
sible for regulation. More recently, Elkinton et al. (1996)
confirmed that variation in rates of predation by small
mammals was a major determinant of intergenerational
changes in the density of low-density populations. How-
ever, predation rate was mostly determined by variation in
predator densities, not gypsy moth densities.

The apparent lack of positive density dependence in pre-
dation on the gypsy moth is in stark contrast with several
classical studies of the functional response of vertebrate
predators to prey densities. Because generalist predators by
definition have many hosts, the numerical response of
predators to populations of individual prey species may be
limited or nonexistent (Hanski 1990). Therefore, if general-
ist predators regulate prey populations, this must occur via
the functional response to prey density (Holling 1965). In-
deed, it was Holling’s (1959) classic work with small mam-
mal predation on European pine sawflies that inspired his
differentiation among types of functional responses. He
recognized that for some predator–prey systems the pro-
portion of prey consumed declined continuously with prey
density; he referred to this as a type II functional response.
In other systems, the proportion of prey consumed in-
creased with host densities up to a maximum level and then
declined again at higher densities. This type of response,
termed a type III functional response, has been recognized
as capable of regulating prey populations via negative feed-
back (Holling 1965; Murdoch and Oaten 1975; Hassell
1978).

It is relatively easy to manipulate the densities of gypsy
moth pupae by deploying laboratory-reared individuals
over a range of densities. Using this approach, studies indi-
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cate that predation by small mammals on gypsy moths is
characteristic of a type II functional response in which the
proportion of the population killed declines through the
entire range of densities (Elkinton et al. 1989, 1996). A
likely explanation of this type II response of mammals to
gypsy moths but a type III response to other species is that
gypsy moth pupae and larvae are of low palatability to
predators compared with other prey items (Liebhold, un-
published data). Holling (1965) reported that the functional
response of predation to prey density can be modified both
by the palatability of the prey item relative to alterna-
tive items and by the abundance of alternative items. This
modification means that, for gypsy moth populations, pre-
dation is generally inversely density dependent and there-
fore does not stabilize abundance. Furthermore, Smith and
Lautenschlager (1981) found that when a highly preferred
alternate prey was abundant, predation on gypsy moth
populations was greatly diminished.

The role of mast

Because predation appears to be a major determinant of
yearly fluctuations in gypsy moth abundance, it is important
to understand what factors affect variation in predation
rates among years. As stated earlier, it is likely that preda-
tion rates can be affected by the abundance of alternative
prey items that are present during the same portion of the
season as gypsy moth larvae and pupae (e.g., other foliage-
feeding insects, berries) (Smith and Lautenschlager 1981).
However, it is also clear that predation levels are strongly
related to small mammal abundance and thus year-to-year
variation in predator abundance is a major determinant of
changes in gypsy moth densities (Elkinton et al. 1989, 1996).
The dynamics of small mammal populations, most notably
Peromyscus spp., have been the object of considerable
study over many years (King 1968; Stenseth 1985; Kaufman
et al. 1995). Several of these studies (Wolff 1996) indicate
that survival of overwintering mammal populations is criti-
cal in determining yearly trends in abundance and that
overwintering survival is closely tied to the abundance of
food such as mast. Elkinton et al. (1996) measured mast
abundance, small mammal abundance, predation levels,
and gypsy moth densities at eight sites over 5 years and
found a strong relationship between mast abundance and
change in mouse densities, which were in turn inversely
correlated with change in gypsy moth abundance. Jones et
al. (1998) confirmed this relationship by experimentally el-
evating overwintering mast abundance and observing in-
creases in small mammal densities.

Most of the forests where gypsy moth outbreaks occur
in North America are dominated by oaks. In these stands,
acorns are thus the major source of mast to sustain overwin-
tering small mammal populations. Mast production is af-
fected by physiological factors that cause cyclic patterns of
acorn production and by abiotic (weather) factors that
cause deviations from the cycles (Sork et al. 1993). The
period of an acorn production cycle varies from 2 to 4 years

among different oak species. In mixed-oak stands, mast
“failures” occur for all species in some years, and it is likely
that in those years small mammal populations would be
greatly diminished. Elkinton et al. (1996) and Jones et al.
(1998) hypothesized that in years of general mast failure
gypsy moth populations may be released from low densities
and outbreaks may ensue (Fig. 4). There is considerable
variation among stands in the relative dominance of differ-
ent oak species. For this reason, specific years of mast fail-
ure may vary considerably among stands. Whether this
explains part of the variation in gypsy moth dynamics that
is seen among nearby stands remains to be determined.

Elkinton et al. (1996) is the only study to date in which
naturally occurring mast, mouse, and gypsy moth densities
have been recorded simultaneously, but even that study is
limited by the inclusion of only 5 years of mast data. Data
collected over such a short interval are clearly not represen-
tative of mast dynamics over an entire gypsy moth outbreak
cycle. We present, in Fig. 4, a longer set of data representing
records of mast abundance (Fig. 4A) and gypsy moth defo-
liation (Fig. 4B) recorded as part of separate state forest
and game management programs. Acorn fall was recorded
annually at two separate plots in Centre and Huntington
Counties, located in central Pennsylvania (USA) (Drake
1997; Cogan 1995). Defoliation records were derived from
historical aerial sketch map data, and annual proportions
of each county defoliated were extracted using a geographic
information system (Liebhold et al. 1994).

Fig. 4. Temporal patterns of acorn fall and gypsy moth dynamics in
two counties in Pennsylvania (USA). A Measurements of acorn fall (all
oak species) in Centre County (from Drake 1995) and Huntington
County (Cogan 1995), Pennsylvania. B Historical records of defolia-
tion in Centre and Huntington Counties (right axis) and total defolia-
tion over all of Pennsylvania (left axis). C Cross-correlogram of
defoliation and acorn fall in Huntington County
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There appeared to be considerable synchrony between
the Huntington and Centre County sites in both acorn pro-
duction and defoliation (Fig. 4A,B) even though they were
separated by about 50km. Defoliation data (Fig. 4B) indi-
cate the occurrence of major outbreaks in the two counties
in the years 1972–1974, 1981–1982, 1985–1986, and 1990. In
most cases, these outbreaks were preceded by general mast
failures occurring in 1968, 1978, 1982–1983, and 1987–1988.
There were some exceptions to this association (e.g., mast
failure in Huntington Co. in 1975 did not result in a gypsy
moth outbreak). A cross-correlogram between defoliation
and acorn fall in Huntington Co. (Fig. 4C) indicated a nega-
tive association between acorn fall and gypsy moth defolia-
tion at time lags of 21 and 13 years. We hypothesize that
the lag 13 inverse correlation is caused by the lagged effect
of acorn failures that caused a decline in predator popula-
tions, resulting in increased gypsy moth growth and abun-
dance. The 3-year lag would result from the time required
for population growth from low densities to outbreak levels.
The lag 21 inverse correlation may reflect the negative
effect of defoliation on acorn production (Gottschalk
1990). We are aware that serial dependence in these data
results in a lack of statistical independence among samples
(Buonacorsi et al. 2000), and therefore we did not attempt a
rigorous statistical test of cross-correlation between acorn
abundance and gypsy moth outbreaks. Nevertheless, these
results indicate that acorn failure may precede gypsy moth
outbreaks by 2–4 years and thus support the theory that
acorn failure is causally linked with the onset of gypsy moth
outbreaks.

Outbreak synchrony

Deviations from average weather conditions tend to extend
over considerable distances, and these deviations have been
hypothesized to cause large-scale synchrony in mast cycles
over large geographic regions (Sork et al. 1993; Kelly 1994;
Crawley and Long 1995; Koenig and Knops 1998). Any
spatial synchrony in mast failures would likely create large-
scale synchrony in small mammal abundance, although the
evidence for synchrony in small mammal populations is
minimal (Krohne 1997).

Superficial examination of defoliation totals in Fig. 1
suggests the existence of outbreak synchrony in disjunct
gypsy moth populations. Williams and Liebhold (1995a)
examined these time series and identified significant spatial
synchrony among all populations. The existence of spatial
synchrony over large geographic regions is a common fea-
ture of many animal populations ranging from butterflies to
sheep (Ranta et al. 1995; Grenfell et al. 1998; Hudson and
Cattadori 1999). Two principal mechanisms have been pro-
posed to explain spatial synchrony in animal abundance:
dispersal and regional stochasticity. Under both hypotheses
the assumption is made that some endogenous process (e.g.,
density-dependent mortality caused by a predator, parasite,
or pathogen) dominates the dynamics of the species and
results in population cycles, limit cycles, or some other

nonlinear behavior. Under the dispersal hypothesis, it can
be shown using theoretical models that a relatively small
amount of dispersal among disjunct populations will serve
to synchronize the timing of outbreaks (Barbour 1990).
The regional stochasticity hypothesis is also referred to as
the “Moran effect” because it was originally proposed by
Moran (1953) to explain synchronous fluctuations of Cana-
dian lynx populations. Under this hypothesis, some exog-
enous factor (most likely a weather condition that affects
reproduction or survival) acts synchronously over a large
geographic area. Moran (1953) showed that even if the
effect is relatively minor it may quickly bring population
fluctuations in disjunct areas into synchrony (Moran 1953;
Royama 1992; Ranta et al. 1997; Myers 1998).

Williams and Liebhold (1995a) pointed out that North
American gypsy moth populations lack a long-distance dis-
persal mechanism (females are flightless) and thus the
observed synchrony is most likely caused by the Moran
effect. They found that certain synchronous weather pat-
terns were correlated with deviations from autoregressive
(endogenous) models fit to the series, and thus weather may
explain the observed synchrony in disjunct gypsy moth
populations. However, Williams and Liebhold (1995a) did
not identify what mechanism(s) were involved by which the
synchronous weather deviations might affect gypsy moth
survival or reproduction. We propose here that a likely
mechanism by which weather synchronizes gypsy moth
populations is via effects on acorn crop oscillations. Acorn
dynamics is driven by endogenous physiologically based
processes that generate cycles (Sork et al. 1993; Kelly 1994).
These cycles tend to be highly synchronized over large re-
gions (Crawley and Long 1995; Koenig and Knops 1998).
This synchrony is most likely a result of the Moran effect
because masting can be influenced by weather. The interval
between large mast years varies among different oak spe-
cies. For example, Olson (1974) listed a 4- to 10-year inter-
val between mast crops for white oak, Quercus alba, but a 3-
to 5-year interval for red oak, Q. rubra. Total mast failures
would result when low mast years “line up” for all species
present in a stand. Spatial synchrony in masting observed
within each species would thus result in spatially synchro-
nous total acorn failure over large regions; this would likely
cause synchronous declines in small mammal populations
and synchronous release of gypsy moth populations from
low densities to outbreak levels (Fig. 5). It is likely that the
Moran effect may also synchronize gypsy moth populations
via direct effects of weather on gypsy moth survival. For
example, cold winter temperatures can kill eggs (Smitley et
al. 1998), or cool spring temperatures can result in poor
synchrony between larval populations and host plant devel-
opment (Hunter and Elkinton 2000).

Conclusions

Our new knowledge of gypsy moth dynamics suggests that
organisms at different trophic levels interact in more com-
plex ways than previously conceived. Early concepts of the
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regulation of insect populations focused on mechanisms by
which density-dependent mortality regulated populations
about equilibrium levels (Varley et al. 1973). Although it
is clear that density-dependent regulation of gypsy moth
populations may occur at high densities, any density-depen-
dent regulation at low densities by higher or lower trophic
levels is weak. Predators and parasitoids may affect popula-
tions, but they do not appear to be linked in a strong nega-
tive feedback mechanism with their hosts. Thus, it does not
appear that the periodicity in gypsy moth outbreaks in Fig.
1 is the result of density-dependent regulation. It is more
likely that oscillations in mast production are at least par-
tially responsible for the episodic nature of gypsy moth
outbreaks (see Fig. 4). Further evaluation of this hypothesis
will only be possible after more data are collected over
several regional outbreak cycles.

Considerable work in the past has also focused on “bot-
tom-up” effects on gypsy moth dynamics, and this work has
suggested that induced responses by host plants may have

Fig. 5. Schematic diagram
showing the hypothesized
relationships between regional
weather, physiological cycles
of mast production in oak
species, small mammal
dynamics, and gypsy moth
dynamics

important effects on gypsy moth dynamics (Schultz and
Baldwin 1982; Rossiter 1994). However, despite consider-
able attention to these interactions, there is still a lack of
evidence that naturally occurring variation in gypsy moth
survival and reproduction is directly affected by hosts in a
manner that significantly affects changes in densities among
generations (Myers et al. 1998; D’Amico et al. 1998). In-
stead of these direct effects, lower trophic levels (plants)
may affect gypsy moth populations mostly via indirect
interactions (e.g., effects of mast abundance on predator
populations).

Our studies of gypsy moth dynamics also illustrate that
many important population processes are only emergent
at large spatial scales. Traditionally, population dynamics
research has focused on collection of life table statistics and
other data from populations located in specific forest
stands. Although important processes can be observed at
these spatial scales, other processes can only be observed at
larger spatial scales. We have seen that characteristics such
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as bimodal dynamics, population cycles, second-order lag
correlations (i.e., apparent delayed density dependence),
and spatial synchrony are features of gypsy moth popula-
tion dynamics that are only evident when examining the
dynamics of populations over large regions. This result
stresses that future studies of insect dynamics should exam-
ine population processes operating at several different spa-
tial scales.
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