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Maternal effects generate variation in life history: 
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moth 
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Abstract. Features of an individual's life history 
are the product of its genotypic background and 
environmental experience. For the gypsy moth, 
Lymantria dispar L., the earliest environmental 
experience comes via maternal nutrients supplied 
to the egg. To estimate the importance of maternal 
provisions to the expression of offspring life his- 
tory in the gypsy moth, egg weights of siblings 
were measured 1 week before hatch in each of 18 
families. Siblings representing the range of egg 
weights produced by each mother were reared 
individually under homogeneous conditions and 
monitored for time until hatch, larval develop- 
ment time and pupal weight. There was significant 
variation among families in each life-history trait 
for both sexes suggesting the presence of genetic 
variation. Life-history expression also had a strong 
maternal effect component. Based on partial corre- 
lation coefficients which control for familial 
differences in life-history expression, the follow- 
ing relationships were seen: when individuals 
came from larger eggs, they hatched earlier (both 
sexes), daughters finished the larval period faster, 
and became heavier pupae. Maternal effects 
generate phenotypic variation within a family. 
This may represent a bet-hedging strategy in 
response to the environment typically 
encountered by this species: an unpredictable one. 

Key-words: Bet-hedging, egg provisions, gypsy moth, 
Lyman tria dispar, life-history traits, maternal effects, 
plant-herbivore interactions 

Introduction 

The expression of life-history traits is influenced 
by genotypic background, environmental effects 
and the interaction of the two. For many organ- 
isms, the earliest manifestation of environmental 
influence is seen in the effects of nutrients 

supplied by the mother to the egg. Egg provisions 
represent a maternal effect, that is, an intergene- 
rational packet of information about the maternal 
environmental experience, expressed against the 
background of her genotype. Egg provisions are a 
critical aspect of an organism's environment 
because they constitute the entire energy budget of 
the offspring for embryogenesis and maintenance 
until hatch. Beyond that period, egg provisions 
have been shown to affect post-hatch survival, 
development and behaviour of insects: Uvarov 
(1961); Wellington (1965); Leonard (1970); 
Capinera & Barbosa (1976); Greenblatt & Witter 
(1976); amphibians: Kaplan (1980); Cummins 
(1986); marine invertebrates: Thorson (1950); 

Sinervo & McEdward (1988 & references therein); 
and plants: Roach & Wulff (1987). When egg size 
(weight, diameter or volume) or composition is 
correlated with offspring fitness, maternal effects 
can influence insect population ecology (Welling- 
ton, 1964; Barbosa & Capinera, 1978; Rossiter, 
1991a,b) and character evolution (Naylor, 1964; 
Christiansen & Fenchel, 1979; Kaplan & Cooper, 
1984; Goodnight, 1988; Kirkpatrick & Lande, 
1989). 

To date, most research on causes and con- 
sequences of maternal provisioning is based on 
correlations with some physical parameter of egg 
dimension. The assumptions are that egg size can 
be equated with maternal nutrient investment and 
that egg size reflects egg quality, i.e. the utility of 
provisions to offspring, although this may not 
always be the case (Capinera, 1979; Thompson, 
1982; McEdward & Coulter, 1987). 

For the gypsy moth, Lymantria dispar L. (Lepi- 
doptera: Lymantriidae), egg size and quality vary 
both within and among families (Leonard, 1970; 
Rossiter, Yendol & Dubois, 1990; Rossiter, Cox- 
Foster & Briggs, unpublished observations). Based 
on correlations between egg diameter and yolk 
load, within-family variance in egg size reflects 
differential maternal investment across offspring 
(Capinera, Barbosa & Hagedorn, 1977). Within- 
family variance in egg quality has also been 
demonstrated, based on yolking order of the eggs: 
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387 individuals from first yolked eggs are twice as 
Maternal resistant to a microbial pesticide as their siblings 
effects on life from last yolked eggs (Rossiter et al., 1990). 
history It has been hypothesized that within-clutch 

variation in life-history expression represents a 
bet-hedging strategy by the female in response to 
life in an unpredictable environment (Leonard, 
1970; Wellington, 1977; Capinera, 1979; Kaplan, 
1980; Crump, 1981; Kaplan & Cooper, 1984). For 
the newly hatched gypsy moth, environmental 
uncertainty is relatively high due to the variation 
in synchrony of bud break and egg hatch from site 
to site and year to year (Doane & McManus, 1981). 
It was the purpose of this research (1) to test the 
hypothesis that familial variation in gypsy moth 
egg weight generates significant life-history 
variation among siblings, and (2) to evaluate the 
importance of egg weight variation in light of the 
ecology of this opportunistic species. 

Materials and methods 

It is important to note that the univoltine gypsy 
moth gains all resources for egg production during 
the larval period, yolks all eggs during the 
pupation stage (Ma et al., 1988), and after a single 
mating, deposits all eggs into one mass in mid- 
summer (Forbush & Fernald, 1896). Prior to hatch, 
the distribution of egg weights within a mass is 
nearly normal, and there is no relationship 
between egg weight and offspring sex (M.C. Ross- 
iter, unpublished observations). 

Availability of egg resources at hatch is the 
product of the mother's genotype and environ- 
mental experience, the energy requirements for 
embryonation and overwintering as a pharate first 
instar larva, and the offspring genotype. The 
experimental design minimized the potential of 
these variables to confound the results. The mater- 
nal diet was a single host type (but see Discussion) 
and the thermal conditions during the egg stage 
were the same for all individuals. Differences in 
offspring genotype among families in the sample 
population were eliminated with partial corre- 
lation analyses and differences in offspring geno- 
type within families were minimized by ensuring 
that an egg mass was the product of a single 
mating. 

To evaluate the relationship between egg weight 
and life-history expression, a full-sib analysis 
partitioned phenotypic variation in life-history 
traits into familial and environmental components 
(Falconer, 1981). The familial component 
includes genetic variation and can include mater- 

nal effect variation - type I, that which arises from 
a maternally or parentally provided common 
environment (e.g. the average egg provisioning by 
a mother due to her nutritional experience and 
genotype [Rossiter et a]., 1990]). The environ- 
mental component includes error variation due to 
unplanned microenvironmental variation, and 
maternal effect variation - type II, that which 
arises from maternally or parentally provided 
environmental variation (e.g. differential egg pro- 
visioning among siblings [Rossiter et al., 1990a]). 
This work focuses on the consequences of type II 
maternal effects on the expression of life-history 
traits. In brief, siblings representing the range of 
weights produced by each of 18 mothers were 
reared individually under homogeneous con- 
ditions and monitored for developmental status. 

The egg masses used in this experiment came 
from a population which was four generations 
removed from the wild. For three generations, 
rearing was done on synthetic diet (ODell & 
Rollinson, 1966); the fourth, the parental gener- 
ation in this experiment, was reared to pupation 
on red oak foliage (Quercus rubra L.). Twenty egg 
masses were randomly chosen to represent the 
offspring generation from over 150 egg masses 
whose parents had been reared in screen 
enclosures on 41 red oak trees in the field (Rossiter, 
Schultz & Baldwin, 1988). 

All egg masses experienced the same 
temperature and humidity regime from ovipo- 
sition in mid-summer until hatch the following 
spring. Following an overwintering diapause, egg 
masses were removed from cold storage and dis- 
infected (Magnoler, 1974) concurrent with hatch 
in the field. 

Each egg mass was dehaired with gentle rubbing 
on a screen over a vacuum tube. Eggs were 
individually weighed on a microbalance (Mettler 
M3), segregated by size class at intervals of 20 pg 
above and below the average egg weight of the 
family. Eggs were held in plastic cups with air flow 
lids in a humidity box, kept at 80% RH and 230G. 
Time until hatch was recorded. At hatch, 20 
siblings per egg mass, with egg weights that were 
distributed evenly around the family mean, were 
reared individually on synthetic diet and held at 
230C with a 16:8 L:D photoperiod. 

During the first two instars, larvae were kept 
individually in petri dishes (100mm) with food 
replenished every other day. Thereafter, larvae 
were kept in 100-ml plastic cups, with bottoms 
lined in synthetic diet and topped with paper lids. 
Fresh cups were provided once a week. Individ- 
uals were monitored daily for developmental 
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388 changes, and pupal weight was measured 48h 
M. C. Rossiter after pupation. 

The data set 

Two of 20 families were not included in the 
analysis because most individuals died within 3 
days of hatch, a period usually devoted to 
wandering behaviour rather than feeding. In addi- 
tion there were a few families with sex ratios that 
did not permit inclusion of both sexes. Uneven sex 
ratio was the product of chance when using only 
20 larvae per family. In all, sons represented 18 
families while daughters represented 16 families. 
To ensure the best estimate of relationship 
between egg weight and life history, the data set 
was balanced by including only the first six sons 
and daughters to complete development in each 
family. This sampling procedure had little effect 
on within-family variation as estimated by a com- 
parison of the variance in the inclusive (all data) 
and reduced data sets (six per family) for male egg 
weight, time until hatch and development time for 
18 families. Nearly half (eight of 18) of the families 
produced only six males, so data elimination was 
not necessary. The remaining 10 families had 
seven to nine males. Out of 54 cases, within-family 
variation remained the same (24 cases) or 
increased (by 9% on average for 22 cases) with the 
reduced data set. Therefore, the reduced data set 
provides a conservative estimate of among-family 
variation (familial variation) because increased 
within-family variation reduces the chances of 
detecting significant differences among families 
(Sokal & Rohlf, 1981). 

Statistical analyses 

To determine the importance of type II maternal 
effects on life-history variation, it is necessary to 
hold the current environment constant and to 
separate familial variation from within-family 
maternal effect variation. The former was accom- 
plished by rearing all larvae under homogeneous 
conditions. The latter was accomplished statisti- 
cally with analysis of covariance (PROC GLM, SAS 
Institute, Inc., 1985). The model included two 
independent variables - FAMILY, a class variable 
and the covariate EGG WEIGHT - plus the inter- 
action term - FAMILY x EGG WEIGHT (FxE). 

A significant FAMILY term indicates important 
familial differences in a life-history trait (e.g. larval 
development time) and suggests that its expres- 
sion is genetically based and genetically variable 
within the sample population. This term also 

includes, if present, type I maternal effects due to 
the common environment supplied by the mater- 
nal phenotype. For example, members of the 
parental generation were reared on red oak trees 
which are known to vary in phenolic profiles 
(Rossiter et al., 1988); this variation among 
mothers in environmental experience could pro- 
duce differences in average family egg weight or 
quality (e.g. qualitative differences in yolk com- 
position, concentration of micronutrients, etc.). 

A significant EGG WEIGHT term indicates that 
within a family, variability in egg weight or some 
correlate of egg weight generates variability in life 
history. This within-family variation would end 
up in the ERROR term if it were not accounted for 
as a covariate. The Fx E interaction term holds the 
variation among families in their relationships 
between egg weight and a life-history trait. A 
significant FxE interaction indicates that the 
slopes of family regression lines are different 
(Sokal & Rohlf, 1981; Neter, Wasserman & Kutner, 
1985). The relationship between egg weight and 
life-history traits was quantified with partial corre- 
lation coefficients. These values came from PROC 

MANOVA (SAS Institute, Inc., 1985) using FAMILY 
as the independent variable. This yielded corre- 
lations that were free of any familial contributions. 

Results 

The range of egg weights produced by each family 
in the sample population is presented in Fig. 1. 
The mean egg weight/family fell between 540 and 
740 pg, and the weight of most eggs was within 
70 pg of the egg mass mean. Using the model, EGG 
WEIGHT = FAMILY, 52% of the variation in egg 
weight of offspring was attributed to familial 
differences and 48% to within-family differences. 

Six models used to measure the importance of 
egg weight and familial effects in the expression of 
life-history traits were robust, explaining from 43 
to 60% of the measured variation (see r2 in Table 
1). There was significant familial variation for each 
life-history trait (see FAMILY, Table 1). For both 
sons and daughters, there were significant differ- 
ences among families for time until hatch, larval 
development time and pupal weight. 

The time until hatch (by family) ranged from 2 2 
to 4 5 days for sons and 1 7 to 4 3 days for 
daughters. Larval development time ranged from 
40 0 to 43 7 days for sons and 44 5 to 47 8 days for 
daughters. Pupal weight ranged from 0 63 to 0.91 g 
for sons and 2 98 to 4-13g for daughters. A com- 
parison of family means for each offspring trait 
yielded a significant value (Tukey's test, P < 0 05). 
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Fig. 1. Illustration of the relationship between within- and among-family variation in egg weight (bg) in the same 
population. For each family, eggs were assigned to an egg size class at intervals of 20 pLg above and below the average egg 
weight of the family. Eggs within 10 Fig of the family mean egg weight were scored as egg class = 4. n = 18 families. 

Type II maternal effects had a significant impact 
on offspring life-history expression. Within- 
family variation in egg weight generated signifi- 
cant variation in daughters for time to hatch, 
development time and pupal weight. In sons, it 
influenced only one measured trait: time to hatch 
(see EGG WEIGHT, Table 1). 

The relationship between egg weight and life- 
history traits was characterized with partial corre- 
lations which hold constant the among-family 
differences in trait expression (see Table 2). When 
sons and daughters came from larger eggs, they 
hatched earlier. An examination of the partial 
correlation coefficients shows that this relationhip 
was stronger for daughters (Fig. 2). When 
daughters came from larger eggs, they finished the 
larval period faster (Fig. 3) and became heavier 
pupae (Fig. 4). It is important to note that develop- 
ment time and pupal weight were not correlated 
(r = -0 03, P = 0 80). 

With one exception, there were no significant 
FxE interactions meaning that the magnitude and 
direction of the relationship describing the egg 
weight and life-history trait was the same for all 
families. For the significant interaction, a graphi- 
cal examination of daughter's development time 
(Y) was plotted against egg weight (X) by family; 
this showed that families differed in the magni- 
tude but not the direction of their response across 
the family's egg weight range. Consequently, the 
interpretation that larger eggs produce daughters 
with faster development time remains. 

Discussion 

Bet-hedging strategy 

Egg provisions provide a significant environ- 
mental experience which influences offspring 
development in the gypsy moth. Since a single 

Table 1. Analysis of covariance (type I sum of squares) and model R2, where Y = life-history trait: time until hatch, 
larval development time, or pupal weight; n = six sibs sex-1 family1. 

Time to hatch Development time Pupal weight 

Model term d.f. SS P-value SS P-value SS P-value 

Sons 
FAMILY 17 47 18 0-0096 106-33 0-0512 0 806 0-0001 
EGG WEIGHT 1 7-05 0-0197 1 81 0-4782 0 024 0 1659 
FxE 17 16-03 0 7301 83 54 01712 0-278 0-2031 
R2 0044 043 0 56 

Da ugh ters 
FAMILY 15 48.57 0-0019 82 57 0 0023 10-39 0 0001 
EGG WEIGHT 1 23-36 0 0001 26-17 0-0006 0-65 0 0286 
FxE 15 25 83 0 1282 56 79 0 0385 1-66 0-6207 
I? 2 0057 0-56 0-60 
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390 Table 2. Partial correlation coefficients and significance levels for egg weight and life-history traits for daughters (top, 
M. C. Rossiter right) (n = 96) and sons (bottom, left) (n = 108); n = six sibs sex-' family 

Egg Time to Development Pupal 
weight hatch time weight 

Egg weight * -0 44 -0 35 +0-25 
0 0001 0 0012 0 026 

Time to hatch -0-25 * +016 -0 16 
0 017 0 14 0 15 

Development time -0 07 -0 05 * -003 
0 49 0 65 0 80 

Pupal weight -014 +0 02 -0 04 * 

0 18 0 82 0 72 

female produces eggs of varying sizes, her off- 
spring show an array of phenotypes that are the 
product of a common genetic background and a 
range of egg provisions. Production of multiple 
phenotypes in the same family may represent a 
bet-hedging strategy which is useful when facing 
an unpredictable environment. 

For L. dispar, the unpredictability of its environ- 
ment is magnified in several important ways by its 
behaviour and ecology. Firstly, the adult female 
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Fig. 2. Relationship between egg weight (Vfg) and time 
until hatch (days) for sons (a) and daughters (b); r-values 
are partial correlation coefficients calculated with the 
differences due to FAMILY held constant (n = 108 and 
96 for sons and daughters, respectively); graph based on 
mean family values for X and Y variables. (a) r -02 5, P 
= 0 017; (b) r = -0 44, P = 0-001. 
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Fig. 3. Relationship between egg weight (pLg) and 
development time (hatch to pupation in days) for 
daughters; r-values are partial correlation coefficients 
calculated with differences due to FAMILY held con- 
stant (n = 96); graph based on mean family values for X 
and Yvariables. r= -0 35, P= 0 0012. 

does not select her oviposition site based on the 
dietary needs of her offspring. She cannot fly and 
usually oviposits in the location chosen for 
pupation at the end of larval life. These pupation/ 
oviposition sites, while selectively advantageous 
for some life stages, are often inappropriate for 
early instar feeding in the next generation (Skaller, 
1985; Rossiter, 1987). Consequently, first instar 
larvae must passively disperse with the wind 
until, by chance, acceptable food is encountered 
(Leonard, 1981). Secondly, environmental unpre- 
dictability increases for L. dispar because it is an 
early season feeder; survival requires synchrony 
between time of egg hatch and bud break of 
acceptable tree species. If bud break has not 
occurred locally, a larva must use wind dispersal 
to reach another location (Forbush & Fernald, 
1896). If a larva survives to encounter foliage, its 
growth capability will be influenced by the quality 
of that foliage which can change quite rapidly 
during the period of leaf expansion and toughen- 
ing (Rossiter et a]., 1988). 
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Fig. 4. Relationship between egg weight (Vfg) and pupal 
weight (g) for daughters; r-values are partial correlation 
coefficients calculated -with differences due to FAMILY 
held constant (n = 96); graph based on mean family 
values for X and Y variables. r = 0 25, P = 0 026. 

For the maximum probability of survival and 
encounter with high quality food, there is an ideal 
phenological window for hatch time which 
changes from year to year and from site to site. 
When the eggs of a mother are variably provi- 
sioned such that hatch occurs over a range of days, 
there is an increased probability that a subset of a 
female's offspring will hatch coincidentally with 
the availability of the highest quality food. 

Developmental intervention by maternal effects 

For daughters, greater egg weight is associated 
with faster development time and greater pupal 
weight. It is not surprising that this relationship is 
seen in daughters but not sons because many facets 
of development in this species exhibit sexual 
dimorphism (Leonard, 1968). For both sexes, 
greater egg weight is associated with earlier hatch. 
In another study, gypsy moth larvae from first 
yolked/laid eggs, often the largest in the egg mass 
(Leonard, 1970), were able to withstand twice the 
dose of a microbial pesticide, Bacillus thuringien- 
sis, than their siblings from last yolked/laid eggs 
(Rossiter et al., 1990). Based on these results, I 
favour the hypothesis that egg weight influences 
life-history expression through its effects on the 
individual's metabolic ability to translate food to 
activity and growth, to withstand stress, etc. As 
yet, there are no physiological data available to test 
this hypothesis directly. However, the results of 
work on the gypsy moth (Rossiter et a]., 1990) and 
other insect species lend support to this hypothe- 
sis (Campbell, 1962; Wellington, 1957, 1965). 

For the spruce budworm, Choristoneura spp., 
Campbell (1962) found that individual females 

made eggs of variable size and that egg weight 
affected survival and growth characteristics into 
adulthood. Based on the results of hybrid crosses 
between species, Campbell hypothesized that 
developmental capabilities of an individual were 
fixed during embryogenesis by offspring genotype 
and maternal egg provisions which together set the 
rates of cell division and cell expansion for life. 
Against the background of the offspring environ- 
ment, the interplay between the rate of cell divi- 
sion and maturation generated limits for 
development rate, body size and reproductive 
capacity. 

For the western tent caterpillar, Malacosoma 
pluviale (Dyar), Wellington (1957, 1965) found 
within-family variation in the developmental and 
behavioural traits from hatch through adulthood. 
These differences were correlated with position of 
the egg in the mass, with egg position directly 
related to yolking order: first yolked/laid eggs gave 
rise to individuals with markedly different ori- 
entation and behavioural response to light, higher 
activity levels, and faster developmental rates 
compared to siblings from last yolked/laid eggs. 
Wellington hypothesized that maternal provisions 
influenced the development of the nervous sys- 
tem, thereby setting the individual's basal meta- 
bolic rate and potential for accumulating 
resources. 

Utility of egg weight in maternal effect studies 

The egg masses used in this experiment were a 
subset of a population for which the following 
relationship was known: there were no corre- 
lations between average family egg weight and 
descriptors of the parental red oak diet (five 
phenolic measures and defoliation level), with the 
exception of foliage protein-binding capacity (r = 
-0 52, P = 0 05 [Rossiter et al., 1988]). However, 
there were significant correlations between some 
descriptors of the parental red oak diet and off- 
spring life-history expression. With genetic effects 
accounted for (1) offspring attained greater pupal 
weights when their mothers fed on trees with 
higher leaf damage levels, (2) daughters had a 
shorter pre-feeding stage, a trait associated with 
dispersal tendency, when their mothers experi- 
enced higher condensed tannin levels, and (3) 
sons had lower pupal weights when their mothers 
experienced greater condensed tannin levels 
(Rossiter, 1991a). This suggests that there are 
important qualitative differences in egg composi- 
tion which are not correlated with egg weight. 
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392 This raises the important issue of the power of 
M. C. Rossiter egg size in deciphering the impact of maternal 

effects. Clearly, egg size is a useful measure but 
when it is not highly correlated with egg quality, 
other measures will be necessary to evaluate the 
role of maternal effects in the ecology and evolu- 
tion of the species. The difficulty lies in finding the 
appropriate indices of egg quality. To this end, I 
am presently quantifying the amount of specific 
storage proteins provided by the gypsy moth 
female to individual eggs of known pedigree and 
parental nutritional experience, and then correlat- 
ing provision level with pre-feeding survival. 
These data will illuminate the relationship 
between egg weight and egg quality and decipher 
the relative importance of specific egg components 
to life-history expression. 
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