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Summary. The nutritional environment of the parental 
generation of the polyphagous gypsy moth, Lymantria 
dispar, can significantly influence the growth and re- 
productive potential of the next generation through en- 
vironmentally-based maternal effects. In the first experi- 
ment, members of the parental generation were reared on 
red oak trees (Quercus rubra L.) with known defoliation 
and phenolic levels. Diet in the offspring generation was 
homogeneous (synthetic diet). With genetic effects ac- 
counted for 1) offspring attained greater pupal weights 
when their mothers fed on trees with higher leaf damage 
levels, 2) daughters had a shorter prefeeding stage, a trait 
associated with dispersal tendency, when their mothers 
experienced higher condensed tannin levels, and 3) sons 
had lower pupal weights when their mothers experienced 
greater condensed tannin levels. In the second experi- 
ment, members of the parental generation were reared on 
either red or black oak (Q. velutina) trees. Offspring of 
each mother were divided among four diets: red oak, 
chestnut oak (Q. prinus L.), a standard synthetic diet, and 
a low-protein synthetic diet. The parental host species 
accounted for 24% of the variation in daughters' de- 
velopment time; offspring diet accounted for 52 %. When 
mothers were reared on black oak rather than red oak, 
their offspring developed significantly faster when the F 1 
diet was chestnut oak. Environmentally-based maternal 
effects can significantly influence the expression of off- 
spring dispersal potential, growth rate, and offspring 
fecundity. These traits contribute to natality and survival 
in natural populations and, hence, to population growth 
potential. Theoretical models of insect population dyn- 
amics demonstrate that the presence of a time delay in 
a density dependent response can induce destabilization. 
Maternal effects act on a time delay and may participate 
in the destabilization characteristic of outbreak species. 
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Maternal effects can contribute to phenotypic variation 
in life history traits by providing a portion of the in- 
dividual's environmental experience. For many organ- 
isms, the earliest manifestation of environmental in- 
fluence on phenotype is determined by a maternal trait: 
the quantity or quality of egg provisions. The response 
of offspring is based on the interaction between maternal 
trait, offspring genotype, and the current environment. 

If maternally-induced modification of phenotype in- 
fluences offspring fitness, then maternal effects have the 
potential to alter population growth by changing param- 
eter values for life history traits which are critical to 
natality and mortality. These include, but are not limited 
to, changes in offspring hatch phenology, tendency to 
disperse, growth rate, resistance to physiological stress, 
and fecundity (Rossiter 1991a). 

To date, most work on maternal effects in plant- 
herbivore systems deals with the impact of non-nutrition- 
al factors in the parental generation on diapause or 
sexuality of offspring (Mousseau and Dingle 1991). Re- 
gardless of the mechanism, the parental environment can 
have an enormous impact on recruitment in subsequent 
generations when diapause length is variable within a 
population. Likewise, facultative alteration of sexuality 
through maternal effects provides the opportunity for 
changing population quality and, in some cases, poten- 
tial fecundity. 

Nutritionally-based maternal effects, although far less 
studied, have been shown for a handful of species includ- 
ing the gypsy moth, Lymantria dispar, (Leonard 1970; 
Capinera and Barbosa 1976; Rossiter et al. 1990; Ros- 
siter 1991b), western test caterpillar, Malacosoma plu- 
viale, (Wellington 1957, 1965), autumnal moth, Epirrata 
autumnata, (Haukioja and Neuvonen 1987), spruce bud- 
worm, Choristoneura spp., (Campbell 1962; Harvey 
1977), fall webworm, Hyphantria cunea, (Morris 1967), 
and tobacco hornworm, Heliothis virescens, (Gould 
1988), These species share a feature of population growth 
which is the exception, rather than the rule for insects: 
they experience population outbreak. Theoretical work 
has shown that population destabilization can be 



gene ra t e d  by  the  p resence  o f  a t ime  de lay  in  a dens i ty  
d e p e n d e n t  r e s p o n s e  o f  a p o p u l a t i o n  (Caswel l  1972; M a y  
et al. 1974; B e r r y m a n  1978, 1981, 1987). E n v i r o n m e n -  
t a l l y -based  m a t e r n a l  effects p r o v i d e  a feasible  m e c h a n i s m  
for  such  a t ime  lag  (Ross i t e r  1991a). 

Th i s  r e sea rch  used  the  gypsy  m o t h  as a m o d e l  sys tem 
o f  a u n i v o l t i n e  h e r b i v o r e  wh ich  exper iences  p o p u l a t i o n  
o u t b r e a k .  I ts  goals  were  to 1) a sce r t a in  the  p resence  o f  
e n v i r o n m e n t a l l y - b a s e d  m a t e r n a l  effects wh ich  a l te r  the  
exp res s ion  o f  life h i s to ry  t ra i ts  k n o w n  to in f luence  sur-  
v ival  a n d  na ta l i t y ,  a n d  2) to c o n s i d e r  the  r ami f i c a t i ons  o f  
m a t e r n a l  effects o n  insec t  p o p u l a t i o n  d y n a m i c s .  

Materials and methods 

Two experiments considered the effect of variable parental food 
quality on growth and development of offspring in the gypsy moth. 
In the first, members of the offspring generation had a uniform diet; 
in the second, offspring in each of ten families were distributed 
among four diet treatments to see how the offspring environment 
altered the expression of maternal effects. Although the gypsy moth 
is highly polyphagous, oak species, the preferred hosts, were used 
in all natural diet treatments. The egg masses used in both experi- 
ments came from a Connecticut population that had been in culture 
for 3 generations (Expt. 1) and 4 generations (Expt. 2). Throughout 
this time, the food source was a wheat germ-based synthetic diet 
(ODell and Rollinson 1966). The use of this culture assured that the 
maternal nutritional experience had been uniform at the outset of 
these experiments. 

Experiment 1: Variable parental diet~Uniform offspring diet. Eggs 
were disinfected (Magnoler 1974) and hatched at the time of oak 
budbreak in the forested areas surrounding State College, Pennsyl- 
vania, USA. Larvae of the parental generation were reared to 
pupation in screen bags on red oak (Q. rubra) trees. Every red oak 
supported the complete development of larvae in several screen 
bags, each holding siblings from a different family. During the two 
month larval feeding period, bags were moved throughout the 
canopy, larvae were able to feed ad lib, and trees were sampled 
weekly for defoliation and assayed for total phenolics, protein 
binding capacity, hydrolyzable tannins and condensed tannins. At 
the end of the larval period, each tree was characterized by a value 
for total defoliation by the end of the larval period, and by a value 
for each of two phenolic measurements-hydrolyzable tannin and 
condensed tannin. These were calculated as the mean phenolic level 
across the 8 week sampling period. This provided a value which 
summarized the nutritional experience provided to larvae through- 
out their feeding life. Details on the methods of phenolic and 
defoliation evaluation of trees are presented in Rossiter et al. (1988). 
Of the original 45 trees in the Rossiter et al. (1988) sample popula- 
tion, 12 trees were selected as the nutritional base of the parental 
generation because they fell across the range of phenolic or defolia- 
tion values for members of the sample oak population. 

Pupae were harvested and adults were pair-mated in the lab such 
that males and females came from the same rearing tree, and 
outcrossing was maximized. The resulting egg masses (one per 
female) were held at 23 Celcius for 3 months (August through 
October), then transferred to 5 Celcius for a 6.5 month overwin- 
tering period. At budbreak the following spring, egg masses were 
disinfected and warmed to 23 Celcius for hatch. 

Larvae were reared individually on regular synthetic diet at 
23 Celcius and on a 16L:8D photoperiod. Individuals were mon- 
itored for length of the pre-feeding stage, larval development time 
and pupal weight. The length of the pre-feeding stage was measured 
as the time from hatch until the production of a silken feeding mat 
and first frass, a dark pellet which is the residue of the mother's 
yolk. The production of frass indicated that feeding had begun. 
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Since all larvae were reared under identical conditions, it was as- 
sumed that differences in the length of the pre-feeding stage reflected 
differences in willingness to settle and begin feeding. Prior to silk 
mat formation, larvae wandered around their individual petri 
dishes, laying silk as they moved. This behavior is typical of a larva 
in the dispersal mode (McManus 1973). Consequently, the length 
of the pre-feeding period is assumed to reflect the tendency of the 
individual to disperse. 

The final data set included the first 5 males and the first 5 females 
to pupate from each egg mass. This procedure removed genetic bias 
due to unequal familial representation. It was also necessary be- 
cause larvae cannot be sexed until pupation, and sexual dimorphism 
in life history characters requires separate analyses. 

Experiment 2: Variable parental diet/Variable offsprin9 diet. Eggs 
were disinfected and hatched at the time of oak budbreak on the 
research lands of Pennsylvania State University. Larvae of the 
parental generation were reared in screen enclosures on either red 
oak (6 trees) or black oak, Q. velutina, (4 trees). Rearing methods 
followed those described in Rossiter et al. (1988). Overwintering of 
egg masses proceeded as described in Expt. 1. 

For each parental rearing tree, one egg mass was chosen ran- 
domly, and 10 egg masses constituted the offspring generation. The 
following spring, larvae were collected over the two days of peak 
hatch for each egg mass to ensure the greatest chance of even sex 
ratio (Leonard 1968). Siblings were assigned in equal numbers to 
one of four diet treatments: two natural hosts, red oak and chestnut 
oak (Q. prinus), and two synthetic hosts, the standard wheat germ 
diet (ODell and Rollinson 1966) and a low-protein diet- the stan- 
dard diet minus the casein component, a pure protein additive 
which normally makes up 15 % of the diet by dry weight. Laboratory 
rearing procedures for larvae on natural and synthetic diets are 
described in Rossiter (1987a). 

Development time (hatch to adult eclosion) and pupal weight 
were recorded for all female members of the offspring generation. 
The final data set included 3-4 daughters per family per offspring 
diet treatment. 

Statistical Analyses 

The experimental design and statistical methods minimized inter- 
ference by the genetic component of life history expression in the 
evaluation of environmentally-based maternal effects. This is criti- 
cal as both genetic and maternal effects are intergenerational. In 
experiment 1, the parents were distributed over 12 host trees which 
varied in their nutritional profiIe, based on phenolic profiie and 
total defoliation over the season. The offspring generation included 
5 siblings per sex from each of 17 families, reared on a total of 10 
(daughters) and 11 (sons) parental trees. Each parental tree had 
only a single season-long value for defoliation and each phenolic 
measure. To avoid pseudo-replication in the correlation analysis 
between parental tree characters (X) and offspring life history (Y), 
I used the mean insect response per tree (PROC CORR SAS 
Institute, Inc. 1985). As a result, the sample size of the correlation 
analysis fell to n =  10 (males), n =  11 (females) to produce a very 
conservative analysis. 

The offspring mean values were weighted by the number of 
larvae representing each parental tree (Sokal and Rohlf 1981); the 
weighting values ranged from 5 to 15. To get some idea of the range 
of variation expressed by offspring, I will report the range of stan- 
dard deviations across trees for the offspring traits. The offspring 
population's mean response is also reported to make the standard 
deviation values meaningful. The mean value and range of standard 
deviations for length of pre-feeding stage was 2.5 days, 0.32-1.0 
(males), 2.5 days, 0.35-1.3 (females), for development time was 41.7 
days, 0.7-2.6 (males), 46.3 days, 0.7-3.1 (females), and for pupal 
weight was 0.78 g, 0.04-0.19 (males), 3.51 g, 0.24~0.59 (females). 

In the second experiment, the parents were randomly distributed 
over 2 host species, and the offspring of each parent over 4 host 
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species. This design ensured that  genetic variance in life history 
expression was evenly dis tr ibuted across host  t reatments  and would 
no t  interfere with the ass ignment  of  variat ion to paren t  versus 
offspring diets. A two-way analysis o f  variance with parental  host  
species and offspring diet (fixed effects) as main  model  terms was 
used to assess the role of  nutr i t ional  quality across generations.  
Simple t-tests were used to contras t  parental  diets within each 
offspring diet t rea tment  (PROC T T E S T -  SAS Institute,  Inc. 1985). 

Results 

Experiment 1." Variable parental diet/Uniform offspring 
diet. The nutritional experience of  parents had a signifi- 
cant influence on the performance of  their offspring 
(Table 1). Both sons and daughters attained greater pu- 
pal weights when their mothers  fed on trees with higher 
damage levels (Figs. 1 and 2). Based on regression equa- 
tions generated f rom the data, offspring pupal  weights 
were 25% (daughters) and 16% (sons) greater at the 
highest recorded level of  defoliation of  the maternal  host 
(45%) compared  to the lowest level (14%). 

Daughters  had a shorter pre-feeding stage when their 
mothers  fed on trees with greater condensed tannin levels 
(Fig. 3). When condensed tannin levels in the maternal  
diet were at their lowest, larvae took 3.5 days to settle 

Table 1. Correlations between tree characteristics (weighted by :~ 
offspring/tree) associated with nutritional experience of parents and 
the mean value of life history traits exhibited by their offspring. The 
correlation coefficient is foilowed by its p-value and % of the total 
phenotypic variance in offspring trait accounted for by the par- 
ticular component of maternal nutrition. (PROC CORR, SAS 
Institute, 1985) 

Offspring 
Life History 
Trait 1 

Tree Characteristics 2 of Parental Diet 

DEFOL HT CT 

Dauohters (n = 10 trees) 
Pre-feeding 

Devtime 

PWT 

Sons (n = 11 trees) 

Pre-feeding 

Devtime 

PWT 

r =  - 0 . 2 5  +0.23 - 0 . 7 6  
p = 0.49 0.52 0.01 

a 2 = 6% 5% 58% 

r =  - 0 . 4 5  - 0 . 5 9  +0 .32  
p = 0.20 0.07 0.37 

a 2 = 20% 35% 10% 

r =  +0.72 +0.38 - 0 . 3 1  
p = 0.02 0.28 0.38 

o -2 = 52% 14% 10% 

r =  - 0 . 4 1  +0.08 +0.15 
p = 0.22 0.82 0.65 

a 2=  17% 1% 2% 

r =  +0.18 +0.39 +0 .10  
p = 0.60 0.23 0.76 

o z =  3% 15% < 1 %  

r =  +0.62 +0.30 - 0 . 6 2  
p = 0.04 0.36 0.04 

o 2 = 38% 9% 38% 

Pre-feeding= time to establish silk mat and begin feeding; Dev- 
time = time to complete larval period; pwt = pupal weight 

2 DEFOL = Defoliation; HT = hydrolyzable tannins; CT = con- 
densed tannins 
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Fig. 1. Relationship between defoliation level in parental red oak 
diet and pupal weight (grams) of daughters reared on synthetic diet; 
r= +0.72, n= 10, p=0.02 
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Fig. 2. Relationship between defoliation level in parental red oak 
diet and pupaI weight (grams) of sons reared on synthetic diet; 
r = +0.62, n= 11,p=0.04 
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Fig. 3. Relat ionship between condensed tannin  level (as % wattle 
tannin equivalents) in parental  red oak diet and length of  the 
pre-feeding stage in daughters  presented with synthetic diet;  
r =  - 0 . 7 6 ,  n =  10, p=0 .01  

and feed; when condensed tannin levels in the maternal  
diet were at their greatest, larvae took less than 2 days 
to settle and feed. 

Sons attained greater pupal  weights when the con- 
densed tannin level in the parental  diet was lower (Fig. 4). 
Based on regression equations generated by the data, 
sons' pupal  weight dropped 16 % from the lowest to the 
highest levels of  condensed tannin in the maternal  diet. 
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Table 2. Effect of parental diet and offspring diet on development 
time and pupal weight of female offspring. (PROC GLM, SAS 
Institute, 1985) 

Source DF MS ~ P value 

Development time 
P A R E N T A L  HOST SPECIES 1 54.7 0.025 
O F F P S R I N G  HOST SPECIES 3 119.4 0.0001 
IN T E RA CT IO N  3 58.8 0.0013 
ERROR 139 10.6 - 

Pupal weight 

PARENTAL HOST SPECIES 1 0.10 0.33 
O F F P S R I N G  HOST SPECIES 3 16.0 0.0001 
INTERACTION 3 0.04 0.73 
E R R O R  139 0.10 - 

t Mean square value based on Type III sum of squares 

One might suspect that greater male pupal weights 
associated with a parental experience of greater defolia- 
tion and reduced condensed tannin level in the diet is the 
outcome of a correlation between defoliation and con- 
densed tannin levels. However, this was not the case: 
condensed tannin levels were not correlated with defolia- 
tion for parental host trees in the subsample (r= -0.10,  
n = 11 trees, p = 0.76) or in the sample population from 
which the subsample was taken (r=0.12, n=41 trees, 
p=0.82, Rossiter et al. 1988). This demonstrates that 
multiple features of the parental diet can act indepen- 
dently to influence offspring life history. 

Experiment 2." Variable parental diet/Variable offspring 
diet. Nutritional experience of the parents had a signifi- 
cant influence on offspring life history, and this effect was 
mediated by the nutritional experience of the offspring. 
A two-way analysis of variance for life history traits of 
all female offspring showed that development time, but 
not pupal weight was significantly influenced by parental 
diet (Table 2). The parental host species accounted for 
24% of the variation in development time while the off- 
spring host accounted for 52%. 

The interaction between parental and offspring diet 
for offspring development time was significant. The na- 
ture of this interaction was explored with t-tests which 
compared the influence of the parental diet (red versus 
black oak) on offspring traits for each of the four off- 
spring diets. The influence of the parental diet was man- 

ifested in only some of the offspring nutritional environ- 
ments. When offspring ate chestnut oak, daughters from 
parents reared on black oak completed development 
5 days earlier than those whose parents were reared on 
red oak (p< 0.0001, Table 3). When offspring ate either 
red oak or low protein diet, differences in parental diet 
(red or black oak) did not result in differences in offspring 
development time (p = 0.66 and 0.32, respectively). When 
offspring ate standard synthetic diet, daughters from 
parents reared on black oak completed development 
2 days earlier than those whose parents were reared on 
red oak (p = 0.04). The most conservative interpretation 
of the p value for this test is based on the Bonferroni 
multiple comparison method which requires that the 
cutoff significance level of p =  0.05 be divided by the 
number of comparisons if they exceed 3 (Neter et al. 
1985). Because the analysis required only 4 tests and 
there was no overlap in individuals participating in any 
comparison, the results suggest that maternal effects are 
measurable when offspring are reared on standard syn- 
thetic diet. 

Discussion 

These data demonstrate the existence of environmen- 
tally-based maternal effects. For the gypsy moth, nutri- 
tional experience of the previous generation influences 
length of the pre-feeding period, development time, and 

Table 3. Comparison of two parental diets 
for each of four offspring diets for 
development time (days) and pupal weight 
(gins). p-values from PROC TTEST, SAS 
Institute (1985) 

Parental Offspring Devtime t-test Pupal t-test 
Diet diet Weight 

Red Oak Red Oak 68.2 0.66 0.70 0.64 
Black Oak Red Oak 68.7 0.72 

Red Oak Chestnut Oak 68.3 0.0001 0.70 0.69 
Black Oak Chestnut Oak 63.5 0.72 

Red Oak Standard Syn. 66.2 0.04 2.02 0.26 
Black Oak Standard Syn. 64.2 2.18 

Red Oak Low Protein 68.3 0.32 1.50 0.94 
Black Oak Low Protein 69.5 1.50 
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pupal weight in the current generation. Moreover, these 
three life history traits are known to be critically impor- 
tant in insect population dynamics because of their im- 
pact on natality and mortality. 

The length of the early instar pre-feeding/dispersal 
period is important in population dynamics because it 
can affect survival. Survival is influenced by the time 
available to locate acceptable food (Andrewartha and 
Birch 1954; Cain et al. 1985; Ramachandran 1987; Hun- 
ter 1990). For the gypsy moth, the length of the pre-feed- 
ing period is particularly critical to survival when hatch 
precedes oak budburst and when cold or wet weather 
immobilize larvae (Leonard 1971). There are no data 
which directly assess the magnitude of mortality during 
this brief stage in the field. However, Gould et al. (1990) 
showed that there are critical alterations in population 
size during the early instar period (hatch to third instar) : 
in sample plots which varied in egg density, 40% to 70% 
of the starting population died during the early instar 
period. Given the vagaries of passively encountering ac- 
ceptable food through windborne dispersal, it is reason- 
able to suggest that as little as an extra day without the 
requirement to feed could mean the difference between 
life and death. For the larvae tested in Experiment 1, 
there was a difference of 1.5 days in the length of the 
pre-feeding/dispersal phase associated with the range of 
condensed tannin levels in the maternal diet. From this 
I infer that nutritionally-based maternal effects have the 
potential to influence population dynamics through al- 
teration of survival in early development. 

Development time can affect population dynamics by 
influencing survival and growth potential. Faster de- 
velopment time can translate to greater escape from 
natural enemies by reducing exposure time (Cheng 1970; 
Moran and Hamilton 1980; Price et al. 1980). Since the 
nutritional value of foliage in temperate deciduous 
forests drops as the season progresses (Feeny 1970; 
Schultz et al. 1982; Schroeder 1986; Rossiter et al. 1988), 
faster development can also result in use of higher quality 
foliage during the last instar when most weight gain 
occurs, thereby increasing fecundity and, possibly, egg 
quality (M.C. Rossiter and D.L. Cox-Foster, unpublish- 
ed data). The results of Experiment 2 demonstrated that 
nutritionally-based maternal effects accounted for 24% 
of the phenotypic variation in offspring development 
time. The most striking maternal influence was seen with 
a parent - offspring host succession of black oak 
(parents) and chestnut oak (offspring). This resulted in 
a larval period which was reduced by 5 days with no 
effect on ill effects on pupal weight. This result lends 
further support to the hypothesis that nutritionally- 
based maternal effects can influence population size 
through their effects on survival. 

Pupal weight is highly correlated with fecundity in the 
gypsy moth (r= + 0.81, Rossiter et al. 1988) and in other 
foliage-feeding insects (Haukioja and Neuvonen 1985; 
Slansky and Scriber 1985). For the gypsy moth, a 0.5 g 
increase in pupal weight accords a 200-250 egg adjust- 
ment to fecundity, with the increment dependent on 
genotype and diet. These values are based on regression 
equations for fecundity (Y) on pupal weight (X) from 

larval rearing on red oak foliage (y=-77 .22+470x ,  
r=0.84, p<0.0001, n=34) and on synthetic diet 
(y = 150.3 + 382x, r = 0.71, p < 0.0001, n = 45). (Although 
egg weight can vary by diet (Rossiter et al. 1991), red oak 
and synthetic diet produced the same average egg weight 
per mother: 650 gg/egg.). 

Maternal diet (% defoliation) accounted for 52% of 
the total variation in daughters' pupal weight in Expt. 1 
(Table 1). This implies that for every 0.5 gram increase 
in daughters' pupal weight, an adjustment of 100-125 
eggs is due to maternal effects. Consequently, I infer that 
maternal effects can make a biologically significant con- 
tribution to population natality. 

For males, it is unclear whether the influence of mater- 
nal effects on pupal weight is of consequence to popula- 
tion growth. It is more likely that adult male weight 
influences gene flow if male size is associated with vigor 
in flight (emigration from source population) and num- 
ber of successful copulations. This hypothesis remains to 
be tested. The pupal weight response of males to mater- 
nal effects may also be the unavoidable consequence of 
a physiological response to maternal nutrients main- 
tained in the population because it is of selective value 
to females. 

Maternal effects and herbivore outbreak 

The gypsy moth is typical of temperate forest pest spe- 
cies. It experiences outbreaks at unpredictable intervals 
in North America and at predictable intervals across 
Eurasia (Giese and Schneider 1979). At present, factors 
causing the initiation of an outbreak (whether period is 
predictable or not) in this and other outbreak herbivores, 
are unknown. Using theoretical predictions and empiri- 
cal data from the literature for a number of univoltine 
herbivores, I have argued elsewhere that maternal effects 
can have a significant influence on local insect population 
dynamics through a time-delayed impact on life-history 
traits (Rossiter 1991a). The impact must pertain to natal- 
ity or mortality to be effective in altering population 
growth potential. Maternal effects can do both (e.g. pu- 
pal weight influences natality, length of pre-feeding stage 
and growth rate influence mortality). 

Theoretical models show that population outbreak 
can be generated by the introduction of a time-lag in the 
response of individuals to the environment (e.g. Berry- 
man 1978, 1981). If maternal effects contribute to greater 
natality or, more importantly, contribute to reduced 
mortality through modification of offspring life history, 
a population has a greater chance to exceed the threshold 
size above which natural enemies cannot contain it. This 
means that maternal effects of the type demonstrated in 
Experiments 1 and 2 may contribute to destabilization of 
the population. Further, since maternal effects are ex- 
pressed within the context of offspring diet quality as 
demonstrated in Expt. 2, the extent of the contribution 
of maternal effects to population destabilization will de- 
pend on the nutritional environment of the current 
generation. The prediction that maternal effects can sig- 
nificantly influence population dynamics remains to be 



tested in the field. In the meantime, theoreticians are 
developing a mathematical model which relates maternal 
effects to herbivore population outbreaks (L. Ginzburg 
and D. Taneyhill, pers. commun). 

Negative maternal effects 

Offspring traits influenced by maternal phenotype are 
said to be under maternal inheritance (Kirkpatrick and 
Lande 1989). Maternal inheritance produces phenotypic 
change in offspring of a magnitude and direction which 
is not necessarily predicted by the mother's phenotype. 
For example, females which are smaller and less fecund 
than average produce offspring that are larger and more 
fecund than average. Although there is very little data 
available, such negative maternal effects are known for 
springtails (Janssen et al. 1988) and mice (Falconer 
1965). One explanation for this is the presence of negative 
covariance between direct additive genetic effects and 
maternal effects (Riska et al. 1985; Atchley and New- 
mann 1989). 

In Expt. 1, the pupal weights of offspring were higher 
when parents experienced greater defoliation in their 
diets; by contrast, their mothers had lower pupal weights 
and reduced fecundity when experiencing greater defolia- 
tion in their own diet (Rossiter et al. 1988). The mecha- 
nism of this negative maternal effect is unknown. It is 
conceivable that females produce qualitatively better 
provisioned eggs, using the "information" supplied by 
damaged leaves. Note that there is no trade-off (i.e. no 
correlation) between fecundity and egg weight in the 
gypsy moth (Rossiter et al. 1988; Rossiter and Schultz, 
unpublished data). To understand the contradiction in 
parent and offspring response to parental food quality as 
well as its consequences for changes in population size 
and quality, it will be necessary to determine the energy 
priorities in late instar larvae that determine the con- 
stitution and size of the fat body, as well as the mecha- 
nism and criteria for egg provisioning. In other words, 
we need to know more about the mechanisms which 
govern the metabolic decisions critical to current fitness 
(survival to reproduction) and future fitness (quantity 
and quality of propagules). 

Transmitting environmental information between 
generations 

Environmentally-based maternal effects may be the 
secondary outcome of physiological processes associated 
with other metabolic goals which are themselves subject 
to natural selection. Alternatively, the mechanism(s) 
which generate maternal effects may be the direct out- 
come of natural selection for a complex trait which 
provides an efficient means of transmitting ecological 
information between generations. 

Regardless of how environmentally-based maternal 
effects arise, they may intentionally, or inadvertently 
provide information based on the mother's perception of 
habitat quality. This information may be critical. For 
example: Females of many herbivorous insect species 
dictate larval feeding site by laying eggs directly on a 
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suitable food source. However, if more powerful ecologi- 
cal constraints demand that a female oviposits away 
from the larval habitat (Rossiter 1987b), she may still be 
able to influence the probability of host location 
(through offspring larval dispersal) with metabolic in- 
formation provisioned to the egg. 

Prospectus 

The impact of maternal effects on other aspects of off- 
spring life history expression in the gypsy moth have been 
described elsewhere: maternal effects influence tolerance 
of physiological stress introduced by microbial toxins 
(Rossiter et al. 1990), and egg weight variation within a 
mother generates variation among siblings in hatch time 
and growth (Rossiter 1991b). Together with the results 
presented here, it is clear that maternal effects have the 
potential to make significant contributions to a number 
of life history parameters which influence natality and 
mortality. In addition to the gypsy moth, there is growing 
evidence that nutritionally-based maternal effects in- 
fluence natality and mortality parameters in other her- 
bivore species (Mousseau and Dingle 1991; Rossiter 
1991a). 

To the extent that maternal effects are important 
ecological and evolutionary features of a species, several 
problems can arise when they are ignored. First, un- 
known maternal effects can lead to misinterpretation of 
the effect of the current environment on character ex- 
pression in evolutionary studies (Kirkpatrick and Lande 
1989). Second, unknown maternal effects can complicate 
ecological studies which attempt to correlate features of 
the current environment and a species' fitness or distribu- 
tion (Roach and Wulff 1987). Third, efforts to predict 
herbivore population dynamics will be impeded when 
maternal effects are excluded from models. To the extent 
that maternal effects influence population growth vari- 
ables, the parameterization of these variables will be 
inadequate when the environmental experience of 
previous generations is not accounted for. 

Since a significant effort is required to determine the 
presence and consequence of maternal effects in any 
species, there are several relatively easy procedures which 
can minimize experimental bias due to unknown mater- 
nal effects when studying natural populations. First, the 
background of parents providing offspring for experi- 
ments can be homogenized for one generation (e.g. rear- 
ing on the same food under uniform abiotic conditions) 
before the experiment begins. Second, when parental 
homogenization is not possible or desirable, siblings 
from families of the sample population can be distributed 
equally across treatment groups to reduce the contribu- 
tion of maternal effects to between-treatment variance. 
As an added benefit, the second procedure reduces the 
contribution of genetic effects to between-treatment va- 
riance. 

Acknowledgements. I thank Mark Hunter, Peter Turchin, and Jack 
Schultz for discussion and comments on this manuscript or ideas 
presented therein, and Michelle Soliday and Cindy Androsky for 
laboratory and field assistance. This work was supported by an 



294 

NSF grant (BSR 84-00284) awarded to Jack Schultz, and an NSF 
grant (BSR 87-06001) awarded to M.C. Rossiter. 

References 

Andrewartha HG, Birch LC (1954) The distribution and abundance 
of animals. University of Chicago Press, Chicago, Ill, USA 

Atchley WR, Newman S (1989) A quantitative genetic perspective 
on mammalian development. Am Nat 134: 486-512 

Berryman AA (1978) Towards a theory of insect epidemiology. Res 
Popul Ecol 19:181-196 

Berryman AA (1981) Population Systems: A General Introduction. 
Plenum Press, NY 

Berryman AA (1987) The theory and classification of outbreaks. In: 
Barbosa P, Schultz JC (eds.), Insect Outbreaks Academic Press, 
New York pp. 3-30 

Cain ML, Eccleston J, Kareiva PM (1985) The influence of food 
plant dispersion on caterpillar searching success. Ecol Entomol 
10:1-7 

Campbell IM (1962) Reproductive capacity in the genus Choris- 
toneura Led. (Lepidoptera: Tortricidae). I. Quantitative in- 
heritance and genes as controllers of rates. Can J Genet Cytol 
4:272-288 

Capinera JL, Barbosa P (1976) Dispersal of first-instar gypsy moth 
larvae in relation to population quality. Oecologia 26:53-60 

Caswell H (1972) A sinmlation study of a time lag population 
model. J Theor Biol 34:419439 

Cheng L (1970) Timing the attack by Lyphia dubia Fall. (Diptera: 
Tachinidae) on the winter moth Operophtera brumata (L.) 
(Lepidoptera: Geometridae) as a factor affecting parasite suc- 
cess. J Animal Ecol 39:313-320 

Falconer DS, (1965) Maternal effects and selection response. In: 
Geerts SJ (ed.), Genetics Today, Proceedings of the XI Interna- 
tional Congress on Genetics vol. 3, pp. 763-774. Pergamon, 
Oxford 

Feeny P (1970) Seasonal changes in oak lea tannins and nutrients 
as a cause of spring feeding by winter moth caterpillars. Ecology 
51 : 565-581 

Giese RL, Schneider ML (1979) Cartographic comparisons of 
Eurasian gypsy moth distribution. Entomol News 90:1-16 

Gould F (1988) Stress specificity of maternal effects in Heliothis 
virescens (Boddie) (Lepidoptera: Noctuidae) larvae. Mere Ento- 
tool Soc Can 146:191-197 

Gould JR, Elkinton JS, Wallner WE (1990) Density dependent 
suppression of experimentally created gypsy moth, Lymantria 
dispar (Lepidoptera: Lymantriidae) populations by natural ene- 
mies. J Ani Ecol 59:213-233 

Harvey GT (1977) Mean weight and rearing performance of suc- 
cessive egg clusters of eastern spruce budworm (Lepidoptera: 
Tortricidae). Can Entomol 109:487496 

Haukioja E, Neuvonen S (1985) The relationship between size and 
reproductive potential in male and female Epirrita auturnnata 
(Lepidoptera: Geometridae). Ecol Entomol 10:417-427 

Haukioja E, Neuvonen S (1987) Insect population dynamics and 
induction of plant resistance: The testing of hypotheses. In: 
Barbosa P, Schultz JC (eds.) Insect Outbreaks Academic Press, 
New York, pp. 411432 

Hunter MD (1990) Differential susceptibility to variable plant 
phenology and its role in competition between two insect her- 
bivores on oak. Ecol Entomol 15 : 401408 

Janssen GM, De Jong G, Joose ENG, Scharloo W (1988) A nega- 
tive maternal effect in springtalls. Evolution 42:828-834 

Kirkpatrick M, Lande R (1989) The evolution of maternal effects. 
Evolution 43 : 485-503 

Leonard DE (1968) Sexual differentiation in time of hatch of eggs 
of the gypsy moth. J Econ Entomol 61:698-700 

Leonard DE (1970) Intrinsic factors causing qualitative changes in 
populations of Porthetria dispar (Lepidoptera: Lymantriidae). 
Can Entomol 102:239-249 

Leonard DE (1971) Air-borne dispersal of the gypsy moth and its 
influence on concepts of control. J Econ Entomol 64:638-641 

Magnoler A (1974) Bioassay of a nuclear polyhedrosis virus of the 
gypsy moth, Porthetria dispar. J Invertab Pathol 23:190-196 

May RM Conway GR, Hassell MP, Southwood TRE (1974) Time- 
delays, density-dependence and single-species oscillations. 
J Anim Ecol 43:747-770 

McManus ML (1973) The role of behavior in the dispersal of newly 
hatched gypsy moth larvae. USDA-FS Research Paper NE-267 

Moran N, Hamilton WD (1980) Low nutritive quality as defense 
against herbivores. J Theor Biol 86:247-254 

Morris RF (1967) Influence of parental food quality on the survival 
of Hyphantria cunea. Can Entomol 99:24-33 

Mousseau TA, Dingle H (1991) Maternal effects in insect life his- 
tories. Annu. Rev Entomol 36:511-534 

Neter JW, Wasserman W, Kutner MH (1985) Applied Linear Sta- 
tistical Models. Richard D. Irwin, Inc. Homewood, IL 

ODell TM, Rollinson W (1966) A technique for rearing the gypsy 
moth on an artificial diet. J Econ Entomol 59:741-742 

Price PW, Bouton CE, Gross P, McPheron BA, Thompson JN, 
Weis AE (1980) Interactions among three tropic levels: influence 
of plants on interactions between insect herbivores and natural 
enemies. Ann Rev Ecol Systems 11:41-65 

Ramachandran R (1987) Influence of host plants on the wind 
dispersal and the survival of an Australian geometrid caterpillar. 
Entom Experiment Applic 44:289-294 

Riska B, Rutledge JJ, Atehley WR (1985) Covariance between 
direct and maternal effects in mice, with a model of persistant 
environmental influences. Gen Res 45:287-297 

Roach DA, Wulff RD (1987) Maternal effects in plants. Ann Rev 
Ecol Syst 18 : 209-235 

Rossiter MC (1987a) Genetic and phenotypic variation in diet 
breadth in a generalist herbivore. EvoI Ecol 1 : 272-282 

Rossiter MC (1987b) Use of secondary hosts by non-outbreak 
populations of the gypsy moth. Ecology 68 : 857-868 

Rossiter MC, Schultz JC, Baldwin IT (1988) Relationships among 
defoliation, red oak phenolics, and gypsy moth growth and 
reproduction. Ecology 69 : 267-277 

Rossiter MC, Yendol WG, Dubois NR (1990) Resistance to Bacil- 
lus thuringiensis in gypsy moth (Lepidoptera: Lymantriidae): 
Genetic and environmental causes. J Econ Entomol 
83(6): 2211-2218 

Rossiter MC (1991a) The impact of resource variation on popula- 
tion quality in herbivorous insects: A critical component of 
population dynamics. In: Hunter MD, Ohgushi T, Price PW 
(eds.), Resource distribution and animal-plant interactions, 
Chapter 2, Academic Press, San Diego (in press) 

Rossiter MC (1991b) Maternal effects generate variation in life 
history: consequences of egg weight plasticity in the gypsy moth. 
Funct Ecol 5(3): 

SAS Institute, Inc. (1985) SAS User's Guide: Statistics. Cary, NC 
Schroeder LA (1986) Changes in tree leaf quality and growth per- 

formance of lepidopteran larvae. Ecology 67:1628-1636 
Schultz JC, Nothnagle PJ, Baldwin IT (1982) Seasonal and in- 

dividual variation in leaf quality of two northern hardwood 
species. Am J Bot 69:753-759 

Slansky F, Scriber JM (1985) Food consumption and utilization. In 
Kerku GA, Gilbert LI (eds.) "Comprehensive Insect Physiol- 
ogy, Biochemistry, and Pharmacology" vol. 4, Pergamon, Ox- 
ford pp. 87-163 

Wellington WG (1957) Individual differences as a factor in popula- 
tion dynamics: The development of a problem. Can J Zool 
35:293-323 


