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POPULATION ECOLOGY

Maternal Effects on Gypsy Moth (Lepidoptera: Lymantriidae)
Population Dynamics: A Field Experiment

MARK C. ERELLI1 AND JOSEPH S. ELKINTON1,2

Environ. Entomol. 29(3): 476Ð488 (2000)

ABSTRACT Previous studieshavepostulated that thequalityof resources that femalegypsymoths,
Lymantria dispar (L.), allocate to their eggs may affect the growth, development, and population
dynamics of larvae in subsequent generations. To test this hypothesis, we collected eggs from food
stressed and unstressed populations and measured critical life history parameters (e.g., dispersal,
growth rate, mortality, fecundity) of gypsy moth larvae with a combination of Þeld and laboratory
experiments. Larvae from stressed and unstressed source populations showed no differences in
overall dispersal, mortality from pathogens and parasitoids, or developmental rate. In smaller
laboratory andÞeld rearing studies, therewere no signiÞcant differences in the relative growth rates,
female pupal weights, or fecundity between larvae from stressed and unstressed populations.
However, we found that the proportion of males in egg masses from stressed populations were 11%
higher than those from unstressed populations. In addition, there was a signiÞcant relationship
between egg mass size and proportion of males in one of 2 yr of the study. We conclude that
nutritionallymediatedmaternal effects have a relativelyminor inßuenceon thepopulationdynamics
of the gypsy moth.

KEY WORDS gypsy moth, maternal effects, population dynamics

THE QUEST TO explain the ßuctuating population den-
sities of economically important forest Lepidoptera
has engaged both theoretical and applied ecologists
for the last century (Myers, 1988). The effects of
predators and parasitoids (Varley et al. 1973, Hassell
1978), pathogens (Stairs 1972, Anderson and May
1980), climatic variation (Uvarov 1931, Andrewartha
and Birch 1954), and interactions with the host tree
(Rhoades and Cates 1976, Schultz and Baldwin 1982,
Haukioja and Neuvonen 1987) are all potentially im-
portant inßuences on herbivore populations. Alterna-
tively, changes intrinsic to the insect itself during the
course of an outbreak cycle might also account for
some of the lagged effects that underlie the cyclic
dynamics of certain forest insects (Wellington 1957,
1960; Rossiter 1991; Ginzberg and Taneyhill 1994).

Genetic or environmental inßuences in theparental
generation may be expressed as phenotypic differ-
ences in the offspring, and are referred to as maternal
effects (Mousseau and Dingle 1991, Rossiter 1992,
Bernardo 1996). Much of the research with plant-
herbivore systems has focused upon non-nutritional
maternal effects, such as the effect of maternal pho-
toperiod on offspring diapause (Mousseau and Dingle
1991). However, increasing attention has been di-
rected at nutritionally based maternal effects, which
are transmitted through variation in the quantity or
quality of egg nutritional resources in response to

density-related factors affecting females primarily
during the larval stage (Rossiter 1991). Although only
documented for a handful of insect species, the gypsy
moth, Lymantria dispar (L.), is one such species for
which nutritionally based maternal effects have been
proposed as a cause for time lags and cyclic ßuctua-
tions in population density after outbreaks decline
(Rossiter 1992, Ginzberg and Taneyhill 1994).

Nutritional stresses associated with high population
densities (e.g., changes in foliage quality, food short-
age) may affect the next generation in various ways,
including ballooning behavior (Capinera and Barbosa
1976, Barbosa et al. 1981, Diss et al. 1996), larval de-
velopmental rates (Leonard 1968, Campbell 1978,
Greenblatt and Barbosa 1980), and fecundity (Camp-
bell 1967). For example, Rossiter (1991) reported that
larvae reared on artiÞcial diet attained 10Ð25% greater
pupalweights (i.e., fecundity)when theirmothers fed
on trees with greater herbivore damage. In the same
study, Þrst instars also had a shorter prefeeding stage,
an attribute she related to dispersal tendency, when
their mothers fed on foliage with higher levels of
condensed tannin. Based on these results, Rossiter
(1992, 1994) proposed a “maternal effects hypothesis”
for insect outbreaks whereby maternal effects im-
prove population quality and size in subsequent gen-
erations, overwhelming the numerical response of
natural enemies, and thus initiate an outbreak.

Although some studies report that variation in ma-
ternal population quality has a signiÞcant inßuence on
lifehistoryparameters critical tonatality andmortality
inoffspring, othershave failed todetect anyconsistent
differences. Myers et al. (1998) collected L. dispar
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eggs from both unstressed and stressed populations
and searched for differences in development, survival,
pupal size, and fecundity in a series of laboratory
experiments similar to Rossiter (1991). Sex ratio was
the only trait that varied consistently with maternal
population density (Myers et al. 1998). Diss et al.
(1996) found that the level of defoliation caused by
the maternal population (one measure of population
quality) had no effect upon maternal egg yolk pro-
teins, egg weight, or the longevity of the offspring.

Although maternal effects may alter certain aspects
of insectdevelopmentunder laboratoryconditions, no
studies have conÞrmed their existence under natural
conditions. It is unclear whether maternal effects doc-
umented in the laboratory have a measurable impact
on populations in the Þeld. The best support for the
maternal effects insect outbreak hypothesis would re-
sult from Þeld studies conducted at the population
level. In this study, we measured the degree to which
maternal population quality affects various life history
parameters(larvaldispersal, development, overall sur-
vival, and fecundity) relevant to both larval develop-
ment and gypsy moth population growth. We created
experimental populations of gypsy moth larvae and
investigated the extent to which maternal effects can
inßuence population dynamics in the Þeld.

Materials and Methods

Study Sites. All experimental populations and rear-
ing experiments were conducted on Otis Air National
Guard (Cape Cod, MA) or on conservation land bor-
dering the base in 1997 and 1998. Although back-
ground densitieswere extremely lowduring our study
(J.S.E., unpublished data), the area is highly suitable
for the gypsy moth and traditionally experiences out-
breaks more frequently than elsewhere in the state
(LiebholdandElkinton1989).Forest standsat this site
are dominated by preferred hosts of L. dispar, black
oak (Quercus velutina Lam.) and white oak (Quercus
alba L.), as well as pitch pine (Pinus rigida Mill.) and
red maple (Acer rubrum L.). The understory consists
mainly of blueberry (Vaccinium spp.) and huckle-
berry (Gaylussacia spp.).

EggCollection and Storage.Gypsymoth eggmasses
were collected from four different source populations
from southeastern Michigan in early spring of two
consecutive years. In 1997, eggs were collected from
stressed populations in two separate forest stands in
Huron Township, MI, and unstressed population eggs
were collected from the Kensington Metropark (near
Detroit, Michigan), and the University of Michigan
Dearborn Natural Area (Dearborn, MI). In 1998,
stressedpopulation eggswere collected from stands in
East Lansing, MI, and the William P. Holliday Forest
and Wildlife Preserve (Westland, MI), and unstressed
population eggs were collected from stands in Ypsi-
lanti and Romulus, MI. Population quality estimates
were determined via egg mass counts, egg mass size
measurements, and defoliation history at each site.
Each of the four high density, stressed maternal pop-
ulations had experienced high defoliation levels (75%

ormore) inat least theyearbeforecollection,whereas
all four low density populations had either undetect-
able densities or low levels of defoliation in the year
before collection.

Eggmasses used to create experimental populations
were scraped from trees and eggs from the same
sourcepopulationweremixed.Eggswere surface ster-
ilized by immersion in 10% Formalin for 1 h, and then
rinsed with running water for an additional hour to
prevent contamination of neonates by nucleopolyhe-
drosis virus (LdMNPV) (Bell et al. 1981). Sterilized
eggs were measured in 5.3-g aliquots into wire mesh
packets (10 by 14 cm, 1.5-mm mesh size), which allow
neonates to escape but retain the eggs (Gould et al.
1990), and stored in paper lunch bags (25 mesh pack-
ets per bag) to ensure proper aeration during cold
storage. Egg masses used for the smaller rearing com-
ponents of our study were collected separately and
kept intact during the sterilization process. As a result
of anoversight, eggmasses collected in 1997 tobeused
in smaller rearing experiments were not surface ster-
ilized. All egg masses were air-dried, measured for
length and width (centimeters), and stored at 68C for
the 2 or 3 mo before the study in both years.

Creating Experimental Populations. Experimental
populations were created in 1997 only. We calibrated
the number of egg packets needed to create equal
densities of '300,000 larvae in each plot (2 replicate
release plots 3 four source populations 5 8 experi-
mental populations) by estimating the number
(mean 6 SE) of neonates that hatched from a sub-
sample of eggs from each source population (stressed,
774.0 6 56.0 and 819.6 6 57.6; unstressed, 1,053.9 6
16.1 and 1,013.7 6 23.1 larvae per gram of egg). Eggs
were then moved from cold storage to 278C to induce
hatch. We timed hatch to coincide with budburst, and
we allowed hatch to begin in the laboratory so as to
minimize differences in hatch phenology across ex-
perimental populations.

After '20% of larvae in each paper bag had started
to emerge, larvae were gently brushed off the wire
mesh packets onto paper bags, which were stapled to
the boles of 11Ð14 black oaks in the center of each plot
daily. Unhatched eggs in mesh packets were placed in
a new bag and returned to 278C to continue hatching
overnight. When '75% of the larvae in the mesh
packets had hatched, the egg packets were stapled to
the tree boles and the remainder allowed to hatch at
ambient temperatures. The majority of neonates were
released over a 4-d period (7Ð10 May 1997) for all
populations except KY, which seemed to lag behind
the others by a day or two. Each release plot was
separated by aminimumof 100m, a distance sufÞcient
to prevent all but negligible dispersal of larvae be-
tween plots (Hunter and Elkinton 2000).

Measurement of Larval Dispersal. Gypsy moth lar-
vae disperse by ballooning before feeding in the Þrst
instar (Leonard 1970). Thus, all second instars found
on foliage will comprise the fraction of dispersed lar-
vae that have survived dispersal, become successfully
established on foliage, and begun to feed. To examine
the effect of maternal population quality on larval
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dispersal and Þrst instar survival, we measured the
overall displacement of larvae from the center of each
experimental population in 1997. The period of larval
dispersal was monitored in one replicate of experi-
mental population by four sticky traps (20 by 26-cm
wire mesh cylinders coated with Vaseline) placed
10 m out from the center of each plot in the N, S, E,
and W directions. Traps were checked and cleared of
ballooning Þrst instars daily until no additional larvae
were found, and the period of larval dispersal had
Þnished.

Displacement of larvae from the center of the re-
lease area was measured by clipping foliage from the
canopy at 5-m intervals in the N, NE, E, SE, S, SW, W,
and NW directions. In both years during the period of
larval dispersal, prevailing winds blew consistently
from the SW (Hunter and Elkinton 1999), so we sam-
pled additional transects in the NNE and ENE direc-
tions to account for disproportionate larval dispersal
into this section of each plot. Foliage clippings were
taken with a pole pruner from various heights within
the canopy, dropped onto tarpaulins, and the gypsy
moth larvae counted and removed. We aimed to col-
lect '100 leaves at each sampling point (mean 5 165;
range, 84Ð370). Transects were extended until no lar-
vae could be found (generally #45Ð50 m from plot
center).

Tomeasure the relativedisplacement of larvae from
each source population, we compared pooled data
fromeach replicate plot. Fitting the larval density data
to a bivariate normal distribution, the center of the
resulting three-dimensional surface was estimated us-
ing the nonlinear procedure of SAS (NLIN, Sall and
Lehman 1996). The x and y coordinates of the new
center of larval distribution, and a scaling parameter
(C) equal to the integral under the surface of the new
distribution (the number of larvae on a per leaf basis)
were calculated. The scaling parameter was then con-
verted to a density estimate (larvae per square meter)
using the formula:

@C 3 (leaves/m2 of leaf area)

3 (m2 of leaf area/m2 of ground)]/100,

whereC 5 number of larvae per 100 leaves, and leaves
per square meter of leaf area 5 167 (Hunter and
Elkinton 2000).

Sources of Mortality: Parasitoids and Pathogens. To
measure contributions of pathogens and parasitoids to
larval mortality, we collected a subsample of larvae
from each experimental population weekly in 1997.
Caterpillars were collected directly into plastic cups
containingwheat germ-based artiÞcial diet and reared
in an outdoor insectary for 2 wk, where they were
checked every other day for mortality. Larvae that
died during this time were held for a few days to allow
for the emergence of parasitoids, and were examined
under a light microscope (4003) to check for patho-
gens. As a result of lowmortality during the Þrst instar,
100 larvae could be collected from each plot during
the Þrst week. In subsequent weekly collections, only
50 larvae were taken per plot. Larval mortality was

expressed as marginal rates under the assumption of
proportional hazards (Elkinton et al. 1992) and con-
verted to k-values (Varley et al. 1973).

We assessed the developmental phenology of each
experimental population by recording the instar of all
larvae collected. For each collection date, the “mean
instar” for each population was calculated by pooling
the total number of larvae in each instar across both
replicate plots, assigning each larva an instar value
from one though six, and then calculating a “mean
instar value” for each population using a weighted
average of these instar scores.

Mortality in the Field: Burlap Counts and Preda-
tion. Late instar larvae seek daytime resting locations
under ßaps of bark or in the leaf litter to escape
detection by some predators (Leonard 1971). This
behavior can be exploited to provide a relative esti-
mate of density through counts of larvae seeking shel-
ter under burlap skirts on the trees. We attached
burlap skirts to boles of trees at 5-m intervals to a
maximum of 40 m along transects radiating from the
center in the eight main compass directions (n 5 65
trees per plot, including center tree). The number of
larvae or pupae under or near the burlap skirts were
counted four times at approximately weekly intervals
in 1997.

We present our mortality data as cumulative pro-
portions dying from each mortality agent for both the
early (5-wk period of Þrst through early fourth stadia)
and late (3-wk period of late fourth through sixth
stadia). We calculated the weekly survival from each
cause of mortality:

marginal survival 5 (12Pd)
(PiPd),

where Pd was total proportion killed by all mortality
agents in a week, and Pi was the weekly proportion
killed by a particular mortality agent (Elkinton et al.
1992). The products of these weekly survival for both
the early and late instars, subtracted from one, gives
the cumulative proportion dying from each mortality
agent during each period (krearing). To calculate esti-
mates of predation, we calculated the total survivor-
ship in the Þeld over the late instar period as the
number of larvae alive under burlap on 10 July over
the number alive on 26 June 1997. Our estimate of
mortality (expressed as a k-value) from predation was
then calculated using the following formula: kpred 5
ktotal 2 krearing.

Developmental Rates, Fecundity, and Sex-Ratio.To
measure the maternal inßuence on larval develop-
mental rate, fecundity, and sex-ratio of offspring from
stressed and unstressed maternal populations, we
rearedneonates throughpupationonblackoak foliage
in the Þeld in both 1997 and 1998. Larvae were en-
closed on branches in spun polyester bags (Reemay)
to prevent predation and parasitism. Larval deploy-
ment in the Þeld was timed to coincide both with
budburst and thehatch from local, naturally occurring
gypsy moth egg masses.

Neonates were separated into bags by family with
two replicate bags per family (2 bags per family 3 10
families per population 3 four populations 5 80bags).
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The desired initial sample size for each bag was 40
larvae (30 larvae per bag in 1998), however, a portion
(25%) of the bags in 1997 contained fewer (from 5 to
37 larvae) because of poor hatch from some egg
masses. Bags with larvae were placed on black oaks (1
bag per tree), sealed with plastic cableties, and
checked regularly (approximately weekly) to ensure
adequate food levels in the bag.

As larvae entered the later instars, it was necessary
to split larvae from each original bag into two separate
bags to prevent defoliation and food shortage inside
the bag. Some bags were randomly culled from the
experiment at this point (63 bags in 1997, 38 in 1998)
because of logistical constraints on maintaining ade-
quate food levels in all the bags. Each time a bag was
cut down, it was transferred to a nearby black oak that
had not previously had a bag. Two times during 1997
only, all the bags were cut down and the instar of all
larvae was recorded. We used the instar values to
calculate a weighted average for each bag (two bags
per family), and this “mean instar value” was used as
a measure of developmental rate. As larvae neared
pupation, bags were monitored every few days for
pupae that were then harvested, sexed, and weighed
(to the nearest 0.01 g).

In addition, we individually reared sibling larvae
from the same egg masses through pupation on wheat
germ-based artiÞcial diet in both 1997 and 1998. De-
velopmental stage information, in the formof an instar
score from one through six corresponding to the age
of each individual larva, was recorded three times in
both years and mean instar values were calculated for
each familyasdescribedabove.Pupaewereharvested,
sexed, and weighed to the nearest 0.01 g.

To assess the maternal contribution from the pre-
vious generation to fecundity, foliage-reared females
that successfully eclosed were mated with randomly
selected, laboratory-rearedNJSS strainmales from the
USDA-APHIS Otis Methods Development Center
(Otis ANGB, MA), maintained in colony for .40 gen-
erations. Laboratory strain males were used in an at-
tempt to standardize the genetic contribution of the
male tooffspringcharacteristics. Becauseof a shortage
of laboratory strain males in 1997, we were not able to
pair all females.Tomeasure fecundity,wecounted the
number of eggs in a subset of egg masses and deter-
mined the relationship between egg mass weight and
fecundity. Egg masses from females paired with lab-
oratory strain males were then dehaired and weighed
to the nearest 0.01 g.

Larval Growth Bioassays. All larval growth bioas-
says were performed in 1998, with larvae from each of
40 different egg masses which had been surface-ster-
ilizedwith 10% formalin (n5 10 larvae3 10 families3
two population types 3 two populations 5 400 lar-
vae). Neonates were weighed (60.01 mg) and reared
individually within clear plastic vials (4.9 by 8.5 cm)
containing freshly detached black oak foliage. Foliage
was collected from the same Þve black oak trees for
the duration of the study. Leaf turgidity was main-
tained by periodically wetting plaster of paris in the
bottomof eachcappedvial.All larvaewerekeptunder

constant environmental conditions in a climate-con-
trolled rearing room (258C and a photoperiod of 16:8
[L:D] h). Trials were terminated, and the larvae re-
weighed,when the fastest growing larvae had reached
the end of the stadium (2Ð4 d). All larvae that died
before completing the instar were excluded from sub-
sequent analyses.

Relative growth rates were calculated as follows:

RGR 5 @ln(Mf) 2 ln(Mi)]/t,

where Mi and Mf 5 initial and Þnal dry mass and t 5
elapsed time. Larval dry mass (DM) was estimated
from fresh mass (FM) using DM 5 FM z 0.152 (Erelli
et al. 1998). After each bioassay, larvae were replaced
in their vials, and allowed to molt into the next instar.
Synchronous development was ensured by holding
larvae that had already molted to the test instar at 58C
for 1Ð3 d. When all larvae had reached the next instar,
the trial was repeated using fresh foliage collected on
the morning of the initial weighing. Trials were con-
ducted for Þrst, second, third, fourth, and Þfth instars.
In addition, all larvae surviving topupationwere sexed
and weighed to the nearest 0.01 g.

Statistical Analyses. Mortality in the experimental
populations caused by pathogens, parasitoids, and
predators was analyzed separately for early (Þrst
through early fourth instar) and late (late fourth
through sixth) instar larvae. Separate two-way analy-
ses of variance (ANOVA) including maternal popu-
lation quality and source population nested within
maternal population quality were performed for mor-
tality caused by each of Cotesia melanoscela Ratze-
burg,Compsilura concinnataMegen, andEntomophaga
maimaigaHumber, Shimazu,&Soper for early instars,
and C. melanoscela, C. concinnata, E. maimaiga for late
instars.

Pupal weight and fecundity data were collected in
both 1997 and 1998, and were analyzed with four-way
ANOVAs, which included year, maternal population
quality, source population nested within maternal
population quality, and family nested within both ma-
ternal population quality and source population as
main effects. Separate analyses were performed for
males and females. Developmental rates of larvae
reared on artiÞcial diet in 1997 and 1998 were con-
verted to mean instar values and analyzed with a
four-way analysis of variance (ANOVA). Mean instar
values of larvae reared on oak foliage in 1997 were
analyzedwith a three-wayANOVAthat includedpop-
ulation quality, source population, and family as main
effects. Sex ratio data were analyzed with a similar
four-way ANOVA performed on the arcsine square-
root transformed proportions of males in each family.

Larval bioassay relative growth rates were analyzed
with a nested four-way ANOVA with maternal pop-
ulation quality, population, family, and instar as main
effects. All models were developed and run with JMP
statistical software (Sall and Lehman 1996).
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Results

Larval Dispersal. The center of the postdispersal
larval distribution shifted predictably in the northeast
direction (corresponding to the observed wind direc-
tion) in all plots (Fig. 1). Although the displacement
of the centers of these distributions differed slightly
with respect to compass direction, the 95% CI limits
overlapped such that therewasnodifferencebetween
populations in the overall displacement of larvae from
the original point of release (Fig. 1). In addition, there
were no obvious differences in postdispersal larval
distribution patterns between stressed and unstressed
populations (Fig. 2).

Neonate survival across our experimental plots, as
estimated by the volume under a bivariate normal
distribution Þtted to the postdispersal distribution of
larvae in each plot (PROC NLIN, SAS, Sall and Leh-
man 1996), did not vary consistently with maternal
population quality. Plots from one stressed maternal
population had the highest larval density, although
this differed signiÞcantlyonly fromthedensities in the
plots from theother stressedmaternal population (Ta-
ble 1). The 95% CI limits overlapped for all popula-
tions except KY, which had the lowest estimate of
larvae per hectare compared with the other plots (Ta-
ble 1). As indicated above, hatch in KY experimental
populationswas delayed one or 2 d comparedwith the
other populations.

Mortality from Pathogens, Parasitoids, and Preda-
tors.Thetwoparasitoids inour studypopulationswere
C. melanoscela (specialist) and C. concinnata (gener-
alist). The fungus E. maimaiga and a nucleopolyhe-
drosis virus (LdMNPV) were common pathogens in
this area, butwe found little virus in our samples. Virus
is usually rare in low density populations (Woods and
Elkinton 1987) such as those monitored on Cape Cod

during these years, and surface sterilization of eggs
prevented transfer of LdMNPV from higher density
source populations to our experimental populations.

In 1997, there were no consistent differences in
mortality in the early instars (Þrst through fourth
instars across treatments (Table 2). Across all popu-
lations, early-instar mortality caused by the parasitic
wasp C. melanoscela was generally lower than that
attributed to the generalist ßy C. concinnata. There
were no signiÞcant differences in mortality caused by
either parasitoid with maternal population quality
(F 5 0.53; df 5 1, 4; P 5 0.51 C. melanoscela, F 5 1.06;
df 5 1, 4; P 5 0.36 C. concinnata) or populations (F 5
0.85; df 5 2, 4; P 5 0.49 C. melanoscela, F 5 0.84; df 5
2, 4; P 5 0.50 C. concinnata). Mortality caused by the
entomophagous fungus E. maimaiga was negligible
during this early instar period (Table 2).

Later in the summer of 1997, both E. maimaiga and
C. concinnata emerged as dominant sources of mor-
tality for late instars (late fourth through sixth instar),
accounting for as much as 86% of the total mortality
(Table 3). However, neither agent caused signiÞcant
differences in mortality with maternal population
quality (F 5 1.27; df 5 1, 4; P 5 0.32 C. concinnata, and
F 5 0.41; df 5 1, 4; P 5 0.56 E. maimaiga) or between
populations (F 5 1.55; df 5 2, 4; P 5 0.32C. concinnata,
andF51.27; df51, 4;P50.37E.maimaiga).Mortality
from C. melanoscela declined uniformly during the
later instars (Table 3), and there were no signiÞcant
differences with maternal population quality (F 5
6.03; df 5 1, 4; P 5 0.07) or between populations (F 5
4.81; df 5 2, 4; P 5 0.09). Similarly, predation estimates
did not vary systematically with maternal population
quality (F 5 3.60; df 5 1, 4; P 5 0.13) or population
(F 5 1.99; df 5 2, 4; P 5 0.25).

Developmental Rates, Pupal Weights, Fecundity,
and Sex Ratio. Egg mass size is one measure of pop-
ulation quality (Richerson et al. 1978, Diss et al. 1996),
and egg masses from unstressed source populations
were 43% larger than those from stressed source pop-
ulations (t 5 10.53, df 5 38, P , 0.0001). However,
there was no signiÞcant effect of maternal (source)
population quality on developmental rate (mean in-
star value) of larvae collected weekly from both
stressed and unstressed experimental populations in
1997 (F 5 0.10; df 5 1, 16; P 5 0.75; Fig. 3). Larval
developmental rate did not differ across populations
(F 5 0.01; df 5 2, 16; P 5 0.99). In addition, there was
no effect of maternal population quality (F 5 0.03;
df5 1, 139;P5 0.86), population (F5 0.19; df 5 2, 139;
P 5 0.83), or family (F 5 0.16; df 5 35, 139; P 5 1.00)
on the developmental rate of larvae from stressed and
unstressedpopulations reared inpolyesterbags onoak
trees (Fig. 3).

Larvae from both stressed and unstressed popula-
tions were reared on artiÞcial diet in 1997 and 1998,
and mean instar scores did not vary across the two
years (F 5 2.14; df 5 1, 160; P 5 0.15). Larvae from
stressedpopulationsdidnotdevelop faster onartiÞcial
diet than those from unstressed populations (F 5 0.05;
df 5 1, 160; P 5 0.83), and mean instar values did not
vary signiÞcantly across either populations (F 5 0.39;

Fig. 1. Displacement of the postdispersal Þrst-instar
gypsy moth distribution from the release center (0 m, 0 m).
Each point represents the mean of two replicate experimen-
tal populations of larvae collected from one of four maternal
source populations. Shaded points signify stressed and open
points represent unstressed maternal populations. Error bars
represent 95% CL in the X and Y directions.
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df 5 4, 160; P 5 0.81) or families (F 5 0.08; df 5 70,
160; P 5 1.00).

Male pupae from stressed populations were 8%
heavier than those from unstressed populations when
reared on oak foliage in the Þeld (Tables 4 and 5). In
contrast, male pupal weight did not vary across source
populations or families (Table 5). Similar trends in
male pupal weight were observed when larvae were
reared on artiÞcial diet, where pupae from stressed
populations 6% heavier than those from unstressed
populations (Tables 4 and 5). In addition, male pupal
weight varied signiÞcantly across both populations
and families when reared on artiÞcial diet (Table 5).

Stressed population female pupae reared on oak
foliage in the Þeld were slightly heavier than those
from unstressed populations, but this trend was not
signiÞcant (Tables 5 and 6). We found egg mass
weight from mated females to be a reliable estimate of
fecundity (R2 5 0.8862, n 5 68 egg masses). However,
when females from stressed populations were mated

Fig. 2. Postdispersal Þrst-instar distribution in experimentally created, moderate density gypsy moth populations in the
Þeld. Each population represents the average larval distribution of two replicate experimentally created populations. The
circle size is proportional to the number of larvae per 100 leaves.

Table 1. Estimates of larval density for experimental popula-
tions of gypsy moths created in a forest stand on Cape Cod, MA

Maternal
population

quality
Population

Larval
densitya

95% CI Limits

Lower Upper

Stressed GS 29,538.76 23,230.70 35,816.82
Stressed KY 17,860.55 14,641.07 21,080.01
Unstressed WM 20,455.10 14,926.22 25,983.94
Unstressed KN 26,228.40 21,619.55 30,837.23

Densities are based on the average larval distribution of two rep-
licate experimental populations created with eggs from the same
source population.

a Density (larvae z ha21) was calculated as mean number of larvae
per 100 leaves z leaves per square meter of leaf area z leaf area index
(Hunter and Elkinton 1999).
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with laboratory-strainmales theywere nearly 20% less
fecund than those from unstressed populations over-
all, though this trend was not signiÞcant either (mean
egg mass weight 6 1 SE 5 0.2358 6 0.0790 stressed
versus 0.29236 0.0706unstressed,F5 0.15; df5 1, 408;
P 5 0.70). Female pupal weight varied signiÞcantly
across populations but not families when larvae were
reared on foliage (Table 5), whereas we did not ob-
serve any corresponding differences in fecundity be-
tween populations (F 5 0.15; df 5 4, 408; P 5 0.97) or
families (F 5 0.41; df 5 4, 408; P 5 1.00). Similarly,
when larvaewere reared on artiÞcial diet therewas no
effect of maternal population quality; however, there
were signiÞcant differences in female pupal weight
across both populations and families (Table 5).

Sex ratios for those larvae reared on foliage in the
Þeld varied signiÞcantly between each year in our
study (F 5 10.57; df 5 1, 72; P 5 0.002), with popu-
lations in 1997 yielding 10% more males than those
collected in 1998 (Fig. 4). This difference is reßected
in a signiÞcantnegative relationshipbetweeneggmass
length and the proportion of males in 1998, but not in
1997 (R2 5 0.24 in 1998, R2 5 0.02 in 1997). Overall,
stressed populations had 11% more males than un-
stressed populations (proportion males 6 1 SE 5

0.546 6 0.021 stressed versus 0.440 6 0.025 unstressed,
F 5 12.62; df 5 1, 72; P 5 0.0007).

Larval Growth Bioassays. Relative growth rates de-
creased with instar (F 5 1515.95; df 5 4, 1315; P ,
0.0001, Fig. 5). Although there was no difference with
either maternal population quality (F 5 0.18; df 5 1,
307; P 5 0.72) or population (F 5 2.60; df 5 2, 307; P 5
0.09), there was a signiÞcant family effect on neonate
fresh weight (F 5 1.51; df 5 35, 307; P 5 0.04). There
was no effect of maternal population quality on larval
growth (F 5 0.54; df 5 1, 1315; P 5 0.46), and relative
growth rates of larvae from stressed and unstressed
maternal populations remained remarkably similar
throughout the larval period (Fig. 5). Larval growth
differed signiÞcantly across populations (F 5 6.10;
df 5 2, 1,315; P 5 0.002); however, these differences
were extremely slight (relative growth rates ranged
from 0.2860 to 0.3036 mg z mg21 z day21). Neither
maternal population quality (F 5 1.13; df 5 1, 68; P 5
0.29 formales,F50.48; df51, 17;P50.50 for females)
nor population (F 5 0.73; df 5 2, 68;P 5 0.49 formales,
F 5 0.99; df 5 2, 17; P 5 0.39 for females) had a
signiÞcant effect on male or female pupal weights
(Tables 4Ð6). In general, pupal weights were similar
across families for both sexes, although there was a

Table 2. Cumulative proportion dying from pathogens and parasitoids for early instar gypsy moth larvae collected at weekly intervals
from eight experimental populations created in a forest in Cape Cod, MA

Maternal population
quality (population)

Sources of mortality

Plot Unknown Cotesiaa Compsilurab E. maimaigac

Stressed (GS) GSA 0.162 0 0 0.041
GSB 0.173 0.021 0.062 0

Stressed (KY) KYA 0.243 0.021 0.020 0
KYB 0.287 0.063 0.124 0.022

Unstressed (WM) WMA 0.284 0 0.021 0
WMB 0.194 0.041 0.060 0

Unstressed (KN) KNA 0.239 0.040 0 0
KNB 0.309 0.062 0 0

Values reßect proportion of mortality that occurred over a 5-wk period while larvae were Þrst through fourth instars.
a Braconid wasp Cotesia melanoscela.
b Tachinid ßy Compsilura concinnata.
c Ascomycete fungus Entomophaga maimaga.

Table 3. Cumulative proportion dying from pathogens, parasitoids, and predation for late instar gypsy moth larvae collected at weekly
intervals from eight experimental populations created in a forest in Cape Cod, MA

Maternal population
quality (population)

Sources of mortality

Plot Unknown Cotesiaa Compsilurab E. maimaigac Predationd

Stressed (GS) GSA 0.246 0.027 0.554 0.361 0
GSB 0.045 0.067 0.427 0.167 0

Stressed (KY) KYA 0.148 0.102 0.660 0.595 0.211
KYB 0.147 0.180 0.472 0.319 0.093

Unstressed (WM) WMA 0.158 0.024 0.380 0.314 0.498
WMB 0.090 0.022 0.357 0.106 0.088

Unstressed (KN) KNA 0.244 0.056 0.476 0.480 0.208
KNB 0.022 0.051 0.584 0.267 0.134

Values reßect proportion of mortality occurring over a 3-wk period when larvae were late fourth through sixth instars.
a Braconid wasp Cotesia melanoscela.
b Tachinid ßy Compsilura concinnata.
c Ascomycete fungus Entomophaga maimaga.
d Cumulative survival was estimated by collecting larvae from the Þeld weekly, rearing them in an insectary, and monitoring mortality from

parasitoids and pathogens. Total survival from parasitoids, pathogens, and predators was estimated from burlap counts of larvae in the Þeld.
The total survival was then divided by the cumulative survival, and the dividend subtracted from one to estimate the mortality due to predation.

482 ENVIRONMENTAL ENTOMOLOGY Vol. 29, no. 3



borderline signiÞcant effect of family on female pupal
weights (F 5 2.25; df 5 16, 17; P 5 0.05).

Discussion

During two consecutive years of experiments at the
individual, family, and population levels, we found
little evidence of any consistent differences between
larvae from stressed and unstressed populations. Any
effects of maternal population quality on larval devel-
opment we did observe were generally small and ob-
served primarily under controlled laboratory condi-
tions. This study does not provide support for the
hypothesis that maternal population quality, transmit-
ted to the next generation through nutritionally me-

diatedmaternal effects, is an important factor in gypsy
moth population dynamics.

Maternal effects have been used to help explain the
irruptive population dynamics of some forest insect
species, such as the gypsy moth (Rossiter 1991, 1994;
Ginzberg and Taneyhill 1994). Interestingly, some of
the studies proposing mechanisms for the maternal
effects population outbreak hypothesis are based on
conßicting assumptions. RossiterÕs research (1991)
suggests that maternal effects can lead to herbivore
outbreaks via a positive feedback; with females fed
lower quality diets producing higher quality offspring
(as measured by pupal weight). Through these mod-
iÞcations in offspring quality, populations would have
a greater chance to exceed the densities above which

Fig. 3. Developmental rate of gypsy moth larvae from four different rearing experiments conducted over 1997 and 1998.
Experimental populationswere createdwith eggs from stressed and unstressedmaternal populations, and developmental rate
was based on a subsample of larvae collected weekly. In 1997, gypsy moth larvae were reared through pupation in bags on
oak trees and on artiÞcial diet in an outdoor insectary. Rearing studies on artiÞcial diet were repeated in 1998. Each point
represents a larval census, where each larva collected is given a value from one through six, corresponding to developmental
instar. These values were used to calculate a weighted average over populations, bags, or families to determine the “mean
instar value.”
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they could not be contained by natural enemies (Ros-
siter 1991). In contrast, Ginzberg and TaneyhillÕs
(1994) model for population cycles of forest Lepidop-
tera (based, in part, on RossiterÕs work) assumes that
stress associated with high larval densities result in
offspring of lower quality in the next generation. Our
study suggests that although population quality may
cause changes in individual quality in the current
generation, these differences are not necessarily car-
ried over with sufÞcient magnitude to affect the pop-
ulation dynamics in the offspringÕs generation.

Although we did not Þnd broad conÞrmation for
maternal effects as the driving force behind gypsy
moth population dynamics (see Rossiter 1991, Ginz-
berg and Taneyhill 1994), our results generally agree
with other recent studies investigating the role of
population quality in the biology of the gypsy moth.
We found that egg masses from stressed populations
contained, on average, 11% more males than those
from unstressed populations. This result is similar to
but not as striking as that of Myers et al. (1998), who
found that egg masses from high density populations

consisted of 20% more males than unstressed popula-
tions. Bell et al. (1981) also found roughly 20% more
males in egg masses collected from high density gypsy
moth populations that had high mortality from
LdMNPV.

Variation of sex-ratio with gypsy moth population
density has been well documented (Campbell 1963a,
1963b), and disproportionate exposure of females to
virus and desiccation during their extra sixth instar
have been invoked as possible explanations for this
phenomenon. However, the egg masses we used for
our rearing studies were individually sterilized with
10% Formalin, and thus virus mortality cannot explain
our result. Sex ratio has also been found to vary during
hatch phenology, with females hatching from the egg
masses slightly earlier than males (Leonard 1968).
However, the majority of our eggs hatched in a day or
two, and themajorityof the larvaewereused foreither
Þeld or laboratory rearing experiments. Despite de-
tailed investigations of both qualitative and quantita-
tive variation in yolk proteins allocated to eggs by
female gypsy moths (Diss et al. 1996), a mechanism

Table 4. Male pupal weights (grams) from experiments testing for the effects of maternal population quality on growth of gypsy moth
larvae in 1997 and 1998

Population quality
(population)

On oak trees On artiÞcial diet Larval bioassays

Male pupal wtÑ1998

Stressed (ST) 0.400 6 0.007 (110) 0.491 6 0.027 (23) 0.387 6 0.014 (34)
Stressed (WH) 0.420 6 0.007 (85) 0.437 6 0.023 (15) 0.365 6 0.017 (23)
Unstressed (YP) 0.374 6 0.007 (55) 0.522 6 0.029 (17) 0.404 6 0.019 (20)
Unstressed (JD) 0.411 6 0.009 (69) 0.446 6 0.024 (19) 0.385 6 0.016 (27)

Male pupal wtÑ1997

Stressed (GS) 0.421 6 0.008 (76) 0.561 6 0.023 (31)
Stressed (KY) 0.418 6 0.009 (64) 0.553 6 0.022 (37)
Unstressed (WM) 0.372 6 0.006 (120) 0.517 6 0.016 (58)
Unstressed (KN) 0.391 6 0.009 (69) 0.471 6 0.018 (70)

Data are means 61 SE (sample size). Caterpillars were reared simultaneously on black oak trees in the Þeld in mesh bags, and on artiÞcial
diet in an outdoor insectary. In 1998, additional larval bioassays measuring relative growth rate on detached black oak foliage were conducted
under laboratory conditions.

Table 5. ANOVA results for three different experiments testing for the effects of maternal population quality on the growth of gypsy
moth larvae in 1997 and 1998

Source
On oak trees On artiÞcial diet Larval bioassays

df F df F df F

Male pupal wt

Year 1 0.1858 1 5.1925a

Population quality 1 26.3403b 1 8.0769c 1 1.1317
Population (PQ, YR) 4 2.3773 4 3.1495a 2 0.7305
Family (PN, PQ, YR) 70 1.2920 65 1.7978c 31 0.9123
Error 346 198 73

Female pupal wt

Year 1 1.0216 1 1.9668
Population quality 1 3.7472 1 0.8165 1 0.4836
Population (PQ, YR) 4 2.9424a 4 2.5137a 2 0.9905
Family (PN, PQ, YR) 76 1.2585 47 1.7084a 16 2.2528
Error 287 144 36

Corresponds to data in Tables 4 (males) and 6 (females).
a P , 0.05.
b P , 0.0001.
c P # 0.005.
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whereby females might vary the sex ratio of their
offspring according to population quality has not been
identiÞed (Myers et al. 1998).

We did Þnd some signiÞcant differences in late
instar gypsy moth growth and development, but their
signiÞcance to the maternal effects population out-
break hypothesis is uncertain. For example, male pu-
pal weights of larvae from stressed populations were

6Ð8% heavier than those from unstressed populations
when reared on either oak foliage in the Þeld or under
laboratory conditions on artiÞcial diet (Table 5). Sim-
ilarly, Rossiter (1991) found offspring of both sexes
attainedgreater pupalweightswhen theirmothers fed
on foliage with higher damage levels, as would be
characteristic in high density, stressed populations.
However, the contribution of male pupal weight to

Fig. 4. Frequency distribution of the proportion ofmales in families collected fromboth stressed and unstressedmaternal
populations in 1997 and 1998. Four separate populations were used in each year, for a total of eight maternal source
populations.

Table 6. Female pupal weights (grams) from experiments testing for the effects of maternal population quality on gypsy moth larvae
in 1997 and 1998

Population quality
(population)

On oak foliage On artiÞcial diet Larval bioassays

Female pupal wtÑ1998

Stressed (ST) 0.946 6 0.023 (101) 1.273 6 0.126 (6) 0.712 6 0.064 (11)
Stressed (WH) 0.952 6 0.023 (90) 0.601 6 0.009 (2) 0.827 6 0.111 (4)
Unstressed (YP) 0.876 6 0.016 (163) 1.038 6 0.121 (6) 0.717 6 0.074 (11)
Unstressed (JD) 1.041 6 0.024 (96) 0.984 6 0.191 (6) 0.746 6 0.062 (12)

Female pupal wtÑ1997

Stressed (GS) 0.931 6 0.026 (52) 1.072 6 0.076 (28)
Stressed (KY) 1.022 6 0.032 (48) 1.125 6 0.070 (33)
Unstressed (WM) 0.877 6 0.020 (83) 1.093 6 0.048 (54)
Unstressed (KN) 0.939 6 0.023 (115) 1.078 6 0.045 (63)

Data are means 6 1 SE (sample size). Caterpillars were reared simultaneously on black oak trees in the Þeld in mesh bags, and on artiÞcial
diet in an outdoor insectary. In 1998, additional larval bioassays measuring relative growth rate on detached black oak foliage were conducted
under laboratory conditions.
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factors inßuencing gypsy moth population growth re-
mains unclear (Rossiter 1991), and is likely less im-
portant than the nutritional resources mothers allo-
cate to their eggs.

Female larvae subjected to stressed conditions
(highpopulationdensities andhighdefoliation levels)
during the larval period typically have reduced repro-
ductive potential, and produce smaller egg masses as
adults (Leonard 1968, 1970; Capinera and Barbosa
1977; Campbell 1978; Myers et al. 1998). Indeed, the
stressed populations we collected yielded egg masses
nearly 50% smaller than those from unstressed popu-
lations. Similar to this study, when Myers et al. (1998)
reared offspring from stressed and unstressed mater-
nal populations under common conditions in the lab-
oratory, they found no differences in either female
pupal weight or fecundity. Lance et al. (1986) also
collected eggs from innocuous, release, and collapsing
gypsy moth populations and found little variation in
female pupal weight with maternal population den-
sity.

Lastly, we found no differences in developmental
rate or relative growth rate of larvae from stressed and
unstressed populations. We measured developmental
rate under laboratory conditions on artiÞcial diet and
detached oak foliage, as well as in the Þeld on oak
trees. In no instance did we Þnd any differences be-
tween the developmental rate of larvae from stressed
and unstressed maternal populations (Fig. 3). These
results closely mirror those of Lance et al. (1986) and
Myers et al. (1998) who conducted rearing experi-

ments under laboratory conditions and failed to Þnd
any differences in the developmental rate or time to
pupation of gypsy moth larvae collected from differ-
ent types of populations. If maternal population qual-
ity has no reliable and consistent effect on develop-
mental rate or fecundity, then it is unlikely that
maternal effects can play a major role in this aspect of
gypsy moth population dynamics.

This study provided a critical evaluation of this
hypothesis because we measured the importance of
maternal effects togypsymothpopulationdynamics at
the population level. In the Þrst year of this study, we
created eight moderate density populations of gypsy
moths in the Þeld and found that critical life history
parameters, such as Þrst instar dispersal, did not vary
with maternal population quality (Figs. 1 and 2). Pre-
vious studies suggest that Þrst-instar gypsy moth dis-
persal is inßuenced by maternal population quality
(Leonard 1970, Diss et al. 1996), and that these dif-
ferences in dispersal might be sufÞcient to inßuence
population dynamics by altering early instar survival
(Rossiter 1991). However, these studies measured the
impact of maternal effects on the length of the
prefeeding period (Leonard 1971, Rossiter 1991) or
dispersal in a wind tunnel (Diss et al. 1996). We mea-
sured this phenomenon directly at the population
level in the Þeld, and found no difference in postdis-
persal larval density in experimental populations of
larvae from either stressed or unstressed maternal
populations (Fig. 2; Table 1). In a concurrent study,
we measured the dispersal of individual larvae in the
Þeld and also found no consistent variation with ma-
ternal population quality (Erelli 1999).

We also investigated whether larvae from stressed
populationsdiffered in their susceptibility tomortality
from parasitoids, pathogens, and predation. Although
predation estimates were extremely low in two of our
experimental populations (from the same source pop-
ulation), there were no consistent differences in pre-
dation with maternal population quality. Predation
was not likely a very important source of mortality for
gypsy moths in our study plots, as mouse densities in
these plotswere extremely lowduring the years of our
study (J.S.E., unpublished data). Similarly, we found
no systematic differences inmortality fromparasitoids
and pathogens with population quality. Weseloh
(1976) found that larvae can become less susceptible
to certain parasitoids as they mature and become
larger. Therefore, differences in parasitism might oc-
cur if intrinsic differences in developmental rate of
larvae slowed developmental rate during this suscep-
tible period, thus increasing potential exposure to
mortality agents. We measured the developmental
rate of larvae by collecting weekly samples and cal-
culating a mean instar value for the population, and
found no consistent variation in developmental rate
between larvae from stressed and unstressedmaternal
populations.Not surprisingly,wealso failed toÞndany
systematic differences in parasitoid ßy and wasp mor-
tality between stressed and unstressed population lar-
vae collected weekly from our experimental popula-
tions.

Fig. 5. Relative growth rates of gypsy moth larvae col-
lected as eggs from both stressed and unstressed maternal
populations, and reared under laboratory conditions on de-
tached black oak foliage.
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Several studies investigating the importance of pop-
ulation quality in gypsy moth population dynamics
have been conducted over the last decade. Some rear-
ing studies have compared the growth of larvae from
different quality maternal populations (Lance et al.
1986, Myers et al. 1998), others have examined the
performance of larvae from the same population on
diets of different quality (Capinera and Barbosa 1977,
Hough and Pimentel 1978, Lance et al. 1991), and a
few have combined these two approaches (Rossiter
1991). However, ours is the Þrst study to integrate
these approaches as well as measure developmental
phenomena directly at the population level. We Þnd
no evidence that differences in maternal population
quality can exert a signiÞcant inßuence on the dis-
persal, survival, development, or reproduction of lar-
vae in the next generation. Although differences be-
tween larvae fromstressedandunstressedpopulations
might be detected under controlled laboratory con-
ditions in some instances, we suggest that they are not
consistentbetween studiesnor are they strongenough
to signiÞcantly inßuence the population dynamics of
the gypsy moth under natural conditions.
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